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Abstract

NUT carcinoma (NC) is an extremely aggressive squamous cancer with no effective therapy. NC
is driven, most commonly, by the BRD4-NUT fusion oncoprotein. BRD4-NUT combines the
chromatin-binding bromo- and extraterminal domain-containing (BET) protein, BRD4, with an
unstructured, poorly understood protein, NUT, which recruits and activates the histone
acetyltransferase (HAT) p300. Recruitment of p300 to chromatin by BRD4 is believed to lead to
the formation of hyperacetylated nuclear foci, as seen by immunofluorescence. BRD4-NUT
nuclear foci correspond with massive contiguous regions of chromatin co-enriched with BRD4-
NUT, p300, and acetylated histones, termed ‘megadomains’ (MD). Megadomains stretch for as
long as 2 MB. Proteomics has defined a BRD4-NUT chromatin complex in which members that
associate with BRD4 also exist as rare NUT-fusion partners. This suggests that the common
pathogenic denominator is the presence of both BRD4 and NUT, and that the function of BRD4-
NUT may mimic that of wild-type BRD4. If so, then MDs may function as massive super-
enhancers, activating transcription in a BET-dependent manner. Common targets of MDs across
multiple NCs and tissues are three stem cell-related transcription factors frequently implicated in
cancer: MYC, SOX2, and TP63. Recently, MDs were found to form a novel nuclear sub-
compartment, called subcompartment M (subM), where MD-MD interactions occur both intra-
and inter-chromosomally. Included in subM are MYC, SOXZ, and TP63. Here we explore the
possibility that if MDs are simply large super-enhancers, subM may exist in other cell systems,
with broad implications for how 3D organization of the genome may function in gene regulation
and maintenance of cell identity. Finally, we discuss how our knowledge of BRD4-NUT function
has been leveraged for the therapeutic development of first-in-class BET inhibitors and other
targeted strategies.
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Introduction

NUT carcinoma (NC, aka NUT midline carcinoma) is a rare subtype of poorly differentiated
squamous cell carcinoma that is defined by rearrangements of the NUTM1 (aka NUT)
genel. In the majority of cases (~75%)*, NUTM1 is fused to BRD4. This results in a
chimeric oncoprotein including BRD4, a member of the dual bromodomain and
extraterminal domain (BET) family of proteins?, fused to NUT. NUT is a testis-specific
protein that facilitates hyperacetylation of chromatin by the histone acetyltransferase (HAT),
p300 (aka EP300), in post-meiotic spermatids, a critical step in histone-to-protamine
exchange required for chromatin compaction during spermatogenesis3. BRD4-NUT# is a
powerful oncoprotein that, via NUT, recruits p300, and anchors it to chromatin by the acetyl-
histone-binding dual bromodomains of BRD42 5 64. 7(Fig. 1). Variant NUTMI-fusion
partners, including BRD3, NSD3, ZNF532, and ZNF592, encode BRD4-interacting proteins
that serve to link NUT with BRD4, essentially forming the same oncogenic complex as that
of BRD4-NUT®7. 9. 10 On this basis, and for this review, the oncogenic complexes that drive
NC will collectively be referred to as ‘BRD4-NUT’.

NUT carcinoma is an extremely aggressive cancer. It typically arises in the head and neck
(~40%) and thoracic (~50%) regions! with a reproducible 6.5 month median overall
survival (OS) across several large series!l- 12, This places NC amongst the most aggressive
solid tumors known, surpassing even anaplastic thyroid cancer'3(median OS, 9.5 months).
Although NC can occur at any age, it affects primarily adolescents and young adults
(median age ~2411). Such individuals fall into the so-called ‘AYA gap’, making this a
particularly devastating cancer to both patients and loved ones.

The pathogenesis of NC is still in its early years. siRNA-directed depletion of NUT in
human NC cell lines has consistently resulted in terminal squamous differentiation and
irreversible arrested proliferation’8 101415 These findings have led to the accepted concept
that BRD4-NUT generally drives NC by blocking differentiation, effectively maintaining the
cancer cells in a perpetually undifferentiated, proliferative state. Additionally, these
observations indicate that BRD4-NUT, in particular NUT, is a strong therapeutic
vulnerability of this cancer. Yet, BRD4-NUT has never been shown, when mis-expressed, to
cause malignant transformation, a limitation resulting from the fact that expression of
BRD4-NUT is highly toxic to almost all non-NC cells, and from a lack of knowledge of the
appropriate host cell, or cell of origin.

