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ABSTRACT ARTICLE HISTORY
Epigenetic chemical probes are potent, cell-active, small molecule inhibitors or antagonists of specific
domains in a protein; they have been indispensable for studying bromodomains and protein
methyltransferases. The Structural Genomics Consortium (SGC), comprising scientists from academic and
pharmaceutical laboratories, has generated most of the current epigenetic chemical probes. Moreover, the
SGC has shared about 4 thousand aliquots of these probes, which have been used primarily for
phenotypic profiling or to validate targets in cell lines or primary patient samples cultured in vitro.
Epigenetic chemical probes have been critical tools in oncology research and have uncovered mechanistic
insights into well-established targets, as well as identify new therapeutic starting points. Indeed, the
literature primarily links epigenetic proteins to oncology, but applications in inflammation, viral, metabolic
and neurodegenerative diseases are now being reported. We summarize the literature of these emerging
applications and provide examples where existing probes might be used.
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Introduction

Chemical probes are cell-active small molecules that are used to
explore the biology and therapeutic potential of their targets, for
example, proteins or DNA. Well-characterized chemical probes,'”
in addition to relevant controls, are critical complements of genetic
knockdown approaches. While knockdown experiments are well
established in many laboratories, new methods using CRISPR-
based technologies are now gaining on the more traditional ShRNA
and siRNA based approaches. These systems even allow dynamic
spatial and temporal control of gene regulation, but are mostly
used to prevent protein expression rather than edit a protein func-
tion as a chemical inhibitor does.® Information regarding the scaf-
folding functions of a protein or the function of a specific protein
domain are therefore not easily obtained and require more intricate
studies using complicated genetic and biochemical experiments,
unless a specific inhibitor is available to modulate the activity of the
domain of interest. Moreover, inhibitors can be useful for cell types
that are not easily amenable to knockdown experiments and may

additionally form the basis for drug development programs. More
recent approaches include inhibitors linked to molecules that target
the bound protein for proteolytic degradation, which often results
in more dramatic and prolonged effects than those seen with the
inhibitor alone.”* However, for closely related protein targets, it
may sometimes be difficult to generate a specific inhibitor, in which
case knockdown methods are a useful complementation to link the
observed phenotype to a specific target. Together with several phar-
maceutical companies and academic collaborators, the Structural
Genomics Consortium (SGC) has established a chemical probe
program in which potential probes undergo rigorous potency and
selectivity triage as shown in Fig. 1.

Two families of epigenetic targets have been particularly
amenable to small molecule intervention: bromodomains
(BRDs) and protein methyltransferases (PMTs).> The bromo-
domain family comprises 42 members containing 61 different
bromodomains.'® Most bromodomains bind to acetylated
lysine residues but certain family members also recognize other
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Figure 1. Schematic representation of the workflow used to generate epigenetic chemical probes.

modifications, such as butyrylation or crotonylation, and in
some cases a single bromodomain can bind to more than one
acetylation mark, making these reader domains versatile inter-
preters of the histone code.!' Additionally, bromodomains
have also been shown to interact with other non-histone acety-
lated proteins, in particular transcription factors, modulating
their transcriptional activity.'” Developing antagonists for the
bromo and extra terminal (BET) family has been particularly
successful. This family consists of BRD2, BRD3, BRD4, and
BRDT, each containing 2 N-terminal bromodomains and an
extra terminal (ET) protein interaction domain. BET family
members play central roles in a variety of physiologic and path-
ophysiological states. The impact of BET antagonists in cancer
research has been extensively reviewed.'>?! Erasers, enzymes
that remove a histone posttranslational modification (PTM),
and writers, which add a histone PTM, do not feature as broad
a literature base as the BET family. Nevertheless, these too have
important roles in cancer.***

Human PMTs are composed of 50 SET domain lysine methyl-
transferases and 13 known Rossmann fold enzymes. PMTs transfer
a methyl group from the cofactor S-adenosyl-L-methionine (SAM)
to the side-chain nitrogen atom of lysine (K) and the terminal
nitrogen atoms on the guanidinium moiety of arginine (R) resi-
dues. Lysine residues can be mono-, di-, or tri-methylated while
arginine residues may be mono- or di-methylated. The latter can
be symmetric, where one methyl group is added to each of the ter-
minal nitrogen atoms or asymmetric, where both methyl groups
are added to the same terminal nitrogen atom. Histones were origi-
nally thought to be the primary targets of PMTs but it soon became
clear that they have other substrates. Methyl marks can be removed
by another group of epigenetic proteins, lysine demethylases
(KDMs), of which there are 2 groups: the FAD dependent enzymes
and the iron- and 2-oxoglutarate-dependent oxygenases of the
Jumonji C (JmjC) subfalmily.z’5

Chemical probes have enabled many biologic and clinical
findings in cancer. These, in turn, have been the basis for
proprietary programs and the first clinical trials in the area
of specific epigenetic target classes, for example, bromodo-
mains (BET), demethylase (LSD1), isocitrate dehydrogenase

(mutant IDH1), and methyltransferases (EZH2/H1, DOTIL,
PRMTS5). For this review, however, we turn the spotlight on
emerging applications of chemical probes including inflam-
mation, viral, metabolic, and neurodegenerative diseases.
Some of the research cited in the review has used chemical
probes or tool compounds. In some cases, chemical probes
are not yet available for the target described, but the exam-
ples are cited as a means to highlight the interest in devel-
oping a chemical probe for that target. The SGC has
successfully generated and released 42 (Table 1) highly

characterized chemical probes,

13,25

Table 1. Epigenetic probes generated by SGC.

which are accessible to

Protein Family Protein Probe
Bromodomain BET (BRD2/3/4,BRDT) (+)-JQ1, PFI-1
Bromodomain BAZ2A/2B GSK2801, BAZ2-ICR

Bromodomain
Bromodomain

BRD9/7; BRD9
BRPF1/2/3; BRPF1B

LP99,B1-9564,TP-472; |-BRD9
NI-57,0F-1; PFl-4, GSK6853

Bromodomain BRPF2/TAF1 BAY-299
Bromodomain CECR2 NVS-CECR2-1
Bromodomain CREBBP, EP300 SGC-CBP30, I-CBP112
Bromodomain SMARCA2/4, PB1 PFI-3

Bromodomain ATAD2/ATAD2B; ATAD2 ~ GSK8814, BAY-850
Dehydrogenase IDH1 mutant GSK864
Demethylase JMJD3/UTX GSK-J4 (pro-drug of GSK-J1)
Demethylase LSD1 GSK-LSD1
Methyllysine binder ~ L3MBTL3 UNC1215
Methyllysine binder ~ EED A-395
Methyltransferase DOTIL SGC0946
Methyltransferase EZH2/H1 GSK343, UNC1999
Methyltransferase G9a/GLP UNC0638, A-366, UNC0642
Methyltransferase PRMT Type | MS023
Methyltransferase PRMT3 SGC707
Methyltransferase PRMT4/6 MS049
Methyltransferase PRMT4 TP-064
Methyltransferase PRMT5 GSK591, LLY-283
Methyltransferase SETD7 (R)-PFI-2
Methyltransferase SMYD2 BAY-598, LLY-507"
Methyltransferase SUV420H1/H2 A-196

Deiminase PAD4 GSK484

WD Domain WDR5 OICR-9429

“This probe has been found to have several off-target activities although it meets
the criteria for a chemical probe (http://www.thesgc.org/chemical-probes/LLY-
507). We recommend usage of this compound only in parallel with another
SMYD2 chemical probe but not on its own.
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the scientific community as a library. A current and
updated list of epigenetic chemical probes developed by the
Consortium is in Fig. 2 and at this web page: http://www.
thesgc.org/chemical-probes/epigenetics.

Inflammation

The central transcription factor in inflammation is the nuclear
factor kB (NF-«B). NF-«B is a dimer of different Rel family
members with the prototype of NF-«B being the heterodimer
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Figure 2. Chemical structure of Epigenetic inhibitors available by the SGC.
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of p65 (NF-«B) and p50 subunits. The dimer resides in the
cytoplasm in an inactive form, complexed with the inhibitory
protein I«B. Activation by IKK (IkB kinase) results in dissocia-
tion of IkB from NF-«B, polyubiquitination, and proteasomal
degradation. As a consequence, NF-«B translocates into the
nucleus, where it activates transcription of its cognate genes®®
Incorrect regulation of inflammatory mechanisms is detrimen-
tal and is the underlying cause for widespread chronic diseases,
such as asthma, arthritis, psoriasis, atopic eczema, periodonti-
tis, and inflammatory bowel disease (IBD). The NF-«B pathway
is intertwined into many biologic processes. As such, it is not
surprising that it can be activated and deactivated by multiple
mechanisms and that some include epigenetic modifications.
Indeed, NF-«B can be extensively posttranslationally modified
and phosphorylation, methylation, acetylation, and ubiquitina-
tion of the p65 subunit have been described* (Fig. 3).

BET bromodomains

BET antagonists have shown positive effects in a variety of
inflammatory models. As current BET antagonists do not dis-
tinguish between the different BET family members,"> many of
the studies do not provide unambiguous results regarding the
biologic functions of BRD4 vs. BRD2 or BRD3 (BRDT is a testis
specific protein). However, studies using BET antagonists com-
bined with knockdown technologies now discriminate between
the effects of the different BET family members and differential
roles of specific BET family members are beginning to emerge
as outlined below. There is for example now growing evidence
that, apart from BRD4, BRD2 also plays important roles in
inflammation.””

In addition, different isoforms of BET proteins exist. For
example, BRD4 exists in 2 different isoforms generated by alter-
native splicing that—in oncology—exert opposite effects. Mass
spectrometry revealed that the short isoform is pro-metastatic
and also has a broader acetylated histone binding pattern rela-
tive to the long isoform.”® The role of the different isoforms in
inflammation has however not yet been explored. BRD4 has
also been found to be posttranslationally modified. Phosphory-
lation of BRD4 by CDK2 regulates its chromatin binding, and
hyper-phosphorylation of BRD has been reported to be related
to a resistance mechanism in triple negative breast cancer
(TNBC) caused by the decreased activity of PP2a phospha-
tase.”” Further studies are needed to explore the importance of
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posttranslational modifications of BET family members in
other diseases.

