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Highlights
The hallmarks of cancer correspond to
specific changes in chromatin control
that normally limit cell proliferation.

Mutational burdens in many pediatric
cancers are unusually simple, but
include defects in core chromatin reg-
ulators. Although most mutations in
chromatin regulators are expected to
be lethal events, rare subtle mutations
may be viable and oncogenic.

Chromatin mutations interact with cel-
lular signaling at specific childhood
developmental stages to induce onco-
Cancer accounts for �9 million deaths per year worldwide, predominantly
affecting adults. Adult malignancies are usually examined after extensive clonal
evolution and carry many mutations, obscuring the individual contributions of
these alterations to oncogenesis. By contrast, pediatric cancers often contain
few mutations, many of which cause defects in chromatin-associated proteins.
We explore here the roles that chromatin plays in oncogenesis. We highlight
how the developmental regulation of cell proliferation genes and the degrada-
tion of chromosome ends are two major bottlenecks in the evolution of malig-
nant cells, and point to a third bottleneck where epigenomic dysfunction
triggers expression of tumor-suppressor genes, limiting the development of
aggressive and metastatic features in tumors. We also identify opportunities for
chromatin-based therapies.
genic cells.

Degradation of chromosome ends lim-
its uncontrolled proliferation, but multi-
ple chromatin defects can circumvent
this barrier. These define distinct sets
of co-occuring oncogenic mutations.

Some tumor suppressors are
repressed by chromatin-mediated
silencing and act as sensors to main-
tain epigenomic silencing. Bypassing
these sensors defines additional sets
of recurring oncogenic mutations.
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Chromatin in Cancer Cells
Cancer is a disease of metazoans. The growth and patterning of organisms requires coupling cell
growth with cellular differentiation in the bodies of multicellular animals. This is accomplished by
developmental signaling pathways that coordinate cell division and differentiation. In vertebrates,
some cells are set aside during development as pluripotent stem cells that retain the capacity to
divide throughout the lifetime of the organism to maintain the soma. However, a major risk is that
cells may lose growth control, and proliferation of somatic clones in the body then drives evolution
of cancerous cells into more malignant forms. The hallmarks of cancer are that cells (i) acquire the
capacity to proliferate indefinitely, (ii) sustain proliferative signaling, (iii) inhibit apoptosis,
(iv) facilitate angiogenesis, (v) evade growth suppressors, and (vi) acquire metastatic cellular
properties [1]. These changes can be complex, and indeed genetic changes in cancer cells are
extensive, especially because they are usually examined at very late stages after extensive clonal
history and treatment. The role of signaling pathways in development is well appreciated, and its
importance was first demonstrated by viral oncogenes that drive aberrant activation of signaling
[2]. Many of these factors are dominant oncogenic variants of key signaling receptors that result in
constitutive activation. The importance of chromatin in gene regulation is appreciated as well, but
chromatin also has roles in tumor progression [3]. For adult cancers especially, cancer cell
genomes are complex, and it is often difficult to distinguish triggering oncogenic mutations from
later selected changes and from hitchhiker mutations [4].

By contrast, pediatric cancers are genetically simple [5]. There are two distinctive features of
these cancers: first, in several of these cancers as few as a single oncogenic mutation has been
identified [5]. Second, the initial genetic alterations involve chromatin proteins with general roles
in genome function [6]. We discuss here the known functions of these proteins. We identify
three crucial chromatin-intrinsic bottlenecks to cancer progression: (i) regulatory element
nucleosomes restrict the expression of proliferation genes, (ii) proliferation degrades chromo-
some ends, and (iii) chromatin dysfunction triggers tumor suppressors. Although we emphasize
cellular features of malignancy, a chromatin-centric view of cancer relates these three bottle-
necks to changes in cellular features (Figure 1). Further, this view explains the co-occurrence of
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Figure 1. Chromatin Events Associated with the Hallmarks of Cancer. Malignant cells manipulate cellular controls
to proliferate without restriction, and manipulate organismal biology to sustain large tumor masses (gray boxes). These
features of cancer can be grouped into three classes of chromatin effects: (i) transcription factor- and chromatin-mediated
changes in proliferative and tumor-suppressor gene expression (yellow), (ii) TERT- or recombination-mediated changes to
prevent the degradation of linear chromosome ends (orange), and (iii) mutagenic evolution of expanding oncogenic cell
clones for tumorous properties (red).
sets of mutations observed in many tumors and provides insight into novel therapeutic
strategies [7].