We have begun to scratch the surface of how BRD4-NUT may block differentiation, leading
to this rapidly progressive, poorly differentiated tumor. First, all evidence indicates that
BRD4-NUT is the sole oncoprotein that drives NC growth and dissemination. With the
exception of one report that suggests a defect in DNA repairl®, whole genome and targeted
next-generation sequencing (NGS) have revealed that NCs are genomically stable. Apart
from the NUTMI-fusion, NCs lack oncogenic mutations, have low tumor mutation burdens,
and have few, if any, copy number alterations71811, Second, like many other high grade
malignancies, such as Burkitt’s lymphoma, double-hit lymphoma, and neuroblastoma, NC is
a high MY C-expressing tumor1®, In fact, the MYC gene is directly upregulated by BRD4-
NUT25: 19 Indeed, MYC, which confers pro-growth and anti-differentiative activity in both
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normal and malignant tissues, is both necessary and partly sufficient for the blockade of
differentiation in NC°. Thus NC is properly considered a MY C-driven cancer.

Apart from being a high-grade MY C-driven cancer, the precise mechanism by which fusion
of a non-oncogene, BRD4, to another non-oncogene, NUTM, results in an oncoprotein that
subverts the normal function of BRDA4 to create one of the most powerful cancer drivers
remains elusive. Resolving this question is not only important for understanding disease
pathogenesis and to improve treatment, but will also likely uncover insights into normal
chromatin and chromosome biology. A major clue may be the observation that NUT recruits
p300 to BRD4-bound chromatin®: 8: 19. 20 forming the basis of a model for how BRD4-NUT
drives this cancer. This may supercharge the function of BRD4 as a transcription co-
activator. In this review, we describe this model and scrutinize data supporting it, and discuss
areas in need of further investigation.

Development of a Model

The BRD4-NUT-p300 chromatin complex

In 2010, Dr. N. Reynoird and colleagues® first demonstrated that NUT interacts with p300
using recombinant proteins as baits in total cell lysates, and by co-immunoprecipitation of
ectopically expressed tagged proteins in mammalian cells. An acidic patch of NUT, a
domain they termed NUTfL1c, interacts with the TAZ2 zinc finger domain of p300 (Fig. 2A).
There are two acidic patches on NUT, and for the purposes of this review, we will term this
region the transcriptional activation domain 1 (TAD1) of NUT (Fig. 1). Intriguingly, they
demonstrated that recombinant TAD1 stimulated the ability of p300 to /n vitro acetylate
purified H3 histones; and subsequently showed that NUT stimulates acetylation of H3 and
H4 histone octamers by p3003. Acetylation of chromatin by NUT-p300 recruitment
correlates with /n situ activation of a LacO transgene reporter integrated in U20S 2-6-3
cells2021,

In 2017, we sought to determine the protein interactors of BRD4-NUT compared with those
of the short isoform of BRD4 (BRD4sh); the latter lacks its C-terminal domain (CTD) and is
nearly identical to the portion of BRD4 in the BRD4-NUT fusion (Fig. 1). For this, we used
a proteomic approach, called BioTAP-XL22, that retains chromatin-bound BRD4-NUT
thereby preserving complex integrity and key interactors. Surprisingly, almost all
interactions observed with BRD4-NUT were also seen with BRDA4sh, indicating that most
proteins interact with BRD4-NUT through BRD4 and not NUT. The key difference was that
two proteins, p300 and XPO1, appeared to interact only with BRD4-NUT, indicating that
they are recruited by NUT®. This observation is substantiated by proteomics data
demonstrating interaction of p300 and CBP with endogenous NUT in spermatids3. The
findings form the basis of our hypothesis that the recruitment of p300 by NUT is the key
difference between BRD4-NUT and BRDA4. No evidence thus far suggests a role for XPO1,
which likely binds the nuclear export signal of NUT, an obsolete function given that NUT is
tethered to chromatin by BRD4’. As we will discuss below, the recruitment of p300 by
BRD4-NUT may tip the balance between normal levels of transcriptional activation by wild
type (wt) BRD4, to higher and sustained levels of transcription of pro-growth genes due to
anchoring of p300.
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Also notable in our study8 was that the BRD4-NUT complex preserved many known
interacting proteins of BRD4, including other BET family members, supporting the idea that
BRD4-NUT may maintain some or all of the transcriptional activating/elongation properties
of wild-type BRD4. These include Mediator complex members23, Transcription Factor 11D
(TFIID) complex members?3, Nuclear Receptor Binding SET Domain Proteins (NSD1—-
3)2310. 24 and Chromodomain Helicase DNA Binding Proteins (CHD4,8)2324, CREBBP
(CBP), a closely related histone acetylatransferase to p300, was also present in the BRD4sh
complex, an interaction that could be mediated through acetyl-lysine-bromodomain
interaction223, The ET domain of BRD4 has been shown to bind to several of the above
proteins?4. Also present in our BRD4-NUT/BRD4sh pull down were all ‘Z4’ complex
members® (ZNF532, ZNF592, ZNF687, and ZMYND8) known to interact with
BRD4242326 The function of this complex is largely unknown, and may be repressive to
transcription depending on context2”- 28, Finally, other BET proteins, including BRD2,
BRD3, and BRD4 (long isoform, BRD4I) were also present, in keeping with previous
observations2324, and likely because they bind the same chromatin template. The presence of
BRD4l in our pull down may explain the presence of P-TEFb (CDK9/Cyclin T1) in the
BRD4-NUT complex. P-TEFb binds the CTD of BRD4I2% 30, which is absent from BRD4-
NUT, thus its presence in the BRD4-NUT pull down is likely due to its binding wt BRDA4,
and provides further support that the transcriptional co-activator function of wt BRD4 may
be maintained.

