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The change in cell state from normal to malignant is driven fundamentally by oncogenic
mutations in cooperation with epigenetic alterations of chromatin. These alterations in chro-
matin can be a consequence of environmental stressors or germline and/or somaticmutations
that directly alter the structure of chromatin machinery proteins, their levels, or their regula-
tory function. These changes can result in an inability of the cell to differentiate along a
predefined lineage path, or drive a hyperactive, highly proliferative state with addiction to
high levels of transcriptional output. We discuss how these genetic alterations hijack the
chromatin machinery for the oncogenic process to reveal unique vulnerabilities and novel
targets for cancer therapy.

Cancer is a panoply of diseases caused by a
combination of inherited (germline) and

newly acquired (somatic) genetic mutations that
converge on chromatin, which results in dysregu-
lation of gene expression leading to abnormal cell
growth. Oncogenic mutations that directly influ-
ence chromatin biology can be divided into two
major categories: (1) chromatinmachinery errors
that comprise mutations, translocations, or copy
number alterations effecting chromatin machin-
ery genes, and (2) regulatory element errors that
include genomic alterations in noncoding ele-
ments that change how chromatin regulates tran-
scription. Similar to thermodynamic entropy, ge-
netic replication errors accumulate with cellular
age (Tomasetti and Vogelstein 2015), such that
canceroccurs proportionally to the rate andnum-
ber of cell divisions in the tissue of origin. This
principally explains why age is the strongest risk
factor for cancer overall (National Cancer Insti-
tute, Surveillance, Epidemiology, andEndResults

Program, www.seer.cancer.gov). Rising disorder
in genetic information, both coding and noncod-
ing errors, are entropic to intra- and intercellular
communication circuits thatmediate through the
epigenome (Gryder et al. 2013; Nijman 2020).

Genetic errors in chromatin-related pro-
cesses include gain-of-function (GOF), loss-
of-function (LOF), or swap-of-function (SOF)
with simultaneous loss and gain (Shen andVakoc
2015). Both small mutations (single-nucleotide
variants [SNVs] or insertions or deletions [in-
dels]) and large structural rearrangements effect
both the chromatin genes and regulatory ele-
ments in cancer; therefore, the combination of
small mutation or structural alterations affect-
ing either chromatin machinery or regulatory
elements generates four distinct types of major
chromatin-based cancer-driving events (Fig. 1).
These categories are often co-occurrent, as in the
case of extrachromosomal circular DNA ampli-
fications and aneuploidy effecting whole chro-
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mosome gains and losses where they can alter
both the chromatin machinery gene copy num-
ber along with their regulatory elements.

In this review, we focus on the mechanisms
directly impinging upon chromatin machinery
malfunction and gene misregulation as well as
their effect on higher-order topological changes

that alter the behavior of a cell (Franke et al. 2016;
Ochs et al. 2019; Johnstone et al. 2020). We will
not address cancer-causing mutations that in-
fluence chromatin indirectly (e.g., mutant RAS
creating aberrant superenhancers [SEs] in the
nucleus via signaling through MEK/ERK hy-
perphosphorylation) as, arguably, all oncogenic
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Figure 1.Categorization of genetic alterations impacting chromatin in cancer. (SNVs) Single-nucleotide variants,
(SEs) superenhancers.
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mechanisms must ultimately impinge on chro-
matin regulation to produce and maintain their
malignant state.

THE CHROMATIN MACHINERY

Broadly, any protein that alters the 3D structure
of DNA and its function can be considered part
of the chromatin machinery. Of central impor-
tance to chromatin are thehistones that assemble
into an octameric bead with a structured core
thatDNAwraps around twice (147 bp/octamer).
This fundamental unit of chromatin is termed
the nucleosome. The typical histone octamer
contains two each of H2A, H2B, H3, and H4.
Serving as a stabilizing linker of the bead is the
linker histone, H1, which is not a member of the
core octamer (Fig. 2). One function of the nucle-
osome core particle is to block RNA polymerase
from spuriously transcribing (Kornberg and
Lorch 2020). Each nucleosome has eight disor-
dered tails that are subject to diverse posttrans-
lational modifications to alter their biochemical
properties (Fig. 2A; Strahl and Allis 2000).