The First Bottleneck: Nucleosomes Restrict the Expression of Proliferation
Genes
In oncogenesis a somatic clone of cells must start proliferating to become subject to clonal
selection and evolution (Figure 2). Proliferation is normally tightly controlled by gene regulation.
Chromatin enforces appropriate gene regulation at many levels by organizing the structure of
promoters and regulatory elements, by modulating transcription factor binding at these
regulatory elements, and by organizing domains that isolate genes and enhancers. A key
aspect in coordinating developmental gene expression is chromatin-mediated repression.
Repression is accomplished in several ways, including through DNA methylation of promoters
and regulatory elements, through histone modifications that compact chromatin, and through
partitioning within the nucleus between active and repressed territories.

At the most fundamental level, histones package the DNA of eukaryotes into nucleosomes, and
this chromatin structure limits access to polymerases and regulatory transcription factors [8].
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Figure 2. Chromatin Bottlenecks in Tumor Clonal Evolution. Many mutations (dashes) can occur in cells of organs
(dark gray) or in stem cell compartments (white). Most chromatin mutations are lethal (the first bottleneck), but occasional
subtle mutations may survive and relieve growth control of the tissue. Such clones can expand (pink), but will extinguish as
chromosome ends degrade (the second bottleneck). Cells that reactivate TERT or engage in telomeric recombination can
bypass this bottleneck and continue to expand (purple). Note that this bottleneck may be more permeable (broken barrier)
to malignant stem cells where TERT is already expressed. As malignant clones expand, mutations that alter cellular and
tumor properties such as more rapid growth, altered metabolism, metastasis, and drug resistance (once treatment begins)
will be favored by selection. Increased mutation rates and genome instability will promote the evolution of malignant
properties, but this is limited by epigenomic surveillance and DNA damage responses (the third bottleneck). Cells that
mutate or silence surveillance tumor suppressors can evolve aggressive phenotypes rapidly.
Thus, chromatin transcription by eukaryotic polymerases requires accessory factors, and these
must manipulate nucleosomes to expose transcription factor binding sites at promoters and
enhancers. Eukaryotes devote considerable energy to move nucleosomes around these sites
using ATP-dependent chromatin remodelers. These multiprotein complexes are recruited to
target sites in cells by transcription factors, and facilitate binding of additional regulatory
cofactors. The role of nucleosome positioning in cancer is highlighted by numerous studies
showing that chromatin remodelers are among the most frequently mutated genes in cancers
[9]. An exploration of malignant rhabdoid tumors (MRT) and atypical teratoid/rhabdoid tumors
(ATRT), aggressive pediatric cancers of the kidney and the central nervous system, respec-
tively, demonstrates the contribution of aberrant nucleosome dynamics to cancer. Each of
these malignancies has biallelic mutations in SMARCB1, an ATPase-containing subunit of the
Brahma-associated factor (BAF) chromatin-remodeling complex that is present in canonical
BAF (cBAF) and the related polybromo-associated BAF (PBAF) complexes, but is absent from
the recently discovered noncanonical BAF (ncBAF) complex [10–13]. Nucleosome remodeling
by BAF complexes is crucial for differentiation because they act to remove and reposition
nucleosomes to allow binding of transcriptional activators and repressors near developmentally
restricted regulatory elements [14]. Cells in SMARCB1-deficient tumors have increased nucle-
osome occupancy over these elements, and these fail to activate appropriately in response to
differentiation cues [15]. Therefore, stem cell-like enhancer–promoter interactions can inap-
propriately persist, as evidenced by the activation of the superenhancers of the SPRY1 and
SOX2 genes in rhabdoid tumors. Importantly, reintroduction of SMARCB1 into malignant
rhabdoid tumors restores BAF activity at differentiation-promoting enhancers, terminating
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the stem cell regulatory network. Given that this tumor has no other identified driver mutations,
failure to remodel nucleosomes at these regulatory elements appears central to tumorigenesis.