Many of the above BRD4-NUT complex members, including BRD3, NSD3, ZNF532, and
ZNF592 encode novel and rare NUTM1-fusion partners in NC’~10, Knockdown of their
wild-type counterparts in BRD4-NUT+ NCs results in either differentiation and/or growth
arrest thereby validating their functional importance to NC. Because most of the functional
domains of the above variant partners are lost (except BRD3), their oncogenic role may
primarily be their interaction with wt BRD4. For example, the NSD3 fusion partner lacks its
methyltransferase SET domain, ZNF532 lacks 9 of 11 of its zinc fingers®, and ZNF592 lacks
two of its thirteen zinc fingers®. Thus, these variant fusions may be alternative genomic
means to recapitulate the BRD4-NUT complex.

Taken together, the above findings indicate that the BRD4-NUT chromatin complex closely
mimics that of BRD4, with the added ability to recruit p300. P300 is a known transcriptional
co-activator3l. One might logically surmise that its recruitment and activation by NUT might
increase the ability of BRD4 to activate transcription. Indeed, when p300 HAT is
constitutively activated through deletion of its negative regulatory RING domain or the CH3
domain, and while tethered to chromatin through its own bromodomain, it forms nuclear
foci (Fig. 2A-B)32. Intriguingly, deletion of the CH3 domain also removes the TAZ2 domain
that binds NUT. This suggests that the role of NUT is to alleviate autoinhibition of p300 by
the CH3 domain32,

Discovery of the megadomain

It has long been observed that BRD4-NUT and p300 co-localize in hyperacetylated foci in
NC cells (Fig. 2C-D), resembling the foci seen in cells expressing constitutively activated
p300 (Fig. 2B). We thus hypothesized that these foci might represent transcriptionally active
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centers, despite initial data indicating otherwise8. Chromatin immunoprecipitation coupled
with NGS (ChlP-seq) revealed that BRD4-NUT nuclear foci correspond with massive
genomic regions (100kb — 2MB) contiguously co-enriched with BRD4-NUT (Fig. 3), wild-
type BRD4, p300, and active histone marks, including H3K27Ac, and exclusive of
repressive (H3K27Me3) marks1®. We termed these regions ‘megadomains’ (MD). In
support of the idea that BRD4-NUT foci represent transcriptional centers, MDs were
associated with increased transcription of associated coding and non-coding DNA in BRD4-
NUT gain and loss experiments?®.

Are megadomains just large super-enhancers?

The above data support our central hypothesis that the BRD4-NUT complex(s) is essentially
a super-active BRD4 complex, and raise the possibility that MDs may be aberrant, extremely
large super-enhancers. Super-enhancers (aka stretch enhancers or locus control regions),
originally discovered at the beta-globin locus control region33, are clusters of large, cell-
type-specific enhancers. They are enriched for cell-type specific transcription factors as well
as transcriptional co-activators and activators such as p300, the p300/CBP histone post-
translational modification (PTM), H3K27Ac, Mediator, and BRD4. Binding of these factors
at super-enhancers maintains transcriptional programs that dictate cell phenotypes both in
normal and disease/cancerous states34-36. Like regular enhancers, super-enhancers activate
RNA polymerase Il by linking transcription factors to promoters through these
transcriptional co-activators. This likely occurs through long distance looping contacts
between the enhancers and promoters. The presence of BRDA4I at super-enhancers enables
transcriptional elongation by facilitating phosphorylation of RNA pol Il by P-

TEFb29. 30,3738 A|| of these features are conserved with MDs. MDs and super-enhancers
are also detected using identical bioinformatics algorithms!®. Super-enhancer activity can be
detected through the production of various non-coding RNAs, including short enhancer
RNAs (eRNA)3? and long-non-coding RNAs (IncRNA)#0. Indeed, much of the upregulated
transcription associated with MDs is from enhancer IncRNAs, such as CCAT1 and
PVT119.40-42 (Fig. 3).

While MDs possess many overlapping features with super-enhancers, there are some
differences, the importance of which is unknown, including: 1. on average, MDs are an order
of magnitude larger than super-enhancers, 2. MDs have a profile that is much more
contiguous and plateau-like than super-enhancers, which are comprised of clusters of peaks,
and 3. MDs arise not from super-enhancers, but regular enhancers!®. The significance of
these differences is unknown, and for the purposes of this review, our working hypothesis is
that MDs are very large super-enhancers.