A complex signaling event leads to co-activation of inflam-
matory genes by the BET family member BRD4 and NF-«B.
Activation of the NF-«B pathway by LPS results first in phos-
phorylation of p65, which in turn recruits histone acetyl trans-
ferases (HATSs) like CPB/p300 and PCAF acetylating p65 on
lysine 310. BRD4 binds to acetylated p65 via its BRDs, which
causes increased transcriptional activity through targeting P-
TEFb to NF-«B-responsive inflammatory genes (see below).
Binding of BRD4 to acetylated p65 keeps NF-«B constitutively
active, at least in cancer cells.”® At the same time the HATSs also
acetylate histones, which results in the opening of chromatin
and BRD4 recruitment, which further increases transcriptional
activity (Fig. 4).

Both BRD4 and NF-«B can also co-localize on inflamma-
tion-related super enhancers co-activating inflammatory genes.
Inhibition of BRD4 recruitment by BET antagonists leads to
suppression of inflammation in endothelial cells and degrada-
tion of the constitutively active nuclear form of p65.*"** Addi-
tionally, the transcription of pro-inflammatory microRNAs,
namely miR-146a and miR-155, is regulated by the combined
action of NF-xB, BRD4 and formation of the super enhancers
that drive miR-146a and miR-155 transcription. These micro-
RNAs can then downregulate inflammatory gene expression by
targeting their mediators™ (Fig. 4).

The mechanism of BRD4 transcriptional activation has been
extensively studied in the context of oncology, but many mech-
anisms may also apply for inflammatory or other diseases.
BRD4 is a main regulator of transcription and does this at sev-
eral different levels. First, it acts on the level of transcriptional
elongation by recruiting the active positive transcriptional elon-
gation factor b (P-TEFb) composed of cyclin-dependent kinase
CDK9 and its activator cyclin T to phosphorylate RNA poly-
merase II (RNAP II), overcoming pausing of RNAP II and
thereby activating transcription. P-TEFb is normally kept in an
inactive state by association with ribonucleoprotein complex
composed of snRNA 7SK and the inhibitory factor HEXIM.
BRD4 binding to P-TEFb competes with this assembly recruit-
ing P-TEFb to acetylated chromatin.’* Secondly, BRD4 further
acts on the level of enhancers or super enhancers, where it
interacts with the mediator complex to activate transcription of
specific genes.” A third way of influencing transcription is by
the direct interaction with transcription factors. BRD4 has been
found to interact directly with a large number of transcriptional

Figure 3. Posttranslational modifications of p65. Schematic representation of p65 subunit of NF-«B primary structure: Rel homology domain, nuclear localization signal
(NLS), activation domain (AD), transactivation domain (TAD). Amino acid residues known to be posttranslationally modified are shown; ac (acetylation), ub (ubiquitina-
tion), p (phosphorylation), me (methylation), s (symmetric methylation), a (asymmetric methylation).
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Figure 4. Epigenetic regulation of the NF-«B pathway.

regulators like p53, YY1, AP2, ¢-Jun, c-Myc/Max, C/EBP«, C/
EBPS, Acfl, and G9a.* Interaction of BRD4 with the transcrip-
tion factor AIRE, which is dependent on posttranslational
modifications of AIRE’s caspase activation and recruitment
domain, controls immunologic tolerance by influencing P-
TEFb mediated transcriptional elongation.”® BRD4 also binds
to acetylated E2F-1 transcription factor. This association is reg-
ulated by the peptidyl arginine deiminase PAD4, which citrulli-
nates E2F-1 in inflammatory cells increasing chromatin
association of E2F-1 to cytokine genes®” (Fig. 4).

One of the 2 key publications describing the first BET antag-
onists reported that the BET inhibitor I-BET exhibits potent
anti-inflammatory effects. In in vitro as well as in vivo models,
BET antagonism led to reduced cytokine production by LPS-

induced macrophages and prevented lethal septic shock in an
LPS-induced mouse model of sepsis.’® Subsequent reports
showed that BET antagonists specifically suppress a particular
subset of LPS-induced ‘primed genes” whose expression is inde-
pendent of BRD4 activation.’® The BET antagonist (+)-JQ1
has been successfully used in in vitro and mouse models of col-
lagen-induced arthritis. (4)-JQ1 acts by reducing levels of the
pro-inflammatory cytokines interleukin (IL)-18, IL-6, IL-17,
and IL-18 as shown in cultural supernatants from tumor necro-
sis factor (TNF)-a-stimulated human rheumatoid arthritis
fibroblast-like synoviocytes, confirming results of BRD4 siRNA
experiments, and reduced the inflammatory response, autoanti-
body production, and joint damage, respectively.** A recent
study examining the role of BET proteins in synovial
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inflammation of RA confirmed that in particular BRD4 and
BRD2 levels were elevated in the synovial fluid of RA patients;
treatment with (4+)-JQI1, Brd2 shRNA or Brd4 shRNA reduced
levels of pro-inflammatory cytokines as well as matrix metallo-
proteases by inhibiting NF-«B transcriptional activation.*' BET
antagonism by (+)-JQ1 led to reduced pro-inflammatory cyto-
kine production and transcription factor expression in a mouse
model of periodontitis, where the number of bone resorbing
osteoclasts was reduced and, therefore, bone reduction dimin-
ished.*” Similarly, in a model of osteoporosis it was shown that
BET antagonism by (4)-JQ1 reduced the number of osteoclasts
by interfering with osteoclast differentiation while at the same
time activating the bone regenerating osteoblast activity.
Experiments using shRNAs specific for BRD2, BRD3, or BRD4
demonstrated a critical role of each of these BET family mem-
bers in osteoclastogenesis. Together, these effects could provide
a starting point for the treatment of osteoporosis.*’

In inflammatory renal diseases, (4+)-JQ1 inhibited inflam-
matory responses as assessed by downregulation of pro-inflam-
matory genes. The BET antagonist (+)-JQ1 has been shown to
lead to chromatin remodeling in promoter regions of specific
genes, blockade of NF-«B pathway activation, and modulation
of the Th17 immune response in human renal tubular epithelial
cells stimulated with TNFa and in murine models of unilateral
ureteral obstruction, anti-membrane basal GN, and infusion of
Angiotensin 11! Chromatin immunoprecipitation assays dem-
onstrated that (+)-JQ1 interfered directly with the association
of BRD4 to the promoters of the pro-inflammatory genes IL-6,
CCL-2, and CCL-5.!

In other models of inflammation, BET antagonism has been
shown to not only affect cytokine production, but also influence
development of different immune cells. BET antagonists like
(+)-JQ1 and I-BET-762 not only suppress expression of cyto-
kines on the transcriptional level, but also modulate early T cell
differentiation and control differentiation of Th17 cells, which
play fundamental roles in autoimmune diseases.**** Differenti-
ation of cytotoxic CD8+ cells used for adoptive transfer in
immune oncology is also affected by treatment with (4)-JQ1. T
cells treated with (4)-JQ1 maintained features that more
resembled those of stem-cells and T memory cells as assessed
by surface markers and cytokines produced, which resulted in
increased in vivo persistence and superior antitumor efficacy in
several cancer immunotherapy models.*® (+)-JQ1 also impairs
maturation of LPS-induced monocyte derived dendritic cells
(Mo-DC) by inhibiting the activity of the transcription factor
STATS5. Signaling of STATS5 is important to provide the stimu-
lation required for the complete maturation of Mo-DCs.*” The
interaction of BRD4 with acetylated p65 also seems to play a
role for the positive effect of BET inhibitors I-BET151 and
(+)-JQ1 to prevent graft vs. host disease in bone marrow trans-
plantation. This led to an altered cytokine expression from den-
dritic cells via reduction of surface molecules and inhibiting T
cell expansion.*®

Additionally, BET antagonists have been proven to be bene-
ficial in inflammatory diseases of the lung. In airway smooth
muscle cells from asthmatic patients, elevated levels of the che-
mokine CXCL8 contribute to the inflammatory phenotype.
The increased expression level of CXCL8 could be explained by
increased acetylation (H3K18) and subsequent binding of BET
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proteins BRD3 and BRD4 to its promoter. Treatment of cells
from asthmatic patients as well as healthy individuals with BET
antagonists PFI-1, (+)-JQ1, and I-BET significantly reduced
expression of CXCL8 by disrupting the binding of BRD4 and
RNAP II to CXCL8 promoter.*® Interestingly, in another cellu-
lar model of lung inflammation, using LPS stimulated A549
lung cell line, a model is proposed in which BET antagonism,
and in particular antagonism of BRD2, indirectly reduces
inflammation by influencing the expression levels of the his-
tone deacetylase sirtuin 1 (SIRT1).” % Also in chronic lung dis-
ease idiopathic pulmonary fibrosis, BET antagonism showed
positive response attenuating migration, proliferation, and IL-6
release from lung fibroblasts of patients as well as reducing
infiltration of pro-inflammatory cells and reducing fibrosis as
assessed by histology in a mouse model of lung fibrosis.”*

BET antagonism also influences IL17-producing T helper
cells (Th17), a subset of T helper cells implicated in autoim-
mune disorders as well as in the defense against fungal and bac-
terial infections. BET family members were shown to influence
differentiation of CD4+ T cells to Th17 cells, but not other T
cell lineages, as well as activation of Th17 cells through downre-
gulation of cytokine expression necessary for Th17 differentia-
tion and activation (e.g., IL-17, IL-21, GM-CSF, IL-22, and
IL-23R). Knockdown experiments revealed non-redundant
functions of BRD2 and BRD4 in Th17 cells, as knocking down
either transcript individually was sufficient to recapitulate the
phenotype observed with (4)-JQ1 or with double RNA inter-
ference. Studies in mice further demonstrated that both Brd2
and Brd4 are associated with chromatin at the IlI7a control
region.*> Moreover, mice could be significantly protected from
experimentally-induced models of autoimmune diseases,
collagen-induced arthritis, and experimental autoimmune
encephalomyelitis (EAE), by treatment with (4)-JQ1, which
was critically dependent on generation and/or function of Th17
cells.*