It is remarkable that loss of function of widely expressed chromatin proteins such as
SMARCB1, ARID1A, or H3.3 promotes oncogenesis in developmentally restricted tissue
contexts. This is best illustrated by patients with rhabdoid tumor predisposition syndrome,
in which patients with SMARCB1 germline mutations develop rhabdoid tumors in infancy [16].
Why mutations in general chromatin factors have age- and tissue-specific oncogenic potential
remains a major question in the field of cancer epigenomics. We suggest that mutations in
chromatin factors may be oncogenic in two ways. First, chromatin regulation is redundant, and
multiple remodeling complexes are broadly targeted to regulatory elements and act together
with transcription factors. For many genes, no one remodeler is essential, but some genes may
be more or less dependent on specific remodeler complexes. Features of rhabdoid tumors
suggest that the regulation of pluripotency genes is particularly dependent on cBAF and PBAF,
whereas promoters and CTCF sites that depend on ncBAF may be relatively insensitive to
reduced cBAF or PBAF activity [14,15]. The finding that the different BAF complexes differ in
their ability to remodel subsets of regulatory elements also presents a therapeutic opportunity
because targeting ncBAF may hinder tumorigenesis in rhabdoid tumors [17]. Recent analyses
of chromatin accessibility across cancers may identify additional relationships between remod-
eler deficiency and pathological regulatory element activity that drive oncogenesis, and may
also provide new therapeutic strategies.

Second, because particular aspects of chromatin regulation underlie essential cellular and
organismal processes, only subtle mutations that largely preserve functions of chromatin factor
complexes will survive to allow further evolution of a malignancy (Figure 2) [18]. Pediatric
cancers are rare, consistent with the idea that chromatin mutations are usually lethal, and only
cells with specific mutations survive to be involved in malignancy.

This concept is evident in recent literature demonstrating the role of H3 variants in cancer. Humans
have �60 histone genes to produce the massive amount of protein necessary to package the entire
genome intochromatin.Chromatinpackaging isessential inall eukaryotes,andthus itwassurprising
that monoallelic recurrent substitution mutations in H3.1 and H3.3 histones occur in several
malignancies, including diffuse midline gliomas (DMGs), sarcomas, head and neck squamous
carcinomas, giant cell bone tumors, chondroblastomas, and acute myeloid leukemias [19,20].
These substitutions lie in a region of the histone tail that is crucial for chromatin-mediated silencing
through modifications of the histone H3 lysine 27 (H3K27) residue as well as for transcriptional
regulation through modifications of the H3K36 residue. This region is required for docking of multiple
histone-modifying enzymes and effector proteins, including Polycomb repressive complexes
(PRCs). H3K27 M is a dominant mutation because only a fraction of the H3 histone pool carries
the substitution. The substitution increases the binding affinity of the H3 tail to the EZH2 histone
methyltransferase subunit of PRC2 and reduces the in vitro activity of the enzyme [19,21,22].
Exogenous expression of H3.3K27 M, an H3 variant that is deposited in a replication-independent
manner, leads to loss of the H3K27me3 trimethylation modification at some loci, but gain at other
loci, resulting in highly variable phenotypes depending on the cellular and tissue-specific context
[23,24].AlthoughtheH3K27Mmutation is likelyanearlyevent in tumorigenesis [25], isnotoncogenic
on its own; a second genetic hit must occur for tumorigenesis, and this second hit commonly results
in constitutive activation of the ACVR1 or PDGFRA signaling receptors [24,26].

Tumorigenesis in mouse models with the H3K27 M mutation is limited to an early window in
embryogenesis, implying that a developmentally restricted cell population is prone to
186 Trends in Cancer, March 2019, Vol. 5, No. 3



oncogenesis with this combination of mutations [24]. Diffuse midline glioma (DMG) precursors
may be a transient oligodendrocyte progenitor stem cell population in the ventral pons [27].
PRC-mediated repression is required for cellular differentiation, and H3K27 M mutant stem
cells have decreased competence for differentiation [28]. However, they maintain sufficient
residual PRC activity to silence tumor-suppressor genes such as CDKN2A [22]. Consistent with
the subtle inhibition of PRC2 activity by the H3K27 M ‘oncohistone', PRC2 subunit mutations
are not seen in these malignancies, and further EZH2 inhibition in H3K27 M-mutant DMGs
leads to growth arrest through derepression of the CDKN2A locus [29,30]. These data
demonstrate that H3.3K27 M-containing nucleosomes inhibit PRC2, but some loci maintain
repression. The differential sensitivity of loci to H3K27 M inhibition, the developmental and
tissue-specific restriction of H3 mutations in cancers, and the interaction with secondary
mutations such as ACVR1, PDGFRA, and RUNX1 remain unknown.