Megadomains upregulate oncogenic target genes

If MDs function as large super-enhancers, then they would be predicted to upregulate cell-
type-specific transcriptional programs that confer the malignant properties of NC, as is the
case for other cancers whose super-enhancers have been characterized34 36. 43-45 \hile the
former property has not yet been demonstrated, data do support the latterl®, Locations of the
vast majority of MDs vary across different NC cell lines and tissues, as do super-enhancers.
Variation among NC cells is as strong as variation between NC and non-NC cells induced to
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express BRD4-NUT (note: in this assay, non-NC cells are lysed prior to the onset of toxic
effects of BRD4-NUT expression)19. Across five different cell line and tissues we have
identified a very limited set of NC-specific, common MDs: those associated with the MYC,
TP63, and SOX2loci. MYC, TP63, and SOXZ2all encode transcription factors implicated in

cancer pathogenesis. Expression of all of these genes is directly driven by BRD4-NUT
MDs14. 15, 19

MY C is constitutively upregulated in a large number of cancers, and when amplified or
translocated is a driver of a subset of high-grade malignancies, such as Burkitt lymphoma
and double-hit lymphoma. MDs upregulate centromeric and telomeric INcRNAs known to
upregulate MYC, including CCAT140: 41 46and P\/T142: 47-49_|ndeed, knockdown of PVT1
or MYC leads to differentiation of NC cells9, and ectopic MYC overexpression can nearly
completely rescue loss of BRD4-NUT in NC1°. MYC is well known to promote cancer
growth through the upregulation and activation of CDK4/6°9-54 and cyclin D155 56,
Upregulation of cyclin D1 has been shown by the Elledge lab as a means by which NC can
bypass growth arrest induced by BET inhibition®’.

TP63 is a squamous cell stem cell factor and tumor suppressor related to TP53%8. A
truncated isoform, ANp63, has been implicated in driving oncogenic transcriptional
programs in multiple cancers through complex, poorly understood mechanisms®9-63. TP63
is expressed in the majority of NCs84, and knockdown of TP63 potently induces death of
NC cells?®.

SOX2 is a TF involved in maintaining stemness that when overexpressed by amplification
has been implicated a squamous cell carcinoma-driving oncoprotein-67. As with MYC,
knockdown of SOX2 leads to differentiation of NC cells?,

How MYC, SOX2, and p63 cooperate to drive NC is unclear, but it is notable that all of
them are involved in maintenance of the stem cell state8: 69, Two, MYC and SOX2, are
members of the four Yamanaka factors that are necessary and sufficient of reprograming
lineage-committed somatic cells to multi-potent stem cells’®. SOX2 and ANp63 may work
together to drive squamous-specific programs that promote NC growth, as they do in
conventional squamous cancer’!. ANp63 may be important in maintaining MYC levels®®
and bypassing cell cycle checkpoint and apoptosis though inhibition of p53°8: 72. 73, MYC
and SOX2 may collaborate to block differentiation’? and maintain a stem-like state of NC.

Are megadomains p300 sinks?

Although there is substantial evidence that MDs upregulate transcription of associated
genes, there is essentially no data on their effect on transcription of non-associated genes.
Given that, compared with TFs and co-repressors, p300 is present in limiting quantities in
nuclei’, it is possible that p300 recruitment to MDs may lower its abundance at other loci.
If so, MDs may have a ‘yin-yang’ function to increase transcription of target regions while
simultaneously repressing transcription of non-target regions. Such repression could affect
differentiation transcriptional programs in a manner that cooperates with the anti-
differentiative effects of MYC and SOX2.
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Formation of megadomains

To determine how MDs form, we performed ChlP-seq at multiple early time points
following tet-inducible expression of BRD4-NUT in a 293T derivative cell line, 293TRex1.
BRDA4-NUT first bound to regular enhancers, and then spread contiguously and uni- or bi-
directionally over time (7h) to form mature MDs. These findings indicate a process whereby
MDs form from processive expansion from a small seed locus, rather than simultaneous
occupation of an entire region. This observation supports the feed-forward model proposed
by Dr. S. Khochbin, where BRD4-NUT binds a small region of acetylated histones, recruits
p300 to locally acetylate nearby histones, resulting in further recruitment of BRD4-NUT and
p300. This feed forward loop leads to the massive MDs we observe. Size limitation of MDs
may be determined by boundaries that control genome folding and/or by limiting quantities
of p30074. Additional potential factors, yet to be determined, that could impact MD size may
include histone deacetylase (HDAC) complexes, such as NuRD, recruited by 7427,