The cytokine IL-17A together with IL-22 and IL-23 are also
key cytokines in the pathogenesis of psoriasis, and (+)-JQl
demonstrated beneficial effects in a mouse model of IMQ-
induced skin inflammation, as reflected by a decrease in ear
thickness/myeloperoxidase activity, and RORC/IL-17A/IL-22
expression.”> Th17 cells also play a role in cystic fibrosis (CF)
and elevated levels of the Th17 effector cytokine IL-17 have
been reported in the sputum of CF patients and shown to con-
tribute to IL-17-mediated immunity in CF lungs. The BET
antagonist CPI-203, derived from (+4)-JQ1, was able to sup-
press IL-17 production in a mouse model of P. aeruginosa lung
infection as well as suppress Th17 response in explanted CF
patient tissue.”> A different approach has been reported
recently in a study of the autoimmune disease juvenile idio-
pathic arthritis. Epigenetic profiling, using primary patient-
derived CD4+ memory/effector T cells from the site of inflam-
mation revealed the presence of a disease specific super
enhancer characterized by the active H3K27ac mark. Treat-
ment with (4)-JQI resulted in preferential downregulation of
genes associated with the disease and under control of the dis-
ease specific super enhancer, suggesting that regulation of dis-
ease associated genes can be inhibited by BET antagonists.”*

In another autoimmune disease, systemic lupus erythemato-
sus (SLE), which is a systemic autoimmune disease
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characterized by autoantibodies against nuclear factors, the
BET antagonist (4)-JQ1 has also shown promise in a mouse
model of lupus (MRL-lpr mice) by reducing levels of pro-
inflammatory B cell activating factors, while increasing IL-10.
The latter inhibits production of several pro-inflammatory
mediators. Treatment of mice also resulted in reduction of
serum anti-dsDNA antibody and associated deposition of
immune complexes in the kidney, which led to overall
increased survival rate of the treated animals.”” Although the
authors show that CD4+ BRD4 levels are elevated in this
mouse model, which can be reduced by treatment with
(+)-JQ1, BRD2 has also been linked to autoimmune diseases,
and SNPs in the BRD2 locus have been associated with autoim-
mune and inflammatory processes like rheumatoid arthritis.>
Indeed, studies using a genetic model of brd2 lo mice, express-
ing about half of the normal amount of Brd2, led to reduced
expression of pro-inflammatory cytokines by regulating NF-«B
transcription.””

Promising results have been reported on Helicobacter pylori
infection, which is characterized by chronic gastritis and peptic
ulceration. The disease is associated with increased inflamma-
tory gene expression, of which about half can be downregulated
by treatment with (4)-JQ1. Mechanistically, (+)-JQ1 thereby
acts on both mRNA as well as enhancer RNA (eRNA) level,
inhibiting H. pylori-induced interaction between Brd4 and p65
and the recruitment of Brd4 and RNAP II to the promoters
and enhancers of inflammatory genes. Knockdown experi-
ments identified Brd4 as the most relevant BET protein as only
depletion of Brd4 also significantly reduced H. pylori-induced
IL1A and IL1IB mRNA expression, whereas depletion of Brd2
or Brd3 had little effect on the expression of ILIA but still
impaired H. pylori-induced IL1B gene expression. Validity of
the approach was demonstrated in H. pylori-infected mice,
which showed significantly attenuated inflammation with
reduced number of infiltrated immune cells and decreased
inflammation score.”®

Other bromodomains

Antagonists of bromodomains other than BETs have also
revealed a therapeutic potential for their respective targets in
inflammation. CBP and EP300 are general transcriptional co-
activators harboring a catalytic histone acetyltransferase (HAT)
domain, in addition to the bromodomain, which catalyzes the
transfer of acetyl moieties to lysine residues on histones, in par-
ticular H3K56, and non-histone proteins. The mechanism of
the anti-inflammatory effect of the CBP/EP300 bromodomain
antagonists is less well studied. Studies using in vitro FRAP
assays suggest that targeting the BRD of CBP does not displace
this protein completely from chromatin. However, displace-
ment from specific loci may still happen.®® The selective CBP/
EP300 bromodomain antagonist SGC-CBP30 has shown
potential in autoimmune disease. Profiling the biologic activity
of SGC-CBP30 on primary human cell types by BioMAP®
analysis revealed that SGC-CBP30 reduced immune cell pro-
duction of IL-17A and other pro-inflammatory cytokines.
Moreover, SGC-CBP30 inhibited IL-17A secretion from CD4+
T cells purified from healthy donors as well as from patients
with  ankylosing spondylitis and psoriatic arthritis.

Transcriptional profiling of human T cells treated with SGC-
CBP30 showed a much more restricted effect on gene expres-
sion than that observed with (4)-JQ1,°° but further studies will
be necessary to fully explore the potential of CBP antagonism
in autoimmune diseases. Independently, Genentech (GNE) and
Constellation Pharmaceuticals (CPI) found a role for CBP
inhibitors in the biology of regulatory T cells, which play
important roles in cancer immunotherapy.®’ The p300/CBP
associated factor, PCAF, another bromodomaining containing
HAT has also been implicated in inflammatory diseases, and
specific antagonists to the bromodomain of this protein have
just been reported.®>®>

BRD9 and BRD?7 are part of the SWI/SNF remodeling com-
plexes BAF and PBAF, large multisubunit complexes harboring
several bromodomain-containing proteins including the mutu-
ally exclusive catalytically active components SMARCA2/BRM
and SMARCA4/BRG1. BRD9 is associated with the BAF com-
plex, while BRD?7 is part of the PBAF complex, which also har-
bors the 6-bromodomain containing protein polybromo 1 (PB1
or PBRM1) anchoring the complex to chromatin.”> Antagonism
of BRD7/9 by the chemical probe LP-99 was found to inhibit
the secretion of IL-6 from cultured THP-1 cells and the selec-
tive BRD9 antagonist I-BRD9 was found to regulate genes
involved in inflammatory pathways when Kasumi leukemia
cells were treated with the inhibitor.* Interestingly, a recent
analysis of BRD7 knockout mice showed that by the age of 6-
12 months these animals were more prone to inflammation.
Mouse embryonic fibroblasts (MEFs) from these animals stim-
ulated with LPS demonstrated increased pro-inflammatory
cytokine response as compared with wild type MEFs, accompa-
nied by an increase of translocation of p65 to the nucleus at
early time points (1 h). BRD7 deficiency also promoted early
acute colitis induced by dextran sodium sulfate.”> As BRD9 and
BRD?7 have been proposed to be associated to different SWI/
SNF complexes, they may play opposing roles in inflammation.

Lysine demethylases

Very few high quality demethylase probes are available to
date.®® GSK-J1 and its cell active pro-drug GSK-J4 have been
used to elucidate the role of the KDM6 family member JMJD3/
KDM6B in inflammation. GSK-J1/J4 inhibit JMJD3/KDMS6B as
well as the related UTX/KDM6A. The histone demethylases of
the KDM6 family remove the repressive H3K27me3/2 marks,
allowing for permissive chromatin. These repressive marks are
added by the methyltransferase activity of the PRC2 complex,
and inhibitors against the EZH catalytic subunit have been
described below. Both KDM6A/UTX as well as KDM6B/
JMJD3 can overcome this repressive chromatin state to achieve
normal gene expression. Activation of specific genes is particu-
larly required during cell lineage commitment and KDM6 not
only initiates gene expression by removing the repressive mark,
but also promotes transcription elongation by forming a com-
plex with factors bound to the elongating form of RNAP I1.%
Differentiation of macrophages in response to pro-inflam-
matory stimuli is one such event regulated by KDM6. KDM6B
has been shown to bind PcG target genes regulating their
H3K27me3 levels and transcriptional activity.”” The inhibitor
of KDM6, GSK-J4, has accordingly shown potential in



rheumatoid arthritis (RA) reducing production of the pro-
inflammatory cytokine TNF-« from macrophages derived from
RA patients.”® Interestingly, like studies shown on the
H3K27me3 methyltransferase EZH2, GSK-J4 as well as genetic
depletion of KDM6B in CD4+ T cells has been shown to sup-
press differentiation of Th17 cells, suggesting a potential role
for this target in autoimmune responses.®” Surprisingly, T cells
isolated from mice in which Ezh2 has been deleted in CD4+ T
cells also show a reduced differentiation to Th17 cells.”’ These
apparent contradictory results could be addressed using inhibi-
tors against both enzymes in parallel to elucidate the precise
mechanism and compare the effects observed inhibiting the
catalytic activity compared with the effect in the knockout cells,
which are also missing the enzyme scaffolding functions.
GSK-J4 showed promising results in reducing expression of
pro-inflammatory cytokines in a model for the autoimmune
disease Type 1 diabetes mellitus. In this disease, the insulin-
producing pancreatic f-cells are selectively destroyed by the
host immune system. Pancreatic islets exposed to the cytokines
IFNy, 1I-18, and TNF« overcame H3K27me3 mediated repres-
sion and induced rapid chemokine gene activation, which per-
sisted for several days. Treatment of cytokine-exposed islets
with GSK-J4 led to significant reduction of chemokines and
cytokines. However, GSK-J4 exposure also induced significant
B-cell dysfunction and islet cell apoptosis.”’ In another model,
experimental autoimmune encephalomyelitis (EAE), GSK-J4
showed promising results in vivo. Treatment of mice with
GSK-J4 inhibited the development of EAE. This effect was
mediated by dendritic cells, which adopted a more tolerogenic
phenotype accompanied by changes in the ratio of H3K27me3
and H3K4me3 on specific promoters. The reduction of
H3K27me3 increased H3K4me3 levels on the IL-6 and TGF-B1
promoters, moreover indicating that the effect is mediated by
KDMS6 inhibition. Promotion of a more tolerant profile was
characterized by reduced expression of co-stimulatory mole-
cules CD80/CD86, an increased expression of tolerogenic mole-
cules CD103 and TGF-B1, and reduced secretion of pro-
inflammatory cytokines IL-6, IFN-y, and TNF«. The effect was
accompanied by increased generation, stability, and activity of
Treg cells but not Thl or Th17 cells.”? Inhibition of JMJD3
may also be beneficial in the treatment of osteoarthritis. Treat-
ment of human mesenchymal stem cells with GSK-J4 inhibited
collagen production. This occurred at the level of gene expres-
sion, as key chondrogenic genes, including SOX9 and COL2A1,
were suppressed, resulting in disrupted glycosaminoglycan and
collagen synthesis. JMJD3, and not UTX, whose activity is also
inhibited by GSK-J4, was identified by knockdown studies as
the key enzyme in chondrogenesis and osteoarthritis.”> Sup-
pression of inflammatory cytokines by treatment with GSK-J4
and knockdown studies has also been observed in a model of
keratinocyte wound healing. However, treatment or JMJD3
depletion resulted in significantly delayed wound closure, most
likely as a result of suppression of MMP and growth factor
gene activation. The study also confirms the association and
cooperation of JMJD3 and p65, but did not analyze in detail
the effect of GSK-J4 on this interaction.”* It is important to
notice that GSK-J1/J4 also inhibits, albeit to a lesser extent,
demethylases of the KDM5 subfamily, namely KDM5B (JAR-
ID1B) and KDM5C (JARID1C).”>’® It is therefore important
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to complement studies using these inhibitors by alternative
methods, e.g., specific knockdowns, able to distinguish between
the targets involved.