Gene expression is also controlled directly
by DNA methylation of the nucleotide cytosine

to 5-methylcytosine (5mC) or 5-hydroxyme-
thylcytosine (5hmC). Methylated DNA has
altered stiffness and an impaired ability to be
recognized by transcription factors (TFs), effect-
ing gene regulation significantly (Hörberg and
Reymer 2018). DNA methyltransferases convert
cytosine to 5mC, TET proteins convert to 5hmC,
and TDG proteins convert cytosine back to its
unmodified form (Fig. 2B). Hypermethylation
of cytosine in CpG islands near gene promoters
is a primary gene-silencing mechanism (Naveh-
Many and Cedar 1981).

Some histone tail modifications block tran-
scription, for example, by methylation of his-
tone tail lysines in regions of densely packed
heterochromatin, while others such as acetyla-
tion of histone tail lysines, loosen the histone’s
grip on DNA to enable nucleosome eviction,
DNA accessibility, RNA polymerase movement,
and transcription in regions termed euchroma-
tin (Li et al. 2007). Histone modifications are
controlled by “writers” and “erasers” (Schreiber
and Bernstein 2002). Appropriately modified
nucleosomes serve as binding sites for “reader”
domains through which many proteins, and
some large complexes, can engage the nucleo-
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Figure 2.Chromatin machinery including (A) histone assembly around 147 bp of DNA to form the nucleosome,
(B) the DNA modification cycle to methylate cytosine nucleotides, and (C) the variety of chromatin machinery
including readers, writers, and erasers of posttranslationalmarks, DNA-binding transcription factors, chromatin
remodeling complexes, and RNA polymerases.
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some (Fig. 2C). Many such complexes such as
BAF (also known as mSWI/SNF) possess
chromatin remodeling activity through ATP-
ase-driven motors that can slide or evict nucle-
osomes to enhance access to DNA (Fig. 2C;
Wilson and Roberts 2011; Kadoch 2019).

The location of histone modifications in re-
lationship to the underlying DNA sequence is
essential to faithful transcription and thus gives
importance to sequence-specific DNA-binding
proteins (i.e., TFs that direct histone modifiers
and chromatin remodelers to specific positions
in the epigenome) (Fig. 2C). There are >1500
TFs encoded in the human genome, and roughly
70 of them are ubiquitously expressed and play
routine roles (such as CCCTC-binding factor
[CTCF]), while the rest are restricted to and de-
fine specific cell types (Gerstein et al. 2012). TFs
are further distinguished intononmutually exclu-
sive functional groups based on characteristics
such as (1) ability to sense external signaling cas-
cades, (2) ligand-binding capacity, (3) preference
for recruitment of coactivator complexes or co-
repressor complexes, (4) ability to “pioneer” into
closed chromatin, (5) downstream gene pathway
regulation, (6) preference for promoters or distal
regulatory elements, and (7) the structural fea-
tures they enable (Wingender et al. 2013).

MUTATIONS THAT ALTER CHROMATIN
MACHINERY

Remarkably, cancerous aberrations are found
for every class of the chromatin machinery, in-
cluding histones, histone modifiers, chromatin
remodelers, TFs, and DNA modifiers. Both
small mutations and large-scale genetic alter-
ations have been identified in cancer that per-
turb these proteins, derailing the healthy checks
and balances of the human epigenome and that
can be targeted for therapy (Jones et al. 2016).

Small-Scale Mutations Altering Chromatin
Protein Function

Mutations in Histones

A growing number of histone mutations have
been cataloged in cancer, and are collectively
termed “oncohistones” (Nacev et al. 2019). His-

toneH3 has the longest disordered tail, is subject
both to the highest number of writing/reading/
erasing modifications, and harbors mutations
that prevent proper posttranslational modi-
fication in various cancer contexts. For exam-
ple, 78% of diffuse intrinsic pontine gliomas
(DIPGs) have the oncohistone mutation
H3K27M, and H3K27 is a key lysine residue
that is acetylated in active euchromatin and
methylated in heterochromatin (Schwartzen-
truber et al. 2012). H3.3 (histone 3 variant 3)
is mutated to methionine at lysine 36 (H3.3
K36M) in 95% of chondroblastomas and H3.3
is mutated at glycine 34 (H3.3 G34W/L) in 92%
of giant cell tumors of bone. The exact mecha-
nisms by which these mutations in the histone
tails impact gene regulation are not completely
resolved for each mutant, but studies on
H3K27M suggest that this amino acid substitu-
tion leads to an inability of PRC2 (Polycomb
Repressive Complex 2) to maintain the repres-
sive H3K27me3 status, globally impairing tran-
scriptional silencing in DIPG (Lewis et al. 2013).