Megadomains form a novel nuclear subcompartment

Based on genome-wide chromosome conformation capture analysis (i.e. Hi-C), mammalian
genomes are spatially organized into compartments and subcompartments. Compartments
represent the preferential association of chromatin of similar epigenetic state and,
conversely, the segregation of chromatin of opposite epigenetic state. Initially, an active,
euchromatic ‘A’ compartment and inactive, heterochromatic ‘B’ compartment were
identified’®. These are further sub-divided into subcompartments A1, A2, B1, B2, B3, based
on Hi-C data from the GM12878 lymphoblastoid cell line’®. Recently, the Eagen lab
discovered that endogenous MDs form a novel sixth subcompartment, termed
subcompartment M (subM)’7. SubM arises from intrachromosomal interactions between
MDs separated by extremely long distances, such as opposite chromosome arms, as well as
interactions between different chromosomes. These interactions are fundamentally different
than shorter-range (<1 Mb) looping events characteristic of TADs. Discovery of
subcompartment M revealed that the previously identified subcompartments, though a useful
conceptual framework for globally understanding folding of the human genome, do not
apply to all cells nor account for the whole genome. This also highlights how studying a rare
disease, NC, illuminates aspects of the genome that are understudied, and, until recently,
unseen. SubM interactions are BET protein-, presumably BRD4-NUT, dependent, because
they disappear upon BET-degrader treatment. Yet, they are transcription-independent as they
are stable when RNA pol Il transcription is inhibited by triptolide. A limitation is that these
studies were performed in one NC cell ling, and in our inducible 293TRex cell line, so
whether subM is generalizable to all NCs will need to be confirmed.

Does subcompartment M facilitate auto-regulation of core regulatory circuitry

A key observation by the Eagen group was that the common MD-associated TFs, MYC,
SOX2, and TP63, cluster within subM?’. The finding raises the possibility that spatial
clustering of these key NC-factors may upregulate their own and each other’s expression to
create an auto-regulatory, feed-forward loop. This may provide a window into the
mechanism by which super-enhancers establish a cell’s core regulatory circuitry (CRC). As
described above, we believe that MDs function similarly to, and even behave like super large
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super-enhancers, with their size enabling facile investigations into subcompartment contacts
that may also exist for super-enhancers. Super-enhancers are known to drive expression of a
small subset (5-10) of cell type specific transcription factors (TFs) that define cell identity.
The group of unique and conserved TFs for a given cell type are called core regulatory
circuitry (CRC) TFs because they, as master regulators of transcriptional programs that
define cell lineage, auto-regulate each other’s transcription in a feed-forward loop of mutual
super-enhancer and promoter binding’® 9. We postulate that spatial clustering of the
regulatory regions of the genes that encode these TFs (e.g. SOX2, MYC, TP63) and
clustering of the encoded TF proteins themselves within subM maintains this feed-forward
loop that defines cell identity. This model would explain physically why mutual contacts are
coordinated across large distances and between different chromosomes, and how CRC TFs,
both in NC and other cell types, auto-regulate in an exquisitely sensitive and coordinated
fashion, with broad implications for normal and abnormal cell biology.

The BRD4-NUT mechanistic model

Our conceptualization of how BRD4-NUT drives growth and blocks differentiation is
centered on the idea that the pro-transcriptional function of BRD4 is maintained, but
overamplified. A single change to BRD4, recruitment and stimulation of p300, leads to a
feed-forward process of acetylation and further recruitment that transforms enhancers into
ultra-large super-enhancers (MDs). MDs stabilize expression of pro-growth target genes
(Fig. 4) through at least two reinforcements, including 1. a broad region of acetylation,
increasing the number and strength of enhancer activation, and 2. an auto-regulatory loop
enforced by MD-MD interactions within subM. With these reinforcements, expression of
MD-target genes is predicted to be less plastic and responsive to intrinsic or extrinsic
regulation, such as those mediated by co-repressor complexes, thereby ensuring their
continued expression. The lack of plasticity conferred by MDs is predicted to limit the cell’s
ability to change or adapt, for example to exit the cell cycle and/or differentiate, keeping it in
a perpetually undifferentiated, proliferative state.

What remains unclear in this model is how NC cell proliferation remains unchecked. NGS
studies have revealed no inactivating p53 mutations or deletions!: 16-18 \We propose that
MD-mediated upregulation of p63 (ANp63) counteracts p53 by inhibiting its transcriptional
targets and opposing apoptosis, as indicated in other cancer models®® 73, There is additional
data that suggests that stimulation of p300 by BRD4-NUT may also inhibit p538 by
sequestration of its acetylated, activated form®.