Few specific inhibitors for the other JmjC family members
have been reported to have an effect outside oncology.”” In par-
ticular, the related enzymes KDM2A (also called F-box and leu-
cine-rich repeat protein 11, FBXL11) and PHD Finger Protein 8
(PHEF8) could play potential roles in inflammatory diseases, and
chemical probes would help to manifest their therapeutic
potential. FBXL11 has been reported to demethylate the p65
subunit of NF-«B at lysine residues K218 and K221, and the
authors show that in mouse embryo fibroblasts, the activation
of most p65-dependent genes relied on K218/K221 methyla-
tion. In addition, expression of the KDM2A gene is driven by
NEF-«B, resulting in a negative regulatory feedback loop. Addi-
tional regulation occurs at the level of microRNA. The micro-
RNA miR-19b downregulates expression of KDM2A resulting
in a positive effect on NF-«B signaling.”® On the other hand,
PHF8 has been identified as a pro-inflammatory regulator. In
an LPS-induced acute-inflammation macrophage model,
knockdown of PHFS8 led to a reduction of pro-inflammatory
cytokines accompanied by an increase in the repressive
H3K9me2 mark. Additionally, PHF8 promoted T cell activa-
tion and proliferation, providing the first link between the epi-
genetic regulation of inflammation and adaptive immunity.”®

Deiminases

A less explored histone modification is citrullination or deami-
nation. PADA4 is a calcium-dependent enzyme, which catalyzes
the transformation of protein arginine residues into citrulline.
There is a strong association of PAD4 to rheumatoid arthritis
and antibodies against citrullinated epitopes as well as against
PAD4 itself represent diagnostic hallmarks of the disease. In
addition, PAD4 is known to promote profound chromatin
decondensation during the innate immune response to infec-
tion in neutrophils by mediating formation of neutrophil extra-
cellular traps (NETs). NETs were originally described in the
context of trapping pathogens for host-defense purposes, but
findings have now been extended to demonstrate that unre-
strained NETosis may be crucial for pathological deep venous
thrombosis ischemia/reperfusion injury, systemic lupus erythe-
matosis, and small vessel vasculitis as well as rheumatoid
arthritis.”* The PAD4 inhibitor GSK484 specifically binds to
the low-calcium form of PAD4 and fully inhibited mouse
NETosis, while NET-like structures in human neutrophils were
only partially inhibited, the reason for which is still unclear.

Protein methyltransferases

Lysine,*'®> and arginine®> methyltransferases, such as,

SETD7*!, GLP,** NSDI and NSD2,*° G9a,” SETDS,”
SUV420, PRMT5,”" PRMTL’*® PRMT6,”* SMYD2,”
EZH2,'” and SETDB1,'"! also modulate the NF-«B pathway.
Recent reviews outline the known R and K methylation sites of
p65,% and summarize the known roles of some PRMTs in
inflammation® (Fig. 3). Chemical probes are available for all
targets described in this section except NSD1, NSD2, SETDBI,
and SETD6.



386 (&) S.ACKLOOETAL.

Under conditions of NF-«b activation by TNF-«, p65 is
modified by PRMTI to form the asymmetric dimethyl mark
on R30 (p65R30me2a) and the mono-methyl mark at R236
(p65R236me).”® Interestingly, transcription of NF-«B target
genes is reduced, which means that p65R30me2a in conjunc-
tion with p65R236me triggers a repressive state. The impact
of p65R236me may be a result of its proximity to the C termi-
nus of the Rel homology domain (RHD) and, thus, to the
(inhibitory) IkBa-interacting and dimerization interfaces. The
pivotal role of the conserved residue R30 is illustrated by its
symmetric dimethylation by PRMT5 (p65R30me2s) in
response to IL-18 and subsequent activation of the NF-«B
pathway® (Fig. 3).

In another example, endothelial cells co-stimulated with
TNF-« and IFEN-y produce the chemokine CXCL11. The mech-
anism involves PRMT5 catalyzed symmetric dimethylation of
p65 at R174 (to form p65R174me2s) and subsequent binding
of p65 to the CXCLI1 promoter.”® In a knockdown of PRMTS5,
p65 is unable to associate with the promoter and CXCL11
mRNA and protein are reduced (in co-stimulated cells). When
endogenous p65 is depleted and then reconstituted with R174K
mutants, the potency of CXCL11 production by co-stimulated
cells is reduced. These data illustrate how a single epigenetic
modification in different contexts results in different pheno-
types. Also in endothelial cells, excess S-adenosylhomocysteine
(SAH) activates conserved and non-traditional NF-xB path-
ways leading to reduction of EZH2 and H3K27me3."” This
results in secretion of the pro-inflammatory cytokine IL-1p.
These effects were mimicked more closely by inhibition of SAH
hydrolase relative to knockdown of EZH2. Nevertheless, this
non-canonical pathway may represent yet another alternative
route to modulating the NF-«B response.

Toll-like receptors (TLRs) play an important role in the
innate immune response, particularly in the initial interaction
between foreign material and macrophages. SMYD2 is an
H3K4 and H3K36 methyltransferase that plays a critical role in
TLR4-induced macrophage activation and pro-inflammatory
cytokine secretion.”” The H3K36me2 mark suppresses TNF-o
and IL-6 expression but does not appear to alter the expression
of other genes characteristic of M1 macrophages, such as IL-13
and IL-12. IL-6 is important for Th17 differentiation and the
reciprocal differentiation of Treg relative to Thl7 cells. As
such, overexpressed SYMD2 in macrophages promotes Treg
cell differentiation via a mechanism that inhibits the NF-«B
and ERK signaling pathways.

Systemic inflammatory response syndrome (SIRS) or sepsis
can lead to complete organ failure.'”> NF-«B transcription fac-
tor RelB is induced by TLR4 stimulation and is able to silence
transcription of TNF-o and IL-18 in SIRS.** The data impli-
cates a complex between RelB, G9a, and HP1 at the promoter
of IL-18, which results in a switch to heterochromatin.
Although the nature of the molecular interaction is unknown,
it was shown that RelB co-immunoprecipitated predominately
at a binding site within the first 500 amino acids of G9a. Fur-
ther, formation of heterochromatin is favored when G9a is
knocked down. RelB still binds to the IL-1$ promoter but G9a
and HP1 do not. In macrophages, SETDBI1 (another H3K9
methyltransferase) suppresses TLR-4 mediated expression of
cytokines such as IL-6."°" Loss of SETDBI1 results in an increase

in recruitment of NF-«B to the proximal promoter of IL-6, thus
increasing IL-6 production. Unfortunately, there are no pub-
lished chemical probes for SETDBI.

Fibroblasts are the main source of the extracellular matrix
and contribute to the inflammatory changes in pulmonary
inflammation and related diseases. Three studies describe the
role of PRMT1 in pulmonary inflammation.”*”>*” Stimulation
by IL-4 (one of the most important pro-inflammatory cyto-
kines driving airway inflammation) produced TGF-g and other
inflammatory cytokines, which encouraged fibroblast prolifera-
tion and PRMTI1 expression in sub-epithelial fibroblasts.”
Upregulated PRMT1 (in turn) activates fibroblast production
via COX2 and VEGF. However, blocking TGF-$ did not abol-
ish PRMT1 expression and implicated involvement of other
cytokines. A follow-up study” identified platelet derived
growth factor B homodimer (PDGF-BB) but not TNF-« or
TGF-p1 as the strongest inducer of PRMT1 expression. The
mechanism presumably involves a cascade such as this:
“PDGF-BB — ERK1/2 (MAPK) — STAT1 — PRMT1.” In
line with this, PDGF-BB exposure caused fibroblasts to produce
more collagen-1A1 and fibronectin (which are found in the
extracellular matrix). Inhibition of PRMT1 with AMI-1 (a type
1 PRMT inhibitor) at 10 micromolar considerably reduced all
pro-fibrotic activities of lung fibroblasts via COX2 (and in the
same way as the previous study). MS023,'”* a more potent type
1 PRMT inhibitor that has an IC5, = 9 &+ 0.2 nM for reduction
of H4R3me2a in cells, may help to corroborate the findings.
Finally, the NF-«B pathway was identified as the mediator for
IL-18 stimulated fibroblasts, while the STAT6 pathway was
identified as the mediator for IL-4 stimulated epithelial cells.””
PRMT1 expression was induced in both acute and chronic
asthma.

Neuroinflammation

The interest in exploring the role of epigenetics in neurologic
disorders was catalyzed by 3 main publications. These publica-
tions highlighted the role of HDAC inhibitors in stopping pro-
gressive  neurodegeneration in a polyglutamine-repeat
Drosophila model,'® and the role of mutations in proteins that
regulate DNA or histone methylation.'®>'% Since then, key
roles for epigenetic proteins have been implicated in Alzheimer
disease (AD), polyglutamine repeat disorders, Parkinson dis-
ease (PD), and fused in sarcoma (FUS) accumulation.

AD is the most prevalent cause of dementia and is character-
ized by progressive cognitive and functional impairment and
memory loss. Well-defined neuropathological brain changes
include amyloid plaques, which are extracellular deposits of
B-amyloid (AB), and neurofibrillary tangles, which are primar-
ily composed of hyper-phosphorylated tau. The disease is
accompanied by chronic neuro-inflammation. Although the
pathophysiology of AD is still unknown, much evidence indi-
cates that AB and tau species make important contributions to
disease progression. Recent developments show that the
inflammatory disease is not a mere consequence of disease
onset, but that immune system-mediated actions contribute to
and drive AD pathogenesis. Both innate immune cells like
microglia as well as macrophages are the prime targets for
modulating neuroinflammation.'"”