Additional levels of chromatin control mediated by regulatory elements may also be important
in oncogenesis. In mammals, DNA modification in the form of 5-methylcytosine of CpG
dinucleotides is crucial for gene expression, transposon silencing, and X-chromosome
inactivation. DNA methylation affects gene expression because (i) methylation of factor
binding sites blocks factor binding, and (ii) methylated DNA binds methylated cytosine binding
proteins (MeCPs and MBDs), recruiting histone-modifying enzymes and forming repressive
chromatin. DNA methylation is removed by the ten-eleven translocation (TET) enzymes, and
many of these are translocation partners with MLL in acute leukemias. Inactivating TET-2
mutations are found in premalignant clones in patients with MDS and AML which carry a high
risk of transformation [31].

Long-range chromosome interactions organize chromatin within the nucleus, and this is in part
regulated by the DNA-binding chromatin factor CTCF. CTCF binds at specific DNA sequences
and recruits cohesin, which together link binding sites, mediate chromatin looping, and isolate
active gene regions from inactive regions. CTCF binding sites are among the most frequently
mutated sites in cancer, and cohesin mutations, most frequently in STAG2, have been identified
in several malignancies, with well-characterized roles in acute myeloid leukemia [3,32]. A clear
example of chromatin effects on CTCF binding comes from IDH1/2 mutations in adult gliomas
and secondary glioblastomas, with striking effects on two major epigenetic systems in cells
[33]. In these tumors the oncometabolite 2-hydroxyglutarate accumulates in the tumor envi-
ronment and inhibits 2-ketoglutarate-dependent enzymes, including the Jumonji domain-
containing (JmJC) histone demethylases and TET DNA demethylases. Inhibition of TET2 results
in aberrant methylation of a CTCF binding site near the PDGFRA promoter, which is important in
gliomagenesis. Upregulation of PDGFRA occurs when disruption of a topologically associated
domain (TAD) boundary activates the PDGFRA promoter by a neighboring enhancer. Interest-
ingly, a recent study also showed this to be the case for BAF-mutant cancers because ncBAF
localizes to CTCF sites even in SMARCB1-deficient tumors to promote oncogenesis [17],
further demonstrating the importance of insulators in cancer.

The Second Bottleneck: Proliferation Degrades Chromosome Ends
The expansion of many cell lineages is limited by an inherent problem in DNA replication at the
ends of linear eukaryotic chromosomes. Replicative polymerases synthesize DNA in a 5'-to-3'
direction using an RNA primer, and removal of the distal-most RNA primer results in a daughter
strand that is shorter than the parental template. This shorter strand cannot be extended by
conventional DNA polymerases. Instead, germline and somatic stem cells in mammals use the
TERT telomerase reverse transcriptase to specifically extend their telomeric DNA, allowing
these cells to divide indefinitely. Without extension, chromosome ends grow shorter with each
Trends in Cancer, March 2019, Vol. 5, No. 3 187



cell division, eventually deleting telomeric protein-binding sites, eliciting DNA damage
responses and cell-cycle arrest [34]. Thus oncogenic cells must extend telomeres de novo
to proliferate, and a major way they do this is by expressing TERT [35]. Neuroblastoma, a
pediatric tumor of the sympathetic nervous system, provides the most informative
demonstration that the replication-associated shortening of chromosome ends is a bottleneck
for oncogenesis. Neuroblastoma is one of the most common pediatric solid tumors, affecting
�800 children per year. It is the most common cancer in infants under 12 months, and is a
genetically heterogeneous disease [6,36]. A subset of infantile patients present with metastatic
disease in liver, bone marrow, and skin, but these tumors surprisingly spontaneously regress
without treatment. These tumors appear to fail to reactivate TERT, resulting in a malignancy that
extinguishes itself owing to inability to maintain telomere length [37,38].