The other paradox is that BRD4 has consistently been shown to interact with CBP, likely
through its bromodomains®®, which probably can replace the function of p300, so how is the
recruitment of p300 any different? Likely, the difference is NUT’s ability to stimulate p300
by alleviating autoinhibition from p300’s CH3 domain (Fig. 2A-B). It is unclear if
interaction of BRD4 with CBP alters CBP’s activity. It could also be that the affinity of
interaction between p300 and NUT is much higher than that between BRD4 and CBP. In
fact it is not clear whether the BRD4-CBP interaction is direct or dependent upon the
presence of other factors.
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Targeted inhibitors of the BRD4-NUT pathway

BET inhibition
Acetyl-lysine mimetics that competitively inhibit binding of BET protein bromodomains to
acetylated histones made their debut in cancer in the treatment of NUT carcinomal8: 81,
These compounds evict BRD4-NUT from chromatin by directly binding the dual
bromodomains of BRD4, resulting in decreased expression of MD target genes, including
MYCL5 19 TP63L9 and SOXA4, followed by rapid differentiation, growth arrest, and
differentiation of NC cells81. The development of this drug class, pioneered by Dr. J.
Bradner, has resulted in an explosion of studies in other cancer models34 43.82-89 and in the
very least provided an invaluable tool compound to explore the oncogenic role of mutated
and non-mutated BET proteins in cancer3>: 44 80-87 A number of clinical trials have also
been completed using BET inhibitors for treatment of liquid and solid cancers. Amongst
solid tumors, the only responses seen have been in NC%: 91, Given that NC is the only
known cancer to harbor a BRD4 oncogene (BRD4 is wild type in other ‘BRD4-dependent’
cancers), the findings are not surprising, but point to the on-target activity of this class of
small molecule inhibitors.

The results of the clinical trials so far have shown that the efficacy of BET inhibitors in
treating NC is limited by a narrow therapeutic window, the most common toxicity being
thrombocytopenia. No cures were seen, and most responses were not durable, the median
duration of response ranging from 2—-3 months. We believe the limited efficacy of BET
inhibitors in NC is due to two major factors: 1. BET inhibitors do not fully evict BRD4-
NUT from chromatin, and 2. the target, BET proteins, is ubiquitously expressed and
essential for many normal cellular activities*. Even with sustained exposure to the tool BET
inhibitor, JQ181, we observed only partial (~60%) eviction of BRD4-NUT from MDs
globally in NC cells1®. Essentially complete removal was observed when using a version of
JQ1 that degrades, rather than simply evicts BET proteins’’. Such small-molecule
proteolysis targeting chimeras (PROTACS) therefore have enormous therapeutic potential,
but at the same time may be limited by their large size and thus limited bioavailability.
Moreover, an important aspect of all BET inhibitors used in clinical trials, is that they inhibit
not only BRD4, but all BET proteins, including BRD2, BRD3, and BRDT92-94,

As more selective BET inhibitors emerge, for example the second bromodomain (BD2)-
selective ABBV-744%: % toxicity and tumor selectivity may improve and provide a path for
therapeutic use of this compound class.

p300 inhibition
If p300 plays a critical role in BRD4-NUT function, it is logical that its inhibition will affect
NC cell growth and viability, and in fact it does. Both selective p300 HAT*6 or
bromodomain inhibition®” using A-485% or GNE-781%, respectively, inhibits NC growth,
but are not very effective as single agents. Remarkably, these inhibitors have overlapping
transcriptional effects with those of BET inhibition. When combined with a BET inhibitor,
both p300 HAT and p300 bromodomain inhibitors are synergistic®, though with our cell
lines the HAT inhibitor was less effective.

Oncogene. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eagen and French

Page 10

Recently, a new compound, NEO2734, which inhibits both BET and p300 bromodomains at
low nM 1C50s in cell-free assays was described®”: 190, Because this compound is predicted
to synergistically inhibit both BRD4-NUT and p300, we tested its activity in NC. In vitro,
growth inhibition and induction of differentiation of NC cells approximately matched that of
selective BET inhibitors, however in vivo, it was significantly superior in prolonging
survival of mouse xenograft models, demonstrating tumor regression in two of three
models®7. Genes affected by NEO2734 resembled those affected by a BET inhibitor, though
NEO2734 induced markedly greater global changes in expression levels, suggesting that the
addition of p300 bromodomain inhibition cooperatively inhibits the same transcriptional
programs as BET inhibition alone%7. The results are encouraging and provide a strong
rationale for clinical development of NEO2734.

HDAC inhibition

HDAC inhibitors, like BET inhibitors, induce differentiation and growth arrest of NC cells,
and they have even shown activity in the clinic101: 192, However, the mechanism by which
HDAC inhibitors induce differentiation is unclear. Based on our model (Fig. 4), inhibition of
HDAC activity in NC cells would be predicted to spread acetylation across the genome,
including in regions not occupied by MDs. BRD4-NUT, which binds to acetylated histones
in a largely DNA sequence-independent manner, might be expected to spread to areas of
newly acetylated chromatin, and p300 would follow. Alternatively, given that there are
limiting quantities of p300 and that MDs might act as p300 sinks, one might expect its
relative depletion in MDs, and repletion in non-MDs, to effectively short-circuit the function
of the MD. This could result in loss of expression of pro-growth MD target genes, and gain
of expression of pro-differentiation genes. Indeed, this transcriptional effect is observed in
NC cells, however epigenetic analysis of changes in chromatin have yet to be performed92,