Whereas the above mutations occur in the
disordered histone tail,manynewly reportedmu-
tations accumulate in the acidic patch of the nu-
cleosome and are found in all four core histone
particles (Ghiraldini et al. 2021). Because the
acidic patch at the surface of the nucleosome
binds theH-tail binding fromneighboring nucle-
osomes, it is thought that mutations in the acidic
patch prevents higher-order chromatin compac-
tion. The histone acidic patch, which is negatively
charged, is also a key docking site for positively
charged amino acid modules in many chroma-
tin-associated proteins such as the mSWI/SNF
complex (BAF), and acidic patch mutants may
result in the loss of these interactions (He et al.
2020), leading to gene expression dysregulation.
In all, the list of histone variants and their func-
tional roles in cancer is growing and includes
H2AFZ, H2AFV, H2AFY, H2AFY2, H3F3A, and
H3F3B, across a diverse set of human tumors
(Ghiraldini et al. 2021).

Mutations in Transcription Factors

The best-establishedmutations identified in any
TF are those in the “guardian of the genome,”
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the TP53 gene, encoding the p53 protein (Dar-
nell 2002). TP53 is the most commonly mutated
gene in cancer, and although these mutations
lead to loss of normal tumor suppressor activity,
hotspot nonsynonymous mutations frequently
result in GOF through aberrant binding across
the genome and increased transcription of
MLL1,MLL2 (both histonemethyltransferases),
and MOZ (a lysine acetyltransferase) through
binding to ETS2 (ETS family of TFs). Increased
MLL and MOZ expression leads to elevated
methylation and acetylation of histones, respec-
tively, which results in alteration of chromatin
structure and gene expression, and ultimately to
increased proliferation of cancer cells (Zhu et al.
2015). Other TFs that play dominant roles in
cancer do so without becoming themselves
mutant, such as MYC. One exception is the ul-
tra-rare but lethal spindle cell and sclerosing
rhabdomyosarcoma (RMS) (Agaram et al.
2019), where MYOD1 is mutated such that the
amino acid sequence of itsDNA-bindingdomain
becomes identical to MYC (Kohsaka et al. 2014).

Although rare in other cancers, within the
context of prostate cancer, mutations in the TF
androgen receptor (AR) do not result in LOF of
DNA binding, nor are they tumor-initiating
(Taplin et al. 1995; Armenia et al. 2018). AR
mutants arise predominantly in the ligand-
binding domain, where testosterone binds to
activate AR’s recruitment to chromatin, and sub-
stitute amino acids to alter binding to antiandro-
gens, such as bicalutamide or enzalutamide,
thereby evading the therapeutic pressure of an-
drogen deprivation, and sometimes creating tu-
mors that depend on anti-AR ligands for growth
even when AR mutants cause an antagonist-to-
agonist functional switch (Dai et al. 2017).

Mutations in Chromatin Remodeling
Complexes

It is estimated that >20% of human cancers har-
bor mutations in one of the many subunits of the
mammalian SWI/SNF (also known as BAF)
complex (Kadoch et al. 2013). Whereas other
chromatin remodelers are mutated in cancer
(CHD, ISWI, INO80, others), these are numeri-
cally dwarfed by the high frequency of BAF mu-

