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Abstract

The histone chaperone facilitates chromatin transcription (FACT) plays important roles in essentially every
chromatin-associated process and is an important indirect target of the curaxin class of anti-cancer drugs.
Curaxins are aromatic compounds that intercalate into DNA and can trap FACT in bulk chromatin, thus interfering
with its distribution and its functions in cancer cells. Recent studies have provided mechanistic insight into how
FACT and curaxins cooperate to promote unfolding of nucleosomes and chromatin fibers, resulting in genome-
wide disruption of contact chromatin domain boundaries, perturbation of higher-order chromatin organization,
and global dysregulation of gene expression. Here, we discuss the implications of these insights for cancer biology.
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INTRODUCTION

Facilitates chromatin transcription (FACT) is a highly conserved histone chaperone that participates
[14-17]

in multiple physiological processes' including transcription”®, DNA replication”"”, DNA repair™"”,
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and centromere function"". FACT is a heterodimer of the suppressor of Ty 16 (Spt16) protein and the
structure-specific recognition protein 1 (SSRP1) in mammals or the polymerase one binding protein 3
(Pob3) in yeast[l’s’g’w’m. Unlike human SSRP1, the yeast Pob3 lacks the high mobility group B1 (HMGB1)
DNA-binding domain; however, yeast FACT functionally interacts with the non-histone protein 6 (Nhpe)
that consists of a single HMG box"**. Both Sptie and SSRP1 are able to interact with H2A/H2B dimers
and H3/Ha tetramers ", FACT is involved in both assembly and disassembly of nucleosomes, as well
as in nucleosome unfolding that is dependent on its interactions with other factors. Single-particle Forster
resonance energy transfer (spFRET) microscopy studies demonstrated that in the presence of Nhps
protein yeast FACT can induce large-scale, reversible, and ATP-independent unfolding (reorganization)
of individual nucleosomes that involves uncoiling of nucleosomal DNA®"*. In contrast, in the absence
of Nhpe protein, FACT can stabilize nucleosomes lacking the unstructured histone tails™”. The Sptie
and SSRP1 subunits of FACT also contain additional intrinsic DNA-binding sites™**, SSRP1 can bind
the left-handed Z-form of DNA"". Notably, SSRP1 is usually phosphorylated by casein kinase 2, which
inhibits its DNA binding activity**”; the phosphorylated FACT can only bind destabilized nucleosomes or

[22,38]
hexasomes

Curaxins are carbazole-based compounds that intercalate into DNA and alter the physical properties of
both DNA and chromatin without causing structural damage (i.e., phosphodiester bond breaks or chemical
modifications)”****”. These drugs inhibit the activities of FACT, which has particularly severe consequences
in cancer cells®”. The curaxins CBL0137 and CBL0100 have been demonstrated to have broad anticancer
activity in many different models®*"**. Clinical candidate CBL0137 has higher metabolic stability and
water solubility, and efficiently inhibits growth of various cancers in preclinical models™. CBL0100 is
more biologically active but is rarely used in animal studies due to its lower solubility and higher toxicity.
Curaxins were first identified in a screen for small molecule compounds capable of simultaneously
inhibiting NF-kB, activating p53, and preferentially killing tumor cells®. Curaxins induce chromatin
trapping (c-trapping) of FACT in less than 1 min after addition to cells, and strongly inhibit normal human
FACT activities in vivo™. This c-trapping of FACT involves rapid formation of Z-DNA and binding of the
SSRP1 subunit (z—trapping)[“], as well as curaxin-dependent nucleosome unfolding resulting in binding of
FACT to the disrupted nucleosomes (n—trapping)[“]. The anticancer activity of curaxins is highly dependent
on c-trapping of FACT""****., However, in addition to the c-trapping and activation of ps3, curaxins also
induce dramatic changes in chromatin structure (e.g., disruption of long-range chromatin interactions'*”,
see below) and dysregulation of multiple cellular responses, including changes in transcription profiles™*”
and induction of transcription of repeats activates interferon (TRAIN)".,

This review focuses on recent studies of the roles of FACT and curaxins in gene expression and genome
. . . . [3,39,48]
structure; other topics have been extensively covered in several excellent recent reviews .