CDK9 inhibition

P-TEFbD is a heterodimeric complex comprised of cyclin T1 and CDK®9, and is required for
BRD4-mediated transcriptional elongation, as explained above. Evidence that CDK9
inhibition in a large panel (N = 80) of cancer cell lines selectively kills NC cells is further
evidence that wtBRD4 function is required for BRD4-NUT function, as BRD4-NUT lacks
the CTD of BRD4 that binds P-TEFb13, In the work by Bragelmann and colleagues®?, it
was shown that NC cell death occurred as a result of MCL1 downregulation, and provided
intriguing evidence that CDK9 inhibition should be considered for treatment of NC. This
idea is tempered with the fact that very large concentrations (10puM) of the tool CDK9
inhibitor, LDC67, were used in the study, therefore follow-on studies are required with more
potent selective molecules.

CDK4/6 inhibition

The first evidence that NC may be sensitive to inhibition of CDKs was provided by Beesley
et al.194, who showed highly potent inhibitory activity of NC cells, in vitro and in vivo, by
the pan-CDK inhibitor, flavopiridol. In that work, the authors attributed the effect to CDK9
inhibition, however, flavopiridol is not selective, and inhibits many other CDKs with low nM
IC50s (20-100nM), including CDK1, CDK2, CDK4, CDK6 and CDK®9. In an effort to
identify why NC is ultimately resistant to BET inhibitors clinically, the Elledge lab
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performed a CRISPR ORF screen to identify what genetic factors can confer resistance of
NC cells to JQ1°7. They identified that cyclin D1 upregulation or Rb loss could bypass cell
cycle arrest induced by JQ1. In keeping with this result, they demonstrated that CDK4/6
inhibitors were synergistic in vitro and in vivo with BET inhibitors in inhibiting NC growth.
These findings provide a powerful rationale for combining CDK4/6 inhibitors in the next
phase of clinical trials that use a combination approach to BET inhibitor therapy of NC.

Unresolved questions

Despite progress in characterizing epigenetic aberrations induced by BRD4-NUT, two
fundamental questions remain. First, are MDs really necessary or even sufficient for the
maintenance of target gene expression, or are they an epiphenomenon with no intrinsic
function? The fact that MDs are characteristic of all NC cell lines (N = 5) and primary
tissues (N=1) tested indicates that they are a conserved feature unique to NC cells.
Moreover, NUT immunohistochemistry performed clinically to diagnose NC demonstrates
nuclear foci (Fig. 5) in the majority of cases1%>-107 supporting the idea that MDs are not an
artifact of cell culture and are conserved in vivo as well. Of course, the conserved nature of
MDs does not prove their necessity. Gain or loss of MDs would need to be performed
experimentally to establish their function. However, it is technically challenging to remove
or create MDs without perturbing the biology of a cell in undesired ways. The same question
and experimental challenges pertain to subM. Is subM needed to reinforce and stabilize
expression of MD target genes?

Perhaps more addressable and compelling questions with broad relevance are 1. is subM a
mechanism by which CRC TFs can auto-regulate in NC?, and 2. do super-enhancers in
other, non-NC cell types also exist in subM or, analogously, a ‘super-enhancer
subcompartment’?; if so, 3. is subM a general mechanism by which CRC TFs auto-regulate
in many if not all cell types? Super-enhancers have previously been reported by Hi-C to
interact with each other, but only after removal of cohesinl08. The lack of detection of super-
enhancer-super-enhancer interactions is likely because Hi-C is typically not sensitive enough
to detect such interactions. This points to the value of MDs, which allow for the detection of
these ultra-long-range interactions, likely due to enhanced sensitivity afforded by the breadth
of MDs. It is possible that structural mechanisms of CRC auto-regulation can be explored in
the NC model, with wide-reaching implications in normal and cancer cell biology.

Future directions

In summary, much has been learned of NC pathogenesis, but these insights have yet to
substantially impact therapy of this disease. Much more is needed to make this a treatable
disease, but we can build upon our current knowledge, and recent technological advances to
make progress. For example, a new generation of bromodomain-selective BET inhibitors is
emerging with more selective cell type inhibition. As referenced above, ABBV-744
selectively inhibits BD2 of BET proteins with ~300-fold greater affinity than the first
bromodomain (BD1). Initial reports demonstrate that a much smaller subset of cancer
subtypes, particularly prostate cancer and acute leukemia, respond to this inhibitor compared
with the pan-inhibitor, ABBV-075%: 9, Moreover, ABBV-744 was tolerated much more
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than ABBV-075, with markedly less thrombocytopenia, no observed gastro-intestinal
toxicity, and no observed histopathologic effects on testes using 8-16-fold higher relative
doses of ABBV-744 than -075%.