tants (Valencia and Kadoch 2019). Molecular,
epigenomic, and biochemical studies have been
used to dissect the mechanisms by which the
growing catalog of the BAF alterations in cancer
are causing gene misregulation (Kadoch and
Crabtree 2013; Michel et al. 2018; Valencia
et al. 2019; Centore et al. 2020; Mashtalir et al.
2020; Shi et al. 2020). One important emerging
theme is that because BAF plays diverse roles in a
lineage-specific fashion, mutational studies are
finding that certain cancers are associated with
mutations of specific subunits in thismultimodal
complex. For example, mutations in SMARCB1
disable the BAF complex from properly binding
to the acidic patch of the core nucleosome parti-
cle, resulting in diminished enhancer DNA ac-
cessibility (Valencia et al. 2019). Thesemutations
are likely pathogenic in multiple cancers in-
cluding meningioma, adenocarcinoma, schwan-
noma, and others (Kadoch and Crabtree 2015;
Collord et al. 2018; Pereira et al. 2019; Schaefer
and Hornick 2021). Solid tumors are often de-
fined by BAF mutations with 100% of patients
harboring the hallmark genetic lesion, such as
fusion of BAF subunits SSX with SS18 in syno-
vial sarcoma (also see below) (Kadoch and
Crabtree 2013).

Mutations in Genes Effecting DNA
Methylation and 3D Genome Architecture

Methylation of CpGs have been shown to elimi-
nate CTCF-binding sites inhibiting its insulator
function, which can lead to profound changes in
gene expression by modulating enhancer access
to the gene promoter through regulation of an
enhancer boundary (Bell and Felsenfeld 2000).
The ways human cancers are altering gene regu-
lation through DNA methylation mechanisms is
likely more complex than currently appreciated,
but some clear examples have been elucidated in
tumors harboring deficiencies in DNA methyla-
tion-related enzymes. For example, genes encod-
ing for isocitrate dehydrogenases 1 and 2, IDH1
and IDH2, are mutated in several cancers (Par-
sons et al. 2008; Schnittger et al. 2010; Yang et al.
2012).Mutations in these genes results in a loss of
activity of the enzymatic functionwith lower pro-
duction of α-ketoglutarate (α-KG), combined
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with a GOF, causing an increase in 2-hydroxy-
glutarate (2-HG) levels. 2-HG competes with
α-KG and competitively suppress the activity of
α-KG-dependent dioxygenases, including both
lysine histone demethylases (KDMs) and the
ten-eleven translocation (TET) family of DNA
hydroxylases (Fig. 2B; Yang et al. 2012). This
has been shown to result in hypermethylation
of CTCF-binding sites, with loss of insulation
around the locus of driver oncogenes such as
the PDGFRA gene, resulting in high expression
and kinase activity in glioma (Flavahan et al.
2016). Similarly, SDH-deficient gastrointestinal
stromal tumors (GISTs) also exhibit the hyper-
methylation phenotype, resulting in a lineage-
specific enhancer acting out-of-bounds, in this
case driving up oncogenic levels of different ki-
nases, FGF4 at one locus and KIT at another
(Flavahan et al. 2019). The emerging theme
here is that lineage-specific TFs driving SEs can
become tumorigenic when global hypermethyla-
tion removes the topological guardrails on chro-
matin folding. This is an elegant example of
an activation of a known glioma oncogene
through loss of a topologically associated domain
(TAD) boundary function through aberrant
methylation as a result of a single-nucleotide so-
matic variant.

Mutations in Chromatin Readers, Writers, and
Erasers

Another sizable class of cancer-causing muta-
tions arises in proteins that read, write, and erase
histone modifications. The result is a mis-read-
ing, mis-writing, mis-erasing, and, ultimately, a
mis-interpretation of epigenomic information
(Chi et al. 2010).

Mutant Epi-Writers

Histone modifications are generally divided into
active marks such as H3K27ac, and gene repres-
sive marks such as H3K27me3. Because of this,
generally the enzymes thatwritemarks associated
with active chromatin are considered activat-
ing epi-writers (i.e., CPB/p300, which catalyze
H3K27→H3K27ac) or repressive epi-writers
(i.e., Enhancer of Zeste 2 Polycomb Repressive