ROLES OF FACT IN TRANSCRIPTION, REPLICATION, AND DNA DAMAGE REPAIR

FACT is detected at transcribed regions of genes in multiple eukaryotes“”**". FACT is associated with
both promoters and coding regions of transcribed genes[31’49’52’53]. Insertion of transposons (Ty elements)
often interferes with the expression of nearby genes in Saccharomyces cerevisiae™. Depletion of yeast SPT16
causes cell cycle arrest in early G1 phase due to failure to transcribe cyclin genes, and less severe mutations
cause the Spt- (suppressor of Ty) phenotype due to inappropriate activation of a cryptic promoter in
Ty1[54]. Yeast FACT and Nhpeé are also involved in maintaining nucleosome-depleted regions near many
yeast promoters””. The nucleosome unfolding activity of yeast FACT working together with Nhpé protein
that has been detected in vitro likely plays a role in nucleosome destabilization and/or histone removal at
promoter regions ™" The in vitro studies of chromatin transcription by yeast RNA polymerase II (Pol II)
have determined that FACT can facilitate Pol II transcript elongation through chromatin and nucleosome
survival during this process by transiently interacting with the DNA binding surface of the H2A/H2B
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dimers”. However, depletion of FACT only minimally affects transcript elongation rates in vivo, while
numerous studies have shown that FACT is critically involved in maintaining the nucleosomal structure
of the genome[ﬁ’g’ss'”]. Thus, depletion of FACT in yeast causes accumulation of short transcripts from
normal transcription start sites and cryptic transcripts initiated intragenically[“_sg]. Yeast FACT also plays
important roles in facilitating efficient replication and nucleosome assembly/disassembly during this
process ", FACT occupancy is increased at DNA damage sites after different stresses, including UV-
induced damage[”’so’m], oxidative damage[w], and single- and double-strand breaks'**”. FACT also plays
roles in recovery from transcription arrest'®", replication fork stalling[“], and R-loop formation'®”. The
FACT subunit SSRP1 is able to detect non-B form DNA structures, and this activity might be important for

inducing cell signaling cascades in response to these perturbations™”.

FACT is essential for normal embryonic development. Ssrp1 knockout mice demonstrated early embryonic
lethality at the blastocyst stage (3.5 dpc), and ES cells derived from the Ssrpi-null blastocysts could not be
propagated in vitro®”. Defects in development were also observed in zebrafish with a mutant Ssrp1™®” and
in plants with reduced levels of SSRP1 and SPT16 proteins[“’“]. Several studies also revealed that FACT
subunits play specific roles in mammalian cell differentiation and considerably modify gene expression
profiles during muscle cell differentiation”™ and in vitro differentiation of human mesenchymal stem
. Although FACT can be involved in gene transcription, it is not ubiquitously expressed and
therefore is not a required core component of the transcription machinery. The levels of FACT expression
are higher in undifferentiated and proliferating cells, but are very low in most differentiated mammalian
cells” ™, Importantly, both curaxin treatment and (CRISPR)-mediated deletion of the FACT subunit Spt16
block induction of pluripotency without affecting the viability or proliferation of fibroblasts”®. In tumor
cells, both FACT subunits are highly expressed, and their higher levels correlate with poor prognosis in

[35,74,77-80

cells!

several tumor types . Thus, FACT plays a more important role in cancer cells than in normal cells,
making it a target for cancer therapy. The FACT complex is also involved in HIV integration into the host
genome™ and viral gene transcription**”, suggesting that FACT could serve as a target for HIV therapy
as well. The mechanistic studies of FACT activity described below therefore provide insights that could

have clinical significance.