Bromodomains

In a mouse model of AD, treatment with the brain penetrant
BET bromodomain antagonist (+)-JQ1 resulted in reduced
neuroinflammation assessed by expression of pro-inflamma-
tory modulators. In addition, (4)-JQ1-treated mice showed a
reduction of tau phosphorylation at Ser396 in the hippocampus
and frontal cortex, while total levels of tau remained unaffected.
However, no improved learning or memory deficits were
observed in the (+)-JQ1-treated mice.

Likewise, studies in mouse primary astrocytes stimulated
with LPS showed involvement of the bromodomain containing
protein Brd2, which was increased both at the mRNA and pro-
tein levels upon LPS stimulation. Knockdown of Brd2 mRNA
by small interfering RNA or treatment with (+)-JQ1 in cul-
tured mouse primary astrocytes specifically inhibited LPS-
induced mRNA expression and secretion of plasminogen acti-
vator inhibitor-1 (PAI-1) but not that of other pro-inflamma-
tory cytokines measured, providing evidence for the
involvement of Brd2 in neuroinflammation.”’

Protein methyltransferases

Polyglutamine diseases all share an expansion of the CAG
repeat in specific genes; however, the impact of each mutation
is uniquely manifested. Huntington’s disease (HD) is by far the
best known of these diseases, whereas spinal and bulbar muscu-
lar atrophy (SBMA), for example, is less so. ChIP analysis iden-
tified fewer peaks with the activating mark H3K4me3 at
transcription start sites (TSS) in HD subjects relative to con-
trols."®® Also, an unexpected number of H3K4me3 peaks were
located at sites downstream of the TSS including about 1/3 at
known enhancer and chromatin remodeling sites, such as
EZH2 and SUZI12. Although the latter were differentially
enriched in the distal H3K4me3 peaks from HD subjects, PRC2
was reduced. Thus, in addition to showing discordant tran-
scriptional regulation in HD subjects, there may be a PRC2-
independent role for EZH2 in HD. This is a typical example
where available chemical probes selective for EZH2, such as
GSK343'% (or GSK126'"°), EPZ005687,'"! in parallel with the
EED antagonist, A-395 [http://www.thesgc.org/chemical-
probes/A-395], may be used to further explore the findings.

SBMA is an X-linked recessive disorder caused by a muta-
tion in the androgen receptor (AR) gene resulting in a CAG
expansion. PRMT6 is a co-activator of both wild type and
mutant AR but co-activation of mutant AR is enhanced in
SBMA.""? Knockdown of PRMT6 suppressed the toxicity of
polyQ-AR and, at least in a fly model, was able to rescue the
phenotype associated with overexpression of normal AR. It is
proposed that in the absence of protective phosphorylation of
polyQ-AR at the Akt consensus RXRXXS, PRMT6 methylation
at this site results in binding to testosterone and toxicity. There
are 3 chemical probes, EPZ020411,° MS023,'”> and MS049,°
which inhibit PRMT6. Unfortunately, none is sufficiently selec-
tive to be used alone. However, if used in parallel, EPZ020411°
and MS023'” (at 20 nM or less), may help corroborate the
involvement of PRMTS6 in the fly model of SBMA.

RNA transcriptome profiling from CSF of 27 subjects with
PD and 30 age- and sex-matched controls identified diverse
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fragmented RNA including some that are dysregulated in
PD.'" Protein-coding RNA fragments comprised 80% while
noncoding RNAs comprised 13% of the total transcripts. How-
ever, of the differentially expressed transcripts, noncoding
RNAs are more abundant than protein-coding RNAs. The
upregulated transcripts mostly included chromatin remodeling
while the downregulated transcripts were mainly represented
by protein-tyrosine phosphatases, endoplasmic reticulum
membrane proteins, and genes that regulate phosphorylation,
de-phosphorylation and phospholipase activity. Of the chroma-
tin remodeling transcripts, EZH2 was upregulated and DNMT1
downregulated, thus aligning with ChIP analysis of HD neuro-
nal tissue.'*®

One of the roles of the endoplasmic reticulum (ER) is syn-
thesis and folding of secreted and transmembrane proteins.
When misfolded and unfolded proteins accumulate in the
lumen of the ER, the unfolded protein response (UPR) path-
way, also recently reviewed,''* is triggered. Persistent over-
activation of the ER stress response pathway has been impli-
cated in neurodegenerative diseases,''> immune response,''®
and inflammation.'"” Two proteins that are central to the ER
stress response are cyclic AMP-dependent transcription factor
(Atf4) and DNA damage-inducible transcript 3 (Ddit3).
DOTIL is currently the only published H3K79 methyltransfer-
ase in mammals. When DOTI1L is overexpressed, it is known
to disrupt telomere silencing. Inhibition of DOTIL by
SGC0946''® or EPZ005676”° in neural stem cells (NSCs)
results in an increase in transcription of Atf4 and Ddit3; this
was confirmed by a reduction of H3K79me2 at their
promoters.''” However, in 2 unrelated cell types, mouse
embryonic stem cells and a leukemia cell line, the ER stress
response genes were not induced after DOTIL inhibition.
Thus, this is another example of a context-specific role of a
methyltransferase.

Amyotrophic lateral sclerosis (ALS) and fronto-temporal
lobar degeneration (FTLD) are neurodegenerative diseases that
are characterized by deposits of the fused in sarcoma (FUS)
DNA/RNA-binding protein. In ALS, PRMT1 asymmetrically
dimethylates FUS—while in FTLD, PRMT1 monomethylates
FUS' even though unmethylated FUS is the predominant
form. In ALS, the nuclear function of PRMT1 appears to play a
role in the toxicity of mutant FUS'*' because its re-distribution
to the cytoplasm associates with cytoplasmic accumulation of
FUS and changes in repressive histone marks.

M-channels (which are encoded by Kv7/KCNQ genes) are
K" channel proteins that modulate neuronal excitability. Dys-
regulation of the KCNQ genes is one underlying cause of epi-
lepsy. In a mouse model, PRMT1 heterozygotes have
impulsive seizures and their brains feature lower expression of
asymmetrically dimethylated KCNQ2 relative to wild types.'**
Further, methylated KCNQ had higher affinity for their bind-
ing partner phosphatidylinositol-4,5-bisphosphate (PIP2). In
vitro experiments identified 4 modified arginine residues,
R333, R345, R353, and R435, on KCNQ2 that also reside in
the PIP2-binding region. These modifications require PRMT1
but do not appear to need its close relative PRMTS.'**> PIP2
could not fully rescue M-currents in neurons of PRMTI het-
erozygous mice; this points to the involvement or redundancy
of other PRMTs.
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Immune response
Protein methyltransferases

Class II major histocompatibility complex (MHC II) transcrip-
tion is activated by IFN-y via the class II transactivator
(CITTA), which in turn interacts with epigenetic factors,
including protein methyl- and acetyl-transferases.'> The
mechanism of activation by IFN-y appears to involve recruit-
ment of PRMTS5 by CITTA to the promoter of MHC II and is
evidenced by the appearance of H3R2me2s (and CITTA at the
promoter).”" The transactivator may also play a role in promot-
ing communication between the H3K4 methyltransferase com-
plex and PRMT5 on the MHC II promoter. Since PRMT5
depletion downregulates, but does not remove, the expression
of MHC II in macrophages, there may be other PRMTs
involved in modulating MHC II transcription. Chemical probes
that inhibit the type 1 PRMT family and that are selective for
PRMT3, PRMT4, and PRMT5 would be very useful for follow-
up studies.

IBD is a chronic inflammatory disease of the gastrointestinal
tract of which Crohn’s disease (CD) and ulcerative colitis
(UC)"** are the 2 main types. There is evidence for both genetic
and epigenetic influences in IBD. Two recent publications
investigate the role of T cell activation and function in intestinal
inflammation in the context of epigenetic modulation by
G92'” and EZH2'*°. G9a, which dimethylates H3K9, is
involved in regulating gene expression during lineage commit-
ment in adult CD4+ T cells."”” Antignano et al."*®> show that
H3K9me2 (a mark that is associated with repression of lineage-
promiscuous genes) controls access to chromatin and regulates
responsiveness to TGF-B1 (a lineage-specifying cytokine) in
Th17 and Treg cells. H3K9me?2 also contributes to T cell medi-
ated colitis by limiting differentiation to Th17 and Treg cells.
In naive T cells, G9a maintains H3K9me2 at high levels, which
are removed upon activation. In the absence of G9a-dependent
H3K9me2, ~20 times less TGF-B1 is able to induce differentia-
tion to Th17 and Treg cells. Thus, the lack of this mark reduces
the amount of stimulation required for differentiation into the
protective state. The authors surmised that G9a-dependent
H3K9me2 modulates chromatin accessibility because chroma-
tin rich in the H3K9me2 mark is located near the nuclear lam-
ina where accessibility and gene expression is reduced.'**'*’
Chemical inhibition of G9a methyltransferase activity in wild
type and G9a deficient T cells in the absence and presence of
UNC0638"° and BIX01294,"" and in Treg promoting condi-
tions show that G9a methyltransferase activity in naive T cells
is a negative regulator of Th17 and Treg differentiation.

Paneth cells, a specialized component of intestinal epithelial
cells, release peptides that protect the intestines against inflam-
mation and intestinal pathogens. Abnormal function of Paneth
cells has been linked to IBD.'*” GSEA analysis identified
upregulation of “SUZI12_TARGETS” and ChIP analysis of
Prkci'®¢™XO (knockout) and Prkei™® mice showed EZH2 occu-
pying regulatory regions of Atohl and Gfil (which are key
transcription factors in Paneth cell differentiation). Similar
results were obtained when PKCA/t was knocked out with
CRISPR/Cas9 gene editing. Further, an in vitro kinase experi-
ment illustrated that PKCA/t predominately phosphorylates
EZH?2 at T487 and to lesser extents at S690 and T345. These

threonine phosphorylation sites are implicated in protein deg-
radation.'” In line with this, the EZH2 inhibitor GSK126'"
resulted in upregulation of Paneth cells in Prkci™® ™ organo-
ids. The authors also showed that the expression of PKCA/t
decreases with the progression of Crohn’s disease.