Unfortunately, other subtypes of neuroblastoma often progress to lethal disease. These tumors
show recurrent genomic alterations implicating at least four different mechanisms that escape
the telomeric bottleneck [39]. One such event is amplification of the MYCN locus, in which
N-Myc directly activates the TERT promoter [40,41]. In other cases a chromosome rearrange-
ment brings a strong enhancer in proximity to the TERT promoter [42]. Both of these mutational
classes reactivate telomerase expression, resulting in replicative immortality.

A third class of mutations in lethal neuroblastomas do not upregulate telomerase. This class
includes recurrent mutations in the ATRX chromatin remodeler or DAXX histone chaperone
complex that are mutually exclusive with MYCN alterations. ATRX or DAXX-deficient neuro-
blastomas extend chromosome ends by the alternative lengthening of telomeres (ALT) mech-
anism, where telomeric repeats at deprotected chromosome ends participate in homologous
recombination, lengthening chromosomes [43]. The ATRX chromatin-remodeling complex
normally assembles nucleosomes at telomeres using the histone H3.3 variant, which may
be necessary to restore nucleosomes displaced by aberrant G-quadruplex DNA structures,
replication fork stalling, and transcription at telomeres. Without ATRX, telomeric DNA becomes
exposed and recombinogenic [44,45]. Although this suffices to circumvent the telomeric
bottleneck, ALT is less common in neuroblastomas than telomerase-mediated telomere
extension because telomeric recombination also results in prolonged DNA damage response
activation, genomic damage (chromothripsis), and sensitivity to replication stress [39].

Recently, a fourth subset of neuroblastoma and a subset of melanoma patients were found to
lack TERT activation or ALT [46,47]. These subtypes were referred to as an ‘ever shorter
telomeres' (EST) phenotype. Telomeres in EST tumors have long repeat arrays, perhaps
resulting from transient activation of TERT, or from preoncogenic cells that naturally have
long telomeres. Although chromosome ends do eventually degrade in these tumors, their
extended lifespan can result in clinically significant tumor burdens [46]. Interestingly, a recent
analysis of >400 pretreatment neuroblastomas demonstrated that patients can be risk-strati-
fied according to telomere maintenance mechanism status, thereby relating this chromatin
bottleneck to prognosis [48].

Stem cells may be uniquely sensitive to oncogenesis because they express pluripotency
factors, including the Myc transcription factor, a potent oncogenic protein [3,49]. Because
stem cells must divide throughout a lifetime, they also express telomerase to maintain chro-
mosome ends; thus the telomeric bottleneck to oncogenesis is relieved in these cells [50]. Why
then are stem cell-derived cancers not more common? Stem cells express a collection of
master transcription factors that activate each other (also known as the stem cell circuit) to
maintain the pluripotent state [51]. Shutdown of these genes is coordinated with intercellular
188 Trends in Cancer, March 2019, Vol. 5, No. 3



signaling that stimulates differentiation. Thus, oncogenic expansion of stem cells requires
mutations that together (i) hyperactivate a signaling receptor, and (ii) prevent repression of
the stem cell circuit. This explains the oncogenic combination of H3K27 M mutations with
hyperactivating signaling receptor mutations.

A similar scenario may apply in Wilms tumor [52]. These are pediatric renal tumors that display
stem cell epigenomic features, and appear to derive from renal blastemal stem cells. Wilms
tumor cells have reduced ability to differentiate into stromal and epithelial lineages derived from
renal blastemal cells, suggesting that they are unable to shut off stem cell epigenomic features,
although they can aberrantly express some markers associated with differentiation [52]. More
generally, the developmental specificity of mutations for specific cancers will depend on the
particular genes and transcription factors that activate the stem cell programs in those cells.