FACT-NUCLEOSOME INTERACTIONS

FACT does not bind stably to intact nucleosomes and does not affect nucleosome structure unless it is
assisted by additional factors. The HMGB1-domain protein Nhpe provides this nucleosome-destabilizing
activity in vitro and in vivo for yeast FACT, and also supports nucleosome reorganization by human FACT
in vitro®. The HMGB1 domain of SSRP1 does not appear to be adequate to promote uncoiling of the DNA
from intact nucleosomes, suggesting that it may function primarily during nucleosome assembly>*"**.
Curaxins can distort DNA shape and this distortion promotes trapping of FACT in chromatin and
changes chromatin compaction[ﬂ’“]. We propose that either HMGB proteins or curaxins weaken the
histone-DNA contacts near the entry/exit sites of nucleosomal DNA and thus initiate a series of binding
events by FACT domains that can lead to full reorganization of the nucleosome [Figure 1]. In this model,
DNA distortion exposes the initial set of binding sites for the CTDs of each subunit of FACT, resulting in
similar reorganization of the nucleosome independent of the initiating factor (curaxin or HMGB binding).
In the reverse reaction leading to nucleosome assembly, Nhpé or the intrinsic HMGB domain of SSRP1 can
assist in stabilizing bent forms of the DNA to promote formation of the canonical nucleosome, resulting
in release of FACT. Curaxins do not provide this assistance, instead leading to persistent binding of FACT
and trapping it in chromatin (see below).

CURAXIN-INDUCED TRAPPING OF FACT ON CHROMATIN

Computational modeling and circular dichroism studies suggest that curaxins intercalate between
DNA base pairs and the side chains of the molecule bind to both major and minor grooves of DNA"**,
Intercalation of curaxins in DNA causes an increase in the distance between the DNA base pairs, resulting
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Figure 1. Nhp6 or curaxins can initiate uncoiling of nucleosomal DNA to promote reorganization by FACT. Either Nhp6/HMGB or curaxins
can weaken the histone: DNA contacts near the entry/exit points of the nucleosomal DNA, exposing the binding site in H2A-H2B dimers
for the acidic/hydrophobic anchor sequences found in the C-terminal domains of both subunits of FACT™. The DNA distortion initiates
a stepwise series of binding events by different domains of FACT that ultimately leads to uncoiling of the DNA to make the reorganized
form of the nucleosome. Each step is reversible, providing a pathway for assembly of nucleosomes. Structures of the domains of FACT
are shown, with the HMGB domain of SSRP1 represented by Nhp6é (modified from Figure 8% ). FACT: facilitates chromatin transcription;
Nhp6: non-histone protein 6; HMGB: high mobility group B; Spt16: suppressor of ty 16; Pob3: polymerase one binding protein 3

in unwinding of the DNA helix and a change in the DNA topology[“]. In the presence of curaxins, the
nucleosome structure is destabilized in a dose- and time-dependent manner”"**** In cells, CBL0137
does not cause histone loss or nucleosome disassembly at concentrations lower than 3 pmol/L during
a short time period (< 20 min in cancer cells). However, histone loss is detectable in cells treated with
> 3 umol/L CBL0137, and chromatin structure is destabilized when the concentration is > 5 umol/ Lo,
Similarly, CBL0137 and CBL0100 cause only minimal disruption of nucleosomes in cell free conditions at
concentrations < 2.5 umol/L after incubation for several minutes”"*", while nucleosomes become unstable
and are partially disassembled after incubation for a longer time period (> 1 h)"".