EZH2 suppresses CD4+ T cell differentiation into Th1, Th2,
and Th17 cells in vitro but is required to generate the best con-
ditions for inducing Treg cell production in vivo.*”” The effect
of EZH2 deletion in a mouse model resulted in reduced
Foxp3+ T cells in the spleen and lymph nodes with no measur-
able change in the thymus or lamina propria. Also, production
of Foxp3 was attenuated in the surviving Treg cells. The EZH2-
deficient effect on Foxp3 production was due to aberrant over-
production of effector cytokines IFN-y and IL-4. This observa-
tion was recapitulated in a transfer colitis model but when mice
were infected with T. gondii, there was an insufficient effector
cytokine response and the mice succumbed to the infection.
These observations may explain the number of seemingly con-
tradicting reports on the role of EZH2 in CD4+ T cell differen-
tiation. In a very recent study using a mouse model of intestine
specific deletion of EZH2 or EED,"** it is clear that EZH?2 is dis-
pensable for wnt signaling and proliferation but not differentia-
tion. However, deletion of EED resulted in loss of
differentiation and stem cell maintenance (including wnt sig-
naling and differentiation) in intestines. Here again is another
opportunity to use the available chemical probes for EZH2 and
EED.

Viral diseases
Human immunodeficiency virus

Several epigenetic chemical probes have been explored in the
context of HIV treatment. Effective antiretroviral therapy tar-
geting key viral enzymes is now available resulting in undetect-
able HIV RNA in the plasma of HIV patients. However,
affected individuals are not cured as the virus persists in long-
lived cells like memory T cells and re-emerges upon cessation
of the treatment. This dormant status of the virus, termed
latency, has long been thought not to be therapeutically accessi-
ble. The viral genome is integrated in the genome of host cells,
which presents in resting T cells in a repressive state preventing
transcription of viral genes. Among other factors, latency can
be affected by the levels of cellular transcription factors, includ-
ing P-TEFb and NF-«B, both key targets of epigenetic proteins
like BRD4, as described above. Also, changes in chromatin can
affect transcription of viral genes. Reactivation of HIV in rest-
ing cells and subsequent targeting has been shown to be a use-
ful strategy to eliminate the reactivated cells, an approach
referred to as ‘shock and kill’.'*>"*® However, unwanted reacti-
vation of an undiagnosed viral disease by treatment with epige-
netic inhibitors for a different application may result in
deleterious effects (Fig. 5).

Bromodomains

Viral transcription requires recruitment of P-TEFb to the viral
promoter as well as overcoming transcriptional pausing leading
to elongation of the transcript. Much progress has been made



in elucidating the mechanism in detail."** Prior to production
of the HIV transactivator protein Tat, BRD4 recruits P-TEFb
to the HIV promoter upon cellular stimulation. Upon synthesis
of Tat, Tat and BRD4 compete for P-TEFb binding, making
BRD4 a negative regulator of Tat transactivation. Conse-
quently, HIV expression can be induced by treatment with
BET antagonists. Several reports describe that treatment of
HIV infected cells with (4+)-JQ1 or other BET antagonists reac-
tivates the virus."’”'**'* However, there seems to be a fair
amount of variability in the response to (4)-JQI1 treatment and
some patient cells do not respond at all. The best response
seems to be achieved upon co-treatment with other latency
reversing compounds like protein kinase C (PKC) agonists
prostratin, bryostatin-1, and ingenol-B, which work by increas-
ing PKC-dependent phosphorylation of I«B and ultimately by
activation of NF-«B-dependent genes. BET antagonists may
thereby not only act on the level of P-TEFDb, but also via NF«B,
although the precise mechanism is not yet clear.'** The PKC
agonist, PEP005, an ingenol-3-angelate, also showed synergistic
effect with (4)-JQ1 in HIV reactivation. In the study, induction
of the pS643/S676-PKC6/6-1kBa/e- NF-«B signaling pathway
was investigated in detail."** Contrary to results observed with
ingenol-B levels of NF-kB were not affected in this study.
PEP005 also induced expression of HIV RNAs in primary
CD4+ T cells from HIV infected individuals receiving suppres-
sive antiretroviral therapy.'”® Similar positive results of HIV
reactivation in T cells from patients receiving suppressive anti-
retroviral therapy were recently published with the PKC agonist
prostratin in combination with the BET antagonist OTX015,
which has entered phase Ib clinical trials for advanced hemato-
logic malignancies. The mechanism is Tat dependent as
OTXO015 significantly increased expression of a HIV-1LTR
driven luciferase reporter in the presence, compared with the
absence of Tat."*!

A different Tat-independent mechanism has been described
for BRD2. Knockdown experiments revealed that absence of
BRD2 resulted in a robust activation of the HIV LTR, which
was only slightly enhanced in response to (+)-JQ1 and is
thought to be mediated by mechanisms involving repressive
chromatin marks mediated by HDACs and interaction with the
transcription factor E2F, which together with NF-«B, binds to
the HIV enhancer to repress HIV transcription (Fig. 5)."*>"?

Lysine demethylases

UTX1, but not JMJD3, leads to induction of genes during Tat-
mediated HIV-1 transactivation by removal of the repressive
H3K27me3 mark. In a cellular model, Zhang et al. found Tat-
induced HIV-1 transactivation is dependent on UTX, but not
JMJD3. Treatment with GSK-J4, as well as knockdown of UTX,
led to inhibition of Tat-mediated transactivation, indicating
that the catalytic activity is responsible for the effect. Addition-
ally, ectopic expression of UTX, but not of an inactive mutant
corroborated this finding. Downregulation of UTX was accom-
panied by downregulation of H3K27 trimethylation and upre-
gulation of H3K4 methylation on the specific regions of HIV-1
LTR as well as translocation of p65 to the nucleus and binding
of NF«B to the LTR promoter143 In a similar manner, the
genome of the latent herpes simplex virus (HSV) is associated

EPIGENETICS (&) 389

with repressive chromatin marks H3K27me3 and H3K9me2/
me3. Treatment of HSV-infected neuronal cells with GSK-J4
reactivated the virus. This study, however, did not investigate
the specific role of UTX or JMJD3. 144

Protein methyltransferases

A number of protein methyltransferases (including G9a,
SUV39H2, and EZH2) are involved in maintaining HIV silenc-
ing.MS’146 Recently, it was shown that chemical inhibition of
EZH2 plays a role in reactivating the latent HIV long-terminal
repeat (LTR)."'%'*” Pre-treating a primary resting T cell model
of HIV with the EZH2 inhibitor GSK343'% [at a concentration
that reduced methylation of H3K27 at the HIV LTR nucleo-
some 1 (Nuc-1) site] is associated directly with sensitization of
the HIV LTR to subsequent exposure to vorinostat (an HDAC
inhibitor and latency reversing agent in its own right). ChIP
showed that GSK343 treatment reduced methylation at Nuc-1
(near the LTR transcription start site) and Nuc-0 (in the
enhancer region). This led to enhanced pro-viral expression
and latency reversal beyond that achieved by vorinostat alone.
Using a dual-color reporter virus to monitor LTR kinetics, his-
tone covalent modifications, particularly polycomb repressive
complex 2 (PRC2)-mediated H3K27 trimethylation, appeared
to dominate viral transcription at the early phase. PRC2 also
contributes to time-dependent LTR dormancy in the chronic
phase of the infection. Significant differences in sensitivity
against several physiologic and pharmacological (GSK126)
stimuli were observed between these 2 distinct populations
(Fig. 5).

HIV-1 Tat protein can control different cellular processes
but this activity is dependent on its nuclear/nucleolar localiza-
tion. Tat enters the nucleus via its nuclear localization sequence
(NLS) to allow transcriptional elongation of the HIV-1
genome'*® through recruitment of positive elongation factor b
(P-TEFb) complex, as well as chromatin remodeling factors.'*’
Tat protein undergoes considerable posttranslational modifica-
tion to augment cofactor recruitment including methylation by
PRMT6"**'*! on R52 and R53."** More recently, it was shown
that ectopically expressed PRMT6 results in exclusion of GFP-
tagged Tat from the nucleolus; in the presence of PRMTS6, the
fractional recovery was reduced but the rate of recovery
remained the same. Tat-GFP in the presence of inactive full-
length PRMT6 or Tat R52/53A mutants did not affect entry to
the nucleolus. Therefore, it is unlikely that PRMT6 influences
the rate of entry to the nucleolus.

Other viral diseases
Bromodomains

Other viruses make use of BRD4 to hitchhike the host tran-
scriptional machinery. Raccoon polyomavirus (RacPyV) is a
virus that has been detected in every neuroglial tumor diag-
nosed in free-ranging raccoons in the western United States.
The virus was distributed throughout the body but accumu-
lated in neuroglial tumor tissue. A recent study demonstrated
that the tumors most likely originate from neural stem cells,
based on the identified markers. ChIP experiments moreover
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demonstrated a tethering of BRD4 to the viral genome, which is
thought to be critical for maintenance of the viral genome and
oncogenic transformation. BET antagonists like (+)-JQ1 and
IBET-151 (GSK1210151A) reduced the presence of RacPyV
genome within cells as well as viral gene transcripts LT and
VP1.'*> The precise mechanism of gene activation remains to
be elucidated. Contrary to human polyomavirus JC (JCV), the
mechanism of the positive effects seen upon treatment with
BET antagonists has been elucidated and linked to the NF-«B
pathway. Human neurotropic JCV replicates in glial cells caus-
ing cytolytic death of oligodendrocytes and giving rise to
expanding multifocal lesions of myelin loss. The disease, called
progressive multifocal leukoencephalopathy (PML), is often
fatal. Expression of viral genes from this double-stranded DNA
virus is regulated by a noncoding control region (NCCR) con-
taining promoter/enhancer elements for viral gene expression
including a binding site for NF-«B. Similar to the HIV virus,
pro-inflammatory cytokines including TNF-« are thought to
lead to reactivation of the virus and progressive multifocal leu-
koencephalopathy (PML). Treatment with a BET antagonist
showed that JCV replication was increased by BRD4 expression
and decreased by BRD4 antagonist treatment in part though
inhibition of JCV early promoter activity. In addition, muta-
tional studies demonstrated that both BRD4 and p65 acetylated
at K218 and K221 are necessary for p65 nuclear localization,
suggesting that the direct interaction of BRD4 and p65 is criti-
cal for p65 binding to chromatin and viral transcription.'>*
Epstein-Barr virus (EBV) is a key etiologic agent in the develop-
ment of numerous cancers including infectious mononucleosis,
Burkitt’s lymphoma, Hodgkin’s lymphoma, HIV-related lym-
phomas, post-transplant lymphoproliferative diseases (PTLDs),
nasopharyngeal carcinoma, and some gastric cancers. Primary
infection with the virus resides in the B cell compartment, and
latently-infected B cells are also the reservoir from which the
virus establishes lifelong infection. One of the genes through
which the early viral genes exert transcriptional activation is
MYC."”® Using ENCODE data, Zhou et al. found that the early
viral proteins EBNA2, EBNALP, EBNA3A, EBNA3C co-local-
ized with members of the NF-«B family on H3K27ac marked
EBV super enhancers to activate expression of B cell relevant
transcription factors, including the oncogene MYC. (+)-]JQl
treatment reduced MYC expression and also halted growth of
lymphoblastic cell lines."”” Earlier studies have shown that
(+)-JQ1 also acts on the viral C promoter Cp by interfering
with P-TEFb recruitment via BRD4, which is a crucial step in
cellular immortalization.'*®