Complex 2 Subunit [EZH2], which catalyzes
H3K27→H3K27me3). The repressive epi-writer
EZH2 is part of the Polycomb Repressive Com-
plex 2 (PRC2) and is recurrently mutated in 21%
of diffuse large B-cell lymphomas (Morin et al.
2010). Most commonly, the mutation occurs at
Y641 that resides in the SET domain, which is the
enzymatic pocket responsible for adding methyl-
ation to lysine substrates (McCabe et al. 2012).
Biochemical studies revealed that lymphomas
with this mutation experience a GOF effect on
PRC2 and global increases in H3K27me3 levels,
resulting inwidespread repressionof gene expres-
sion, blocking B-cell differentiation (Shen and
Vakoc 2015). The path to cancer is not one sided
for the PRC2 complex, as LOF can also cause
cancer; for example, deletion of EZH2 or another
PRC2 subunit, SUZ12, is frequent in malignant
peripheral nerve sheath tumors (MPNSTs), re-
sulting in complete loss of H3K27me3 and un-
checked proliferation (De Raedt et al. 2014).
Thus, PRC2 can contribute to cancer as either a
gained mutant oncogene, or a lost tumor sup-
pressor, a duality that no doubt reflects different
roles of PRC2 in varied cancer cells of origin
(Piunti and Shilatifard 2016).

Mutant Epi-Readers

MLLT1 super elongation complex (SEC) subunit
(protein ENL) is a chromatin reader of the SEC
that recognizes histone acetylation using its
YEATS domain. The SEC suppresses transient
pausing of the RNA polymerase II, increasing
transcription (Lin et al. 2010). Approximately
5%of patientswithWilms tumors haveGOFmu-
tations clustered in the Yaf9, ENL, AF9, Taf14,
Sas5 (YEATS) reader domain, which results in
increased expression of genes that favor a prema-
lignant cell fate (Wan et al. 2020).

Mutant Epi-Erasers

Among the epigenetic erasers, it is a curious fact
that, very rarely, are the erasers of histone acet-
ylation (HDACs) mutated, whereas mutations
of erasers of lysine methylation (KDM proteins)
are found much more commonly (Dawson
2017; Donaldson-Collier et al. 2019; Han et al.
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2019; Wang and Shilatifard 2019). KDM mu-
tants are thought to cause methylation im-
balances that provide a more promiscuous
epigenome with increased access to genetic pro-
grams (Flavahan et al. 2017), and our perspec-
tive on the negative data suggesting a lack of
commonly observed HDAC mutants is that
these enzymes are under more acute and puri-
fying negative selection pressure, preventing
their accumulation in cancer, because they are
essential to global gene transcription (Gryder
et al. 2012, 2019c).

Large-Scale Alterations that Alter Chromatin
Machinery

Some cancers, for example sarcomas and pedi-
atric cancers, have a low somatic mutational
burden of <0.5 per megabase despite their ag-
gressive nature (Pugh et al. 2013; Brohl et al.
2014; Shern et al. 2014). Many of these cancers
with simple genomes are driven by translocation
events with the production of chimeric or fusion
oncogenes (Aplan et al. 2021). Chromosome
translocation within the cancer genome can
lead to the juxtaposition of two regions that
would ordinarily not be collocated leading to
oncogenic transformation through profound al-
terations of the chromatin landscape (Kadoch
and Crabtree 2013; Boulay et al. 2017; Gryder
et al. 2017, 2019a). This could be through the
generation of novel in-frame oncogenic chime-
ric protein and/or the relocation of an intact
gene to cis sites near active promoter/enhancer
elements of a partner gene leading to increased
or aberrant expression of the intact gene (Battey
et al. 1983; Kadoch and Crabtree 2013; Boulay
et al. 2017; Gryder et al. 2017, 2019a; Lancho and
Herranz 2018). Although fusion events can ac-
tivate kinase genes such as BCR-ABL fusions in
CML or ALL or ALK fusions in solid tumors,
which ultimately lead to transcriptional dys-
regulation through their downstream effects on
chromatin content and architecture, it will not
be discussed further (Salesse andVerfaillie 2002;
Nambiar et al. 2008).