Although at concentrations < 2.5 umol/L curaxins only minimally affect nucleosome structure, they
significantly alter the structure of the internucleosomal linker DNA, increasing the average distance
between the DNA regions entering and exiting a nucleosome'”. On defined nucleosomal arrays the
change in the structure of linker DNA is translated into a considerable decrease in the probability of
long-range interactions, impacting enhancer-promoter communication (EPC) in vitro. As a result,
enhancer-dependent transcription is strongly inhibited by curaxins; no direct effect on the activity of the
transcriptional machinery itself was observed“’. In agreement with the in vitro data, enhancer-dependent
transcription is preferentially inhibited by curaxins in cells™

Curaxin treatment has been shown to cause FACT (detected by fluorescence microscopy and chromatin
immunoprecipitation) in cancer cells to disperse from transcribed regions and become trapped in other
regions within 1 min""*". This FACT redistribution results in genome-wide changes in FACT-dependent
transcription proﬁles[31]. This phenomenon was recapitulated using a highly purified Pol II transcription
system and positioned mononucleosomes in vitro™. Curaxins inhibit human (hFACT) action during
chromatin transcription in vitro by trapping FACT complexes on competitor nucleosomes. Under
conditions where hFACT and curaxins alone had minimal effects on nucleosomes in spFRET assay, they
induced extensive, reversible uncoiling of nucleosomal DNA (nucleosome unfolding or reorganization)
when combined, demonstrating highly synergistic action™. The non-transcribed regions of the genome
are in excess over transcribed regions in a human cell, so FACT trapping by unfolded nucleosomes
(n-trapping) causes depletion of hFACT from active regions of chromatin®™. Thus, FACT n-trapping is an
important mechanism behind the short-term curaxin action in cancer cells.
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Although hFACT induces extensive, reversible nucleosome unfolding in the presence of either Nhpe
protein or curaxins [Figure 1], the properties of these FACT-unfolded nucleosomes are different™".
The hFACT-yNhpé-nucleosome forms a reversible complex that is stable during electrophoresis, while
the hFACT-nucleosome complex formed in the presence of curaxins is stable in solution, but falls apart
during PAGE™". Since Nhpe and curaxins are expected to bind to similar, end-proximal regions of the
nucleosomal DNA and produce similar unfolding of nucleosomes together with FACT™*", the differences
in stability of the complexes may be explained by the different structures/stabilities of Nhps-nucleosome
and curaxin-nucleosome complexes, or possibly by a direct effect of Nhpe protein on the properties of
hFACT.

Many DNA binding molecules other than curaxins also cause trapping of FACT on chromatin in cell-
free systems*”. However, to be potent in chromatin destabilization, small molecules need to be able to
get to the nuclei and compete with histones and other chromatin components for DNA binding. The
curaxins that were selected and optimized in a cell-based assay for p53 activation***” easily enter into cell
nuclei and are strong DNA binders. They were also selected in cells which were not responsive to DNA
damage after p53 activation; thus, compounds capable of causing DNA damage were eliminated from the
analysis. Curaxins can cause DNA damage in some systems; e.g., they cause frame shift mutations in some
strains of E. coli in the Ames test. However, the much higher proofreading efficiency of mammalian DNA
polymerases probably mitigates this effect at low concentrations of curaxins and blocks replication at high
concentrations of the drug. Curaxins are also potent inhibitors of topoisomerases[“], but, in contrast to
many known drugs that inhibit resolution of topoisomerase cleavage complexes, do not prevent cleavage
itself: curaxins inhibit initiation of topoisomerase action, preventing the induction of DNA breaks. Most
importantly, the toxicity of curaxins for cells does not depend on DNA damage, since DNA damage is

undetectable in many types of tumor cells as they are being killed by curaxin treatment™.