The Third Bottleneck: Chromatin Dysfunction Activates Genomic Sensors
Some cell types such as stem cells express TERT, making them particularly susceptible to
oncogenic transformation [53]. Because stem cell cancers are relatively rare, mechanisms must
be present in these precarious cells to protect against uncontrolled proliferation. Such protection
may result from coupling repression of pluripotency genes to activation of proliferation
genes (Figure 3A). Polycomb-mediated gene silencing is required in differentiating cells to silence
pluripotency genes [51,54]. Thus, one way to maintain pluripotency gene and TERT
expression is to cripple this silencing system. However, at least one crucial set of tumor sup-
pressors appears to respond to changes in epigenomic silencing. The CDKN2A locus encodes
both p16 (INK4A), which inhibits cell division, and p14 (ARF), which stimulates apoptosis in
response to DNA damage [55,56]. The locus is encompassed in a silenced domain with bivalent
promoters, where active histone modifications poise the genes for induction upon loss of PRC
activity [52]. This provides a mechanism to sense global changes in Polycomb silencing, thereby
monitoring the epigenome. For example, adult T cell acute lymphoblastic leukemia (T-ALL) is
caused by loss of the EZH2 histone methyltransferase complex in precursor cells [57]. However,
global reduction of Polycomb-mediated silencing derepresses the CDKN2A locus, and triggers
growth arrest and cell death in most T-ALL precursor cells. In some cells, deletion of the CDKN2A
locus ablates these checkpoints, and these are the cells that proliferate as a malignancy. In this
way, CDKN2A is a sensitive barometer for Polycomb-mediated silencing, eliminating cells that
lose this epigenetic silencing system.

The concept that the CDKN2A locus is a sensor of gene silencing is also evident in malignant
peripheral nerve sheath tumor (MPNST), which is associated with neurofibromatosis type 1
[58]. MPNSTs are strongly associated with only three co-occurring mutations: in the GTPase
accessory factor NF1, in components of the PRC2 methyltransferase complex, and in CDKN2A
[59]. NF1 is a potent inhibitor of the Ras signaling pathway and NF1 mutations prolong Ras
activation [60]. Mutations in the PRC2 component SUZ12 promote tumorigenesis in NF1-
deficient cells because PRC2 normally dampens Ras activation of downstream gene targets,
but this loss also derepresses the CDKN2A locus. Thus, MPNSTs can only proliferate with a
combination of the three mutations that bypasses the three chromatin bottlenecks to cancer.

Compared to adult malignancies, the CDKN2A locus is less frequently deleted in most pediatric
tumors [6]. In two of these pediatric tumors – DMGs and Wilms tumor – Polycomb silencing is
maintained at the CDKN2A locus despite global reductions in H3K27me3. The global reduction
may be due to the stem cell origin of these tumors, but the crucial effect is that chromatin-
mediated silencing is equivalent to genetic deletion of the CDKN2A locus. Thus, stem cells in
developing tissues with subtle mutations in chromatin remodelers are likely able to maintain
Trends in Cancer, March 2019, Vol. 5, No. 3 189
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(Figure legend continued on the bottom of the next page.)

Chromatin Mechanisms that Limit Cell Proliferation. (A) Chromatin structure of promoters controls gene
expression. Transcription factor binding sites (boxes) at the promoters of pluripotency and differentiation genes are packaged into
nucleosomes (ovals).Nucleosomesaremarkedwithactivehistonemodifications (green)orwith repressivemodifications (red),and
are moved by chromatin remodelers (broken arrows) to block or expose factor binding sites and silence or promote gene
expression, respectively. In stem cells (top), chromatin remodelers maintain access at promoters of pluripotency factors, whereas
differentiation genes are silent. As cells differentiate, tissue-specific transcription factors activate differentiation genes, and
pluripotency promoters are occluded by nucleosomes and repressed by Polycomb-mediated silencing. Chromatin defects that
inhibit efficient silencing of pluripotency genes may stall cells in an undifferentiated state that is prone to uncontrolled proliferation
upon additional mutation. (B) Telomeres are the specialized ends of linear chromosomes. Nucleosomes (red ovals) package
subtelomeric DNA, while the more distal double-stranded telomere repeat sequences are bound by shelterin protein complexes
(blue) and the single-stranded DNA of the chromosome end is bound by the hPOT1 capping protein (purple). In most somatic cells
the chromosome end shortens after incomplete DNA replication in each S phase of the cell cycle, eventually deleting hPOT1 and
shelterin binding sites and activating DNA damageresponses. In germline and stem cells,TERT telomerasemaintains the length of
the chromosome end by extending the shorter bottom strand after every S phase. Malignant cells may extend chromosome ends
in at least three ways (gray arrows): (i) by reactivating TERT and synthesizing new telomeric DNA; (ii) by alternative lengthening of
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Outstanding Questions
Why do mutations in chromatin regu-
lators induce oncogenesis in an age-
restricted manner? Why do mutations
in different regulators cause different
kinds of malignancies?