In human papilloma virus (HPV), associated with cervical
and anal cancer, the E2 protein is the master regulator of viral
early gene transcription and also critical for persistence of the
viral genome in host cells. The E2 protein itself is composed of
an N-terminal transactivation domain and a C-terminal dimer-
ization domain connected by a flexible hinge region."”” The C-
terminal portion of BRD4 has been shown to directly interact
with E2, stimulating E2-mediated transcription. Similarly, in
reporter assays, both BRD4 knockdown and disruption of the
E2-BRD4 interaction reduce E2 ability to repress expression of
the reporter gene. The transcriptional activity is mediated by
recruitment of P-TEFb to the virus genome, as shown by ChIP
experiments. Treatment of papilloma-infected cells released

BRD4 and E2 from chromatin and inhibited E2-mediated tran-
scriptional activation.'”® Phosphorylation of E2 at specific Ser-
ine residues located in the hinge region has been shown to be
important for the interaction of BRD4 with chromatin as well
as transcriptional activation.'”” The interaction of E2 with
BRD4 is also critical for viral replication of HPV.'*®

Regulation of c-MYC, a key target of BRD4-mediated tran-
scription, has been shown to be important for the replication of
hepatitis C virus (HCV) using c-Myc, HIF-1w, and glycolytic
enzymes, which were found to be significantly higher in HCV-
infected human liver and hepatocytes than in uninfected con-
trols. This upregulation of c-Myc may play a role in HCV-asso-
ciated hepatocellular carcinoma. Metabolic adaptation of the
host cell is required for efficient virus replication. Interestingly,
the metabolism of infected cells resembles that of cancer cells.
Concomitant overexpression of MYC, HIF-1 «, and glycolytic
enzymes also point to a combined regulation of these proteins.
Treatment of HCV infected cells with (+)-JQ1 not only down-
regulated expression of Myc, but also transcription of glycolytic
enzymes and inhibited viral replication.'*’

The Merkel cell virus (MCV) recruits BRD4 to the replica-
tion origin complex in the nucleus via direct interaction with
the large T antigen, a protein critical for viral replication, which
in turn recruits replication factor C to the viral replication sites.
Displacement of BRD4 from chromatin via (4)-JQ1 increased
freely available BRD4, which enhanced MCV DNA replica-
tion."" Through interaction of BRD4 with the retroviral inte-
grase of murine leukemia virus (MLV), this protein is recruited
to the transcriptional start sites of genes. Displacement of
BRD4 from chromatin by treatment of cells with BET antago-
nists (+)-JQ1 and I-BET released BET proteins from the tran-
scriptional start site, thus decreasing MLV integration.'®> The
viral integrase has been shown to interact with BRD2 and
BRD3 as well as BRD4 in vitro via the C-terminal ET domain.
The ET domain was found to be sufficient to stimulate integra-
tion in vitro and in vivo.'®®

Protein methyltransferases

Human cytomegalovirus (HCMV) is an omnipresent herpes
virus that leads to a life-long persistence. The regulatory protein
pUL69 of HCMYV acts as a viral RNA export factor. Among the
8 PRMTs (1-8), only PRMT2 and PRMT6 co-localized with
pUL69 in the nucleus.'®* PRMT6 methylates pUL69 within the
functionally important arginine rich Rl box. Although this
study did not present the exact role of methylation, it did high-
light the possibilities. Mutation studies identified R22, R23, and
R25-R28 as being important for RNA export of pUL69. How-
ever, R27 and R28 are not required for binding PRMT6 or the
RNA export factor UAP56, and are likely the putative sites of
methylation. Once methylated, R27 and R28 may act as a hub
for methyL-arginine binding proteins.

West Nile virus (WNV) belongs to the Flaviviridae family
and has been connected to non- and neuro-invasive diseases.
Members of this family feature single-stranded, type I capped,
positive-strand RNA, which are limited in their coding capac-
ity. As such, they depend on various host-cell factors. In the
case of WNV, AU-rich element binding protein 1 (AUF1) iso-
form p45 (AUF1-p45) is essential for viral replication. As a



further level of modulation, posttranslational modification by
PRMT1 to generate AUF1-p45me2a, increases the affinity for
WNV (at the RNA termini) and results in increased viral
replication.'®

SET7 expression was upregulated in hepatitis C infection of
a tumor cell line and was found to be overexpressed in sera,
PBMGC, and liver tissue of patients with HCV.'*® An increase in
SET7 expression resulted in suppression of IFN-related signal-
ing, specifically IFN-«, via the NF-«B pathway. The methyl-
transferase activity of SET7 is deemed important because a
non-specific methyltransferase inhibitor reversed suppression
of IFN signaling and a SET7 mutant lacking methyltransferase
activity had no effect on IFN signaling pathway. In a related
manner, long, noncoding RNA from CD244 mediates EZH2
recruitment to IFN-y and TNF-«a promoters in active tubercu-
losis infection.'®” Although there is no direct evidence pre-
sented for modulation of the H3K27me3 mark after EZH2
docking at these promoters, there is a concomitant reduction in
IFN-y and TNF-c.

Metabolic diseases

Epigenetic proteins are involved in diseases caused by meta-
bolic dysregulation.'**'**'*" Cellular metabolism as well as
nutritional behavior is known to be linked to epigenetic regula-
tion, and histone modifications are known to be intricately
linked to the maintenance of glucose homeostasis and the
development of metabolic disease. Defects in metabolic path-
ways are implicated in diabetes, which is accompanied by
inflammatory cytokine expression and changes of NF-«B
levels.'®!

Diabetes tends to enhance susceptibility to other indications,
such as heart and kidney disease. SET7 is reported to have mul-
tiple roles in diabetes and related diseases.'*®*'7>'®" Perhaps
one of the underlying mechanisms is due to SET7 methylation
of HIF-1ar at K32 and HIF-2« at K29."®" These modifications
inhibit transcription of HIF-1a/-2¢ target genes. ShARNA-medi-
ated knockdown and chemical inhibition of SET7 with (R)-PFI-
2'®? promoted transcription of HIF-la/-2« target genes and
increased glucose uptake.

SET?7 is upregulated in subjects with type 2 diabetes relative
to controls'”" resulting in increased H3K4me at the promoter
of NF-«B p65, which led to a boost in the expression of tran-
scription factors and oxidant inflammatory genes. Knockdown
of SET7 in a hyperglycemia model reduced the induction of
oxidant and inflammatory pathways. In a related publication
on Prepl, a gene exerting major effects on the insulin sensitivity
of glucose transport, it was shown that high glucose (HG) expo-
sure induces NF-«B recruitment and histone modification at
the Prep1 5 region.'®® HG exposure also resulted in the recruit-
ment of EP300 and SET7 (which was confirmed by an increase
in H3K9/14 acetylation and H3K4me/me2) at the Prepl pro-
moter. The posttranslational modifications were reduced in the
presence of chemical inhibitors of NF-«B, thus indicating the
leading role that NF-«B recruitment plays in driving the action
of epigenetic enzymes at the Prepl 5’ regulatory region.

Pdx1 is a transcription factor that is important to the func-
tion of islet B cells; these cells are the main producer of circulat-
ing insulin. Conditional knockout of Set7 in islet B cells in a
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mouse model resulted in similar glucose intolerance as Pdx1-
deficient mice.!”? Furthermore, the islets isolated from the Set7
knockout mice featured reduced expression of Pdx1 related
genes. The authors identified 2 Set7 catalyzed methylation sites
on Pdx1 at residues K123 and K131. Residue K131 is more
important for supplementing Pdx1 (basal) activity but it does
not improve binding to DNA in an in vitro model. As such, the
authors suggest that methylation may play a role in post-DNA
binding events.'”?

Two studies in diabetic nephropathy outline roles for SET7.
Animal studies show that H2AK119Ub and H2B120Ub play a
role in renal fibrosis via regulation of H3K4me2 and H3K9me
marks.'® These marks are regulated by controlling the expres-
sion of SET7 and SUV39H1. Dsylipidemia is also a contribut-
ing factor to diabetic nephropathy. 12/15-lipoxygenase
enhances the expression of oxidized lipids such as 12(S)-
hydroxyeicosatetraenoic (12(S)-HETE). The latter promotes
several processes leading to diabetic nephropathy. 12(S)-HETE
increase was linked to increased levels of SET7 protein, which
was subsequently translocated to the nucleus and gravitated to
the profibrotic gene promoters. Genetic silencing of SET7
reduced 12(S)-HETE-induced gene expression of profibrotic
genes.

PRMTs are also involved in glucose dysregulation and some
of their roles has been reviewed.'® Since then, Kim et al.
defined a role for SIRT1, PRMT1, and PRMT4 in diabetic reti-
nopathy.'”” SIRT1, a protein deacetylase, is involved in the
onset of metabolic diseases. Its expression decreases under con-
ditions (of oxidative stress) that damage retinal pigment epithe-
lial (RPE) cells while PRMT1 and PRMT4 increase. However,
PRMT1, but not PRMT4, induced damage to RPE cells via
SIRT1. This highlights an example of the redundancy of
PRMT1 and PRMT4 depending on the expression of SIRT1.