In addition to the c-trapping of FACT, curaxins globally affect the three-dimensional organization of
the genome in living cells"”. Studies employing nucleosome arrays show that curaxins induce changes
in the structure of internucleosomal linker DNA and unfolding of the chromatin fiber*. Hi-C analysis
demonstrated that addition of curaxins to cancer cells partially disrupted the boundaries of topologically
associated domains (TADs), inhibited spatial interactions within the TADs (over distances less than 600 Kb),
and enhanced spatial interactions over longer distances*”. These alterations of the three-dimensional genome
organization strongly affected enhancer-promoter interactions: only 30% of the intradomain chromatin
interactions annotated in control cells were maintained in CBL0137-treated cells. As a result, numerous
new alternative, long-range interdomain interactions were detected". Furthermore, genomic studies
demonstrated that curaxins caused partial depletion of CCCTC-binding factor (CTCF) from its binding
sites”*’. Since CTCF contributes to maintaining the spatial organization of the mammalian genome[“],
depletion of CTCF from domain boundaries by curaxins likely contributed to the drastic changes observed
in genome topology. The changes in chromatin structure, in turn, are expected to dramatically change
gene regulation and the pattern of gene expression. Indeed, after CBL0137 treatment, gene expression
profiles were drastically changed. These changes included downregulation of essential genes necessary for
cell survival, including both normal and translocated versions of MYC family genes, which could explain
the observed drop in cancer cell Viability[“]. Thus, curaxins can be classified as epigenetic drugs that
globally affect gene regulation and cause cancer cell death by targeting the three-dimensional organization
of the genome within living cell nuclei.

THE MECHANISM OF CURAXIN ACTION

Taken together, the current studies suggest the following scenario for curaxin action in cancer cells [Figure 2].
In untreated cancer cells, FACT is present mostly in the nucleoplasm; only a small fraction of the complexes
are transiently associated with nucleosomes perturbed by transcribing RNA polymerase.
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Figure 2. Curaxins affect different levels of chromatin structure. A proposed sequence of events during incubation of cancer cells with
curaxins. Upper part: initially, curaxins induce time- and concentration-dependent FACT trapping on the unfolded nucleosomes. As
curaxins intercalate into DNA, they induce progressive, FACT-dependent unfolding of nucleosomes that could eventually lead to eviction
of core histones. Lower part: in parallel with the changes in the nucleosome structure, the higher-order chromatin structure is dramatically
disturbed. Curaxins induce changes in the structure of internucleosomal linker DNA, releasing linker histones, unfolding the chromatin
fiber, causing displacement of CTCF factor from DNA, and disrupting existing chromatin domain boundaries. Taken together, these
changes in the structure of nucleosomes, chromatin fibers, and global three-dimensional chromatin organization lead to a large-scale loss
of chromatin integrity and cancer cell death. Components are modeled as in Figure 1, with the addition of PDB 1Y1V (RNA polymerase ||
elongation complex structure). FACT: facilitates chromatin transcription; CTCF: CCCTC-binding factor

Curaxins rapidly induce changes in the structure of internucleosomal linker DNA and eviction of histone
Hi from chromatin. The speed of this process is probably explained by the dynamic interaction of linker
histones with chromatin"*. FACT trapping in bulk chromatin is initiated at the same concentrations of
curaxins (0.5-1 pmol/L of CBL0137) that induce displacement of H1, and both processes occur at about the
same time (a few seconds after addition of CBL0137). It is therefore possible that FACT participates in H1
eviction or prevents reassociation of H1 with linker DNA. Higher curaxin concentrations also displace
core histones from chromatin.

Binding of FACT to bulk chromatin occurs at multiple genomic locations, but there is some preference for
regions enriched for tandem dinucleotide AC/TG repeats known as mini- and microsatellites. These occur
mostly at non-coding regions, which are dispersed throughout the human genome™”. FACT binding and
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displacement of histone H1 contribute to unfolding of the chromatin fibers and also to largely reversible
uncoiling of nucleosomal DNA (nucleosome unfolding). Since FACT is tightly bound to (trapped by) and
unfolds nucleosomes genome-wide, FACT-dependent gene expression is globally affected, preferentially
decreasing the viability of cancer cells that have a higher requirement for FACT. After a longer curaxin
treatment, FACT-bound unfolded/destabilized nucleosomes are prone to disruption, possibly evicting core
histones from the DNA. Nucleosome unfolding and histone eviction are likely to result in the release of
negative DNA supercoiling that was constrained in intact nucleosomes and in formation of alternative
DNA structures, such as Z-DNA, resulting in further FACT trapping.