Why do mutations in chromatin regu-
lators co-occur with specific onco-
genic mutations (e.g., ACVR1
mutations often co-occur with
H3.1K27 M, ATRX, and TP53 muta-
tions in diffuse midline gliomas)?

Why are some oncogenic mutations
mutually exclusive in different tumor
types? Is this because they bypass
chromatin restrictions in mutually
exclusive ways? (e.g., ATRX mutations
and MYCN amplification each allow
telomere extension by different mech-
anisms, and are never found together
in tumors).

Why are particular mechanisms of telo-
mere lengthening such as ALT preva-
lent in certain types of tumors but rare
in other malignancies?

Can reversion of chromatin mutations
inhibit malignancies? Will drugs target-
ing chromatin regulators be efficacious
in chromatin-dysregulated cancers?
sufficient chromatin regulation to silence tumor suppressors while derepressing other loci
important for uncontrolled growth.

Epigenomic status of other chromosome regions may also impinge on oncogenesis. Almost
50% of the human genome consists of repetitive DNA sequences that are not included in
genome assemblies; these includes copies of transposons and retrotransposons that are
targeted for silencing by DNA methylation and by chromatin silencing marked by methylation of
the histone H3K9 residue. Although heterochromatin is gene-poor, there are two risks from
repetitive sequences. First, most DNA damage occurs in heterochromatin simply because of
the sheer amount of DNA included in these regions. Second, heterochromatic DNA damage
can lead to chromosomal rearrangements and genome instability because of ectopic recom-
bination between scattered repeat sequences. DNA damage in heterochromatin is surveilled by
both p53 and gene products of the CDKN2A locus. DNA damage in heterochromatin thus acts
as a second barometer for the status of the epigenome because DNA damage near tumor-
suppressor genes will often co-occur with many more damage events in heterochromatin that
can be easily sensed. Thus, eliminating either p53 or CDKN2A pathways during oncogenesis
will increase tolerance to all DNA damage, with a concomitant increase in genome instability.
Cancers appear to also suffer losses in heterochromatic silencing because multiple trans-
posons and retrotransposons are derepressed, further mutating the genome. For example, the
BRCA1 protein localizes to heterochromatin in normal cells, where part of its contribution to
tumor suppression is by repressing transcription of repetitive satellite sequences [61]. Although
these are non-coding transcripts, they can on their own induce DNA damage, inhibit check-
points, and potentially lead to genomic instability [61,62]. A substantial fraction of heterochro-
matin sequences may be the remnants of genomic conflicts by selfish genetic elements. Such
genomic conflicts are often cryptic because host suppressor genes continually restrain those
elements. Nevertheless, recent work has shown that massive genetic catastrophes including
widespread transposon mobilization occur when suppressor genes are lost. This way of
thinking leads to the idea that epigenomic changes deep in heterochromatin might have
dramatic consequences for genome stability, emphasizing that derepression of heterochro-
matin may contribute to tumor progression.