Unfortunately, many oncologists believe that BET inhibitor monotherapy may never cure or
even have a major impact on NC outcomes. Combinations, as has historically been needed
for most cancer therapies with either chemotherapy or targeted approaches®®, are likely
needed to achieve meaningful responses in NC. NEO2734, which possesses combined
targeting of p300 and BET BDs in a single compound, holds promise. However, there is
concern that combining epigenetic inhibitors may be too toxic, as these in general are not
cell type selective. Rational combinations, such as that with CDK4/6 and BET inhibition,
may have a larger therapeutic window. Genetic screens designed to identify genes whose
loss sensitizes NC cells to BETi, for example a CRISPR sensitizer screen!19 is a powerful
approach that can be used to identify further rational combinations with BET inhibitors.

Rather than focusing only on BET inhibitors, we may need to consider other therapeutic
strategies. For example, we know that the most specific approach to targeting NC is through
direct inhibition of NUT, whose expression, in contrast to BRD4, is restricted to testes®.
While this is unachievable currently with small molecule inhibitors due to the untargetable
nature of this unstructured protein, efficient genetic downregulation of BRD4-NUT is
accomplished through siRNA knockdown of NUT7: 10, Until recently, this was not a viable
approach in vivo, but the development of lipid nanoparticles (LNP) has led to the FDA
approval of an siRNA-based approach to treating hereditary ATTR amyloidosis!!L. This
technological breakthrough may provide the groundwork for this approach in NC. Another,
though still unproven, approach is to use RNA-targeted CRISPR systems such as CasRx112,

Finally, some NC patients respond to immune therapy (unpublished observations), however
very little is known about the immune micro-environment of NC. Thus, biomarkers
predictive of response and a mechanistic understanding of these therapies are lacking. A
major limitation to characterizing the immune micro-environment of NC has been the lack
of an animal model that recapitulates that of the natural disease. The development of a
genetically engineered mouse model (GEMM) could make this possible. While we wait for a
NC GEMM, single cell RNA sequencing is a powerful approach that can be leveraged to
characterize the immune infiltrate of human NC when coupled with multiplex
immunofluorescence to provide the spatial distribution of the immune subsets identified by
RNAseq. This approach has led to recent paradigm-changing discoveries of novel predictive
biomarkers of response to immune checkpoint blockade in several other cancer typest13: 114,
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Fig.1.

Schematic of BRD4-NUT fusion protein. Arrows denote breakpoints. ET, extra-terminal
domain; Bromo, bromodomain; TAD, transcriptional activation domain; NES, nuclear
export signal; NLS, nuclear localization signal; CTD, C-terminal domain. TAD1
corresponds with “NUTF1C” fragment that binds p300 described in Reynoird N et al., 2010.
Numbers denote amino acid numbers for the indicated domains.
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Fig. 2.

Dg—repression of p300 causes p300 foci to form, resembling BRD4-NUT. A. Cartoons of
inactive and activated conformations of p300. These cartoons derived and simplified by
those presented in Ortega E et al., 2018. In this model, p300 activation requires dimerization
(not shown), and removal of the auto-inhibitory CH3/TAZ2 and RING domains to allow for
HAT activation and engagement of the bromodomain, BD, with acetylated histones. B.
Constitutionally activated p300, through deletion of its ring or CH3 domains, results in the
formation of nuclear foci. HA-tagged p300 was stained with anti-HA antibody and the
images shown are from Ortega E et al., 2018. C. BRD4-NUT immunofluorescence is seen in
the NC cell line, TC-797. Left are interphase nuclei, and right are metaphase chromosomes
revealing that megadomains cover discrete, chromosomal regions. Immunofluorescence was
performed using an antibody to NUT protein (anti-NUT, clone C52B1). Images taken from
Alekseyenko A et al., 2015. D. NUT and p300 co-immunofluorescence in the BRD4-NUT+
NC cell line, HCC2429. Taken from Reynoird N et al., 2010.
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BRD-NUT forms megadomains over the MYC locus in five NMCs, but not in 293TRex
cells. Shown is anti-NUT ChIP-seq and RNA-seq over a time course of JQ1. 293TRex and
797TRex cells were induced to express BRD4-NUT. TC-797, 797TRex, PER-403, and 1015
(rust) express endogenous BRD4-NUT. 10326 NMC cells (pea soup green) express BRD3-

NUT. Figure taken from Alekseyenko A et al., 2015.
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Fig. 4.
Mechanistic model of how BRD4-NUT drives growth and blocks differentiation in NUT

carcinoma. Ac, acetyl-lysine; MED, mediator complex.
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Fig. 5.

The nuclear foci of BRD4-NUT seen in this biopsy of a NUT carcinoma correspond with
megadomains and subM. Immunohistochemistry was performed using an antibody to NUT
(clone C52B1, Cell Signaling Technologies, Danvers, MA). Scale bar is 15um.
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