In addition to affecting the structures of nucleosomes and chromatin fibers, curaxins globally alter genome
topology in cells. Curaxins induce eviction of CTCF from DNA, thus disrupting domain boundaries
and dramatically decreasing the number and type of chromatin loops that are characteristic of cancer
cells. The latter effect is likely explained by the global unfolding of the chromatin fiber due to the altered
geometry and topology caused by curaxin treatment. In turn, the changes in chromatin topology result
in less efficient EPC, and in preferentially reduced expression levels of enhancer-dependent genes (e.g.,
Mpyc) and global alteration of the profiles of gene expression. The suppression of enhancer-dependent
oncogenes strongly decreases the efficiency of cancer cell survival. This combined mechanism of curaxin
action explains the high efficiency of the compounds and suggests novel therapeutic strategies targeting
chromatin structure and spatial organization of the genome to alter gene expression profiles, thereby
suppressing cancer cell growth.

PERSPECTIVES

Mutations in enzymes that “write”, “read”, or “erase” chromatin marks have emerged as a recurring theme
in multiple types of cancer™. However, the mechanisms through which epigenetic changes benefit cancer
cells remain poorly understood. Existing theories tend to focus on specific genes or pathways; that is, the
effects of altering global properties of chromatin are usually attributed to altered expression of individual
genes or groups of genes. However, discoveries such as “oncohistones”, where mutations in core histones
are associated with cancer™, raise the possibility that carcinogenesis results from a broad combination of
defects occurring genome-wide.

The role of FACT in cancer, and the use of curaxins to combat cancers, face similar questions. Neither
FACT nor curaxins have clear gene-specific effects, and yet the former preferentially supports the viability
of aggressive cancer cells and the latter has clear anti-cancer activity. In one scenario, FACT and curaxins
could function through a common mechanism by destabilizing nucleosomes. In this model, FACT
might enhance global expression of genes, including a set that is important for maintaining excessive
proliferation, and curaxins extend this activity past the point where it is advantageous. However, recent
results suggest instead that FACT and curaxins might have opposing effects on nucleosomes, with curaxins
promoting unwrapping of DNA from the core™, while FACT promotes survival of nucleosomes by
tethering the components together and promoting reassembly””. As FACT is capable of both destabilizing
and stabilizing nucleosomes, understanding how it promotes survival of cancer cells and how curaxins
oppose this activity will ultimately require better understanding of how global nucleosome stability
contributes to cancer cell progression and viability.

Pervasive cryptic transcription has been detected in multiple types of cancer”™?, suggesting that the
DNA is more accessible to transcription machinery in tumor cells than it is in normal cells, as expected
if the nucleosomal barrier is globally weakened. In this case, the role of FACT in stabilizing and restoring
nucleosomes would be critical to allowing tumor cells to maintain chromatin. Curaxins would then
interfere with this process, creating an excessive burden of disrupted chromatin, eventually leading to
cell death. Then, the next questions to answer are: Why are nucleosomes less stable in tumors, thereby
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creating greater need for FACT activity? Do elevated transcription and replication decrease the stability
of nucleosomes, or do tumor cells promote destabilization through an unknown mechanism to provide
advantages such as easier reorganization of the three-dimensional structure of the genome or easier
transitions among gene expression profiles? What is the relationship between nucleosome stability and
three-dimensional chromatin structure? While it might seem obvious that loss of chromatin structure is
disadvantageous, is this because of toxicity of the free histones that are produced by chromatin disassembly
or is it the result of inappropriate exposure of DNA? Cancer cells survive by unleashing the beasts of
excessive proliferation and metastasis that are normally constrained within chromatin; how do FACT and
curaxins alter the balance between taking advantage of these dangerous forces to become cancerous and
being overtaken by them?
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