Concluding Remarks
Aberrant chromatin regulation has been observed in a wide variety of cancers, but the precise
contributions to tumor suppression and oncogenesis are only now beginning to be understood.
The rarity of pediatric cancers and of recurrent mutations in chromatin-regulating genes allows
us to identify three major bottlenecks to cancer that are intrinsic to chromatin. Although the
more common adult malignancies contain mutations in signaling genes that activate develop-
mental or proliferative programs (e.g., BRAF and RAS), these must be accompanied by multiple
secondary mutations to escape chromatin bottlenecks; these include reactivation of TERT,
mutations in chromatin remodelers, and disruption of CTCF binding sites. Although we have
outlined chromatin bottlenecks as a sequence of genetic changes, some of these may occur
simultaneously by pleiotropic actions of oncogenes. For example, the Myc protein may
stimulate proliferation, reactivate telomerase, and induce genomic instability, affecting all three
telomeres (ALT), where loss of nucleosomes packaging telomeric regions permits ectopic recombination and extends chromo-
some ends; and (iii) by ever shorter telomeres (EST), where cells with extremely long telomeresare not extended but are sufficiently
long to support clonal expansion. (C) Epigenomic surveillance by tumor suppressors. Extensive chromosomal regions within a
nucleusarepackaged insilencedchromatin (red), includingthetumor-suppressorCDKN2A locus.Other regionscontain repetitive
DNA sequences (thick black lines). Loss of chromatin proteins can derepress CDKN2A, thus eliminating cells with defective
epigenomic silencing. DNA damage induced during DNA replication often occurs in heterochromatic repeats, but triggers
CDKN2A and TP53 expression, eliminating damaged cells.
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chromatin bottlenecks. We note also that the three bottlenecks do not apply equally to
malignant cells. Tumors deriving from a stem cell population initiate as TERT-positive cells,
obviating the need for mutations to bypass the chromosome end degradation bottleneck.
However, these three chromatin bottlenecks can inform efforts to develop interventional
therapies for all tumors.

Agents that target chromatin of promoters and regulatory elements offer an opportunity to
interfere with the drivers of uncontrolled proliferation in tumors. HDAC inhibitors have been used
to induce differentiation, with some success in preclinical models [63,64], and their efficacy may
be due to improved repression of oncogenes or enhancement of differentiation genes [65,66].
Therapies that target defective long-range chromatin interactions are already available. For
example, DNA hypomethylating agents can restore CTCF binding and downregulate PDGFRA
in preclinical models of IDH-1 mutant gliomas, suggesting a therapeutic opportunity in humans
[67,68]. IDH-1/2 inhibitors may act by enhancing DNA and histone methylation levels and
restoring normal chromatin structure. Similarly, PARP inhibitors are synthetically lethal with
cohesin mutations in preclinical models [69], and clinical trials are in development.

For the second bottleneck, drug inhibition of the telomerase protein complex is well established
as an attractive target, although few effective therapies currently exist [70–72]. However, the
prolonged DNA damage response activation in ALT-positive malignant cells suggests that
components of DNA repair pathways might be targeted. This is supported by the sensitivity of
ALT-positive cells to ataxia telangiectasia and Rad3-related kinase (ATR) inhibitors [73],
although not all ALT-positive cells are sensitive [74]. The recent realization that the EST
phenotype occurs in cells without telomere lengthening suggests that these tumors might
be treated by repeated resection, reducing tumor burden until telomere lengths are critically
short [46,47]. Perturbing telomere maintenance mechanisms is likely to be a useful adjuvant to
current approaches to treating malignancies.

Finally, articulation of epigenomic surveillance where tumor suppressors sense chromatin
status suggests another front to attack tumors. Drugs that modulate histone modifications
have proved to be efficacious in preclinical models of both liquid and solid malignancies
[29,75,76]. Modulation of histone methylations that direct Polycomb-mediated silencing
may be an important route for targeting malignancies. For example, inhibiting the EZH2 histone
methyltransferase in tumor cells with low EZH2 activity could activate CDKN2A and eliminate
tumor cells. Indeed, treatment of malignant rhabdoid tumors with EZH2 inhibitors has proved to
be efficacious in preclinical models, and clinical trials are now underway [76]. Interestingly, in
malignancies with mutations in the SMARCA4 chromatin remodeler, EZH2 inhibition activates
the SMARCA2 chromatin remodeler, leading to growth arrest [75]. This indicates that inter-
actions between histone modifications and chromatin remodelers may be exploited as a
therapeutic strategy [75]. However, caution must be taken because other stem cell populations
may also be exquisitely sensitive to EZH2 inhibition, in particular precursors in T cell develop-
ment. This is evidenced by inactivating EZH2 mutations in T-ALL [77] and the recent identifi-
cation of a secondary T cell lymphoma in a patient receiving an EZH2 inhibitor for a central
nervous system malignancy. It will be exciting to see if elucidation of the tissue-specificity of
mutations in chromatin-regulating genes will lead to new therapeutic strategies and windows
for high-risk malignancies (see Outstanding Questions).
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