A recent study investigated the potential of BET antagonism
for the treatment of insulin resistance and diabetes. Pancreatic
B cells treated with (+)-JQI showed an increase in insulin con-
tent as well as secretion from islet cells. Higher concentrations
of (+)-JQ1 also decreased intracellular triglyceride stores in
INS-1 cells as a result of increased fatty acid oxidation. Interest-
ingly, si-RNA studies revealed that although both antagonism
of BRD4 and BRD2 could increase insulin transcription, only
knockdown of Brd2 increased fatty acid oxidation.'®* These
data are in line with the studies in mice where knockdown of
Brd2 caused severe obesity with enhanced levels of pro-inflam-
matory cytokines, but prevented obesity-induced inflammatory
responses as well as protected animals from insulin resistance,
glucose intolerance, and pancreatic 8 cell dysfunction.'”®'”

Hematologic diseases

Sickle-cell disease (SCD) is a group of genetically inherited
blood disorders due to aberrant B-globin gene expression. A
critical distal regulatory element directing expression within
the gene cluster is the locus control region (LCR). The globin
genes compete for occupation on the LCR,'® via the LDB1
complex, as part of developmental regulation. Fetal hemoglobin
(HbF, 2y2) is used to treat SCD because it inhibits polymeri-
zation of sickle hemoglobin under deoxygenated conditions.'®
Silencing of HbF in adults is also mediated by epigenetic
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changes including DNA methyltransferases,'” HDACs,"*®
PRMTS5,'"™ and LSDL,' and it is likely that other epigenetic
proteins are involved. Two independent studies reported that
UNCO0638,"*° a chemical probe for G9a and GLP, increased the
expression of y-globin (HBG1/2) genes during erythropoiesis
in CD34+ HSPC-derived erythroid precursors, which was cor-
roborated with gene knockdown methods.””"'*> They also
reported that UNCO0638 increased the transcript level of Hbb-
ey and, to a lesser extent, Hbb-ghl in a dose-dependent man-
ner in murine erythroleukemia (MEL) cells commonly used to
study globin switching. Renneville et al.'"”> used CRISPR/Cas9
gene editing in MEL cells to generate clones with bi-allelic inac-
tivation of G9a. These knockout clones featured a measurable
increase in Hbb-¢y and Hbb-Bh1 relative to parental cells and
phenocopied treatment with 1 ©M UNC0638. (Unfortunately,
the corresponding knockout clone of GLP could not be gener-
ated.) ChIP-seq showed that UNC0638 reduced the repressive
H3K9me2 mark genome wide, at the y-globin genes and the
LCR, while the competing H3K9ac mark noticeably increased
at y-globin genes.'”’ H3K9me3 was also reduced at the loci of
y-globin repressors BCL11A and MYB; however, H3K9Ac only
increased slightly. Globally, 387 genes were upregulated and
252 were downregulated by at least a factor of 2. HBGI and
HBG2 were among the significantly upregulated genes while
HBB and HBD were significantly decreased. The major ery-
throid transcription factors GATAI, KLFI, and NFE2 and the
y-globin repressors BCL11A and MYB were not significantly
affected by UNC0638. Finally, a cumulative effect was observed
for the combination of UNC0638 and HDAC (entinostat) or
DNMT (decitabine) inhibitors.'** However, knockdown of G9a
or GLP plus either entinostat or decitabine also had additive
effects on the induction of y-globin gene expression. This indi-
cates that y-globin expression through either inhibition of
EHMT1/2 and HDAC or DNA methyltransferase occurs via
different mechanisms.

Probing the biological role of epigenetic proteins

A large body of literature is focused on understanding the ther-
apeutic potential of epigenetic proteins. Earlier studies used
gene knockdown and/or knockouts while more recent research
combines these genetic approaches with chemical probes. The
latter, on their own, have been used to gain deeper insight into
the biologic role of their targets and in particular to dissect the
function of specific domains in a protein. Here we summarize
some of these examples.

SMARCA2/BRM and SMARCA4/BRG1 are mutually exclu-
sive catalytic subunits of the BAF and PBAF complex, respec-
tively. Both proteins have been implicated in a variety of
diseases ranging from inflammation to several different can-
cers.””” SMARCA?2/4 proteins contain a bromodomain apart
from their catalytic chromatin remodeling ATPase domain. A
highly specific BRD antagonist, PFI-3, has been developed and
also shown to displace ectopically expressed SMARCA2 and
SMARCA4 from chromatin.”>'** However, no anti-prolifer-
ative effect could be observed in cell lines from several tumor
types tested indicating that the ATPase domain may be more
relevant for tumorigenesis,"**'*> nor was an effect seen in a
series of primary human cells assaying inflammatory cytokine

release.'”® However, studies using PFI-3 revealed the crucial
role of the bromodomain in several differentiation pro-
cesses.'”*'”® During embryogenesis, among the earliest cell
types are the embryonic stem (ES) cells, which develop into the
embryo, as well as the trophectoderm, which gives rise to the
embryonic part of the placenta. Treatment of ES cells with PFI-
3 resulted in differentiation of ES cells accompanied with an
increased H3K27me3 mark at common Brgl and Stat3 binding
sites at promoters and at transcription start sites. Also, tropho-
blast stem cells showed an increase of differentiation markers
as assessed by RNA sequencing. The effect could be shown to
be at least in part persistent as demonstrated by washout
experiments.””* Contrary, differentiation of myoblast to myo-
tubes was inhibited by PFI-3, as was differentiation of adipo-
cytes with severely decreased lipid accumulation in the
adipocytes.'® Also, BRD4 plays a role in early embryogenesis.
In a study using quantitative mass spectrometry during ES cells
differentiation into neuronal cells, levels of chromatin acetyla-
tion were found to dramatically decrease concomitantly with a
decrease in expression of BRD4. Treatment of ES cells with
(4+)-JQ1 led to differentiation of ES cells and changes of the
epigenetic landscape with altered histone modifications, the
reason of which needs further elucidation."””

Members of the KDM6 family also play crucial roles during
early development in both a demethylase-dependent as well as
-independent manner. Treatment of mouse differentiating (but
not undifferentiated) ESCs with GSK-J4 was accompanied by
cell cycle arrest of the embryonic bodies demonstrating that
this process is dependent on KDM6A and KDM6B enzymatic
activities. DNA damage was identified as the underlying cause
for the cell cycle disturbance, which could be replicated at least
partially by the combined knockdown of KDM6A and
KDM6B."*

A particular case of repressive chromatin occurs during X-
chromosome inactivation. One of the 2 female X chromosomes,
inactivated in somatic cells, is covered with the repressive
H3K27me3 mark. UTX has been implicated in the process and
is part of a large complex that also harbors Swi/Snf members.
The process of X chromosome inactivation is regulated by 2
long noncoding RNAs: the silencing RNA Xist and the anti-
sense counterpart of it, Tsix. Treatment of female undifferenti-
ated ES cells with GSK-J4 resulted in upregulation of Xist and
reduced Tsix expression accompanied by increased H3K27me3
at their respective transcriptional start sites. ChIP experiments
identified UTX to be the responsible demethylase in this pro-
cess. Genes found to be regulated upon treatment could mostly
be attributed to UTX inhibition, but some genes, including
Xist, Nodal, and HoxC13, which were upregulated and accom-
panied by increased H3K4me3 levels, may originate from con-
comitant inhibition of KDM5 demethylases.'”® Similarly, in a
retinoic acid induced differentiation model of human carci-
noma cells, GSK-J4 induced differentiation due to reduction of
H3K27me3 at differentiation genes. Although not further
investigated all observed changes in gene expression could not
be attributed to JMJD3 or UTX inhibition.**

Bone morphogenesis is regulated by a delicate balance of
bone formation, which occurs through differentiation of osteo-
blasts into osteocytes and the deposition of inorganic salts, and
the activity of bone-resorbing osteoclasts that differentiate



from resident monocytes upon stimulation of specific factors
like RANKL, which triggers expression of the key transcription
factor for osteoclastogenesis, NFATc. Additionally, the BET
antagonist (+)-JQ1 has been shown to inhibit both expression
of NFATCc and the transcription factor of osteoblast Runx2 sup-
pressing osteoclast differentiation. Knockdown experiments
demonstrated that BRD4 prevented osteoclast differentiation
but strongly activates osteoblast mineralization activity. These
findings in basic biology may have implications for bone-
related disorders such as osteoporosis. Indeed, (+)-JQ1 rescued
pathologic bone loss in a post-ovariectomy osteoporosis model,
increasing the trabecular bone volume and restoring mechani-
cal properties.*

Learning and memory formation requires rapid activation of
immediate early genes in response to stimulation. BRD4 is
expressed throughout the brain and, as in the periphery, neces-
sary for P-TEFb mediated transcription. Recruitment of BRD4
to target promoters was found to be dependent on CK2-depen-
dent phosphorylation of Brd4 on serine 492 in response to neu-
ronal activity. Blocking BRD4 binding to chromatin by
(4)-JQ1 decreased transcription of immediate early genes and
downregulated expression of neuronal receptors. Mouse studies
further demonstrated that treatment with (+)-JQ1 blocked
memory formation. However, a positive effect of decreased sei-
zure susceptibility was observed in models, opening potential
new avenues for the treatment of epilepsy.””" Also BRD7 has
been shown to have important functions in the brain, although
it has a more restricted expression. Knockout mice studies
demonstrated that disruption of BRD7 was not toxic to neu-
rons. Still, mice showed cognitive deficiency, accompanied by
downregulation of synaptic related proteins like PSD95; how-
ever, antagonists have not been used to further elucidate the
role of BRD7 bromodomain in the brain.***

Conclusions

In the last 10 years, >50 high-quality probe compounds for
epigenetic targets have become available, most of them through
the SGC. Usually, the initial application of these probes has
been in the oncology area, but, increasingly, links to other indi-
cations, in particular inflammatory disorders, are being discov-
ered and the developed probes are used to explore the
underlying mechanisms giving rise to these diseases. Not sur-
prisingly the transcription factor NF-«B plays a crucial role by
providing a central effector for many epigenetic regulators. The
mechanistic findings on the inflammation system facilitated by
chemical probes may also be useful for related emerging areas
as immuno-oncology. We hope that chemical probes will be
tested in the future in more complex cellular systems, such as
co-culture systems or patient-derived primary tissues, which
will provide better models for human disease. There is a rich lit-
erature linking other epigenetic targets like KDMs and KMTs
to inflammatory and viral diseases. Probes are now becoming
available to confirm the role of these targets in different dis-
eases and the prospect of pharmacological targeting. Given the
biologic functions of these epigenetic modulators in normal
biology, ranging from embryonic development, cell differentia-
tion processes to memory formation and other functions in the
brain, it is however currently not clear if inhibitors against these
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targets will be suitable for long-term systemic treatment of
inflammatory diseases and the development of specific drug
targeting systems may be necessary for safety in therapeutic
areas outside oncology.
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