Chimeric TFs often have an ordered DNA-
binding domain of a protein that anchors it to
specific regions of the genomes, with a partner

protein that is intrinsically disordered leading
to multimerization and physiological liquid–
liquid phase separation. This results in the
coalescence of the transcription machinery
around the target region, which has been de-
scribed to lead to subsequent opening of chro-
matin and alteration in the expression of target
genes in disease states (Couthouis et al. 2011,
2012; Kwon et al. 2013; Schwartz et al. 2013).
Examples of ordered DNA-binding domains of
TFs with the disordered domains of proteins
include the t(2;13) translocation leading to the
generation of the PAX3-FOXO1 in fusion-pos-
itive RMS and the t(11;22) translocation leading
to the generation of EWSR1-FLI1 in EWS (Fig.
3A,B).

In RMS, the t(2;13) fusion results in the ex-
pression of the PAX3-FOXO1 fusion gene that
acts as a pioneering factor and activates a core
regulatory TF circuitry locking the cells in a
myoblastic state (Gryder et al. 2017, 2019a). In
EWS, gene expression is altered through the re-
cruitment of the BAF complex by the EWS-FLI1
fusion protein to tumor-specific enhancers
through phase transitions by the prion-like re-
gions in the intrinsically disordered domain of
EWSR1 (Boulay et al. 2017). In synovial sar-
coma, which is associated with t(X;18) translo-
cations, the SS18 gene on chromosome 18 joins
on one of three synovial sarcoma X (SSX) genes
(SSX1, SSX2, or rarely SSX4) on the X chromo-
some. In the SS18-SSX chimeric protein, almost
the entire SS18 protein is retained except the last
eight amino acids, which are replaced by the 78
amino acids from the carboxy terminal of SSX, a
very disordered region (Fig. 3C). Recent work
has shown that the oncogenicmechanismof this
fusion is displacement of a tumor-suppressing
subunit from the SWI/SNF chromatin-remod-
eling complex with subsequent altered expres-
sion of pluripotency genes (Kadoch and Crab-
tree 2013) through changes in the BAF complex
(Fig. 3D).

In general, TFs appear to select for highly
disordered fusion partner proteins (Fig. 3E),
such that the combination of a highly structured
domain (i.e., DNA-binding domain of a TF) and
a disordered domain creates an enhanced
capacity for transcriptional condensate forma-
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tion, thus accelerating transcription in an
uncontrolled manner (Fig. 3F). It is hypothe-
sized that the resultant changes of the chromatin
composition at the target regions alter the epi-
genetic landscape of the cell that lock the cells in
a blast- or stem-like state (Gryder et al. 2017,
2019a). These fusion TFs cause higher-order to-
pological alteration, such as in PAX3-FOXO1-
driven RMS where the fusion oncogene creates
disease-specific TADs and H3K27ac-mediated
promoter/enhancer loops in compartments
ranging from 200 kb to 1.5 Mb in size (Gryder
et al. 2019a).

Copy Number Gains and Losses of Chromatin
Machinery Genes in Cancer

MYC/MYCN Gene Amplifications

The MYC family of TFs are a basic helix-loop-
helix transcription-leucine zipper (bHLH-Zip)
factor family whose members dimerize with
MAX and bind to specific DNA sequences
called E-boxes and has been referred to as the
master regulator of the cancer epigenome and
transcriptome. It is activated in up to 70% of
human cancers by posttranslational modifica-
tion or overexpressed through gain or amplifi-
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(q24;q12) highlighted in green and blue. (B) PONDR score of disorder by amino acid number for PAX3 and
FOXO1, with the portions found in fusion oncogene-positive rhabdomyosarcoma t(2;13)(q35;q14) highlighted
in red and brown. (C) PONDR score of disorder by amino acid number for SS18 and SSX1, with the portions
fused in t(X;18)(p11.2;q11.2)-positive synovial sarcoma highlighted in orange and purple. (D) Model of BAF
dysfunction in synovial sarcoma, where fusion oncogene SS18-SSX disrupts BAF47 incorporation and hinders
proper assembly of the complete BAF complex. (Panel D adapted from data in Kadoch and Crabtree 2013.) (E)
Violin box plot of mean PONDR scores among plasma membrane proteins, peroxisome proteins, transcription
coactivators, transcription factors, PAX fusion partners, and FET RNA-binding proteins. (Panel E adapted from
data in Gryder et al. 2020.) (F) Illustration of the cooperation between structured and disordered protein partners
commonly found in chromatin-bound oncogenes, and their potential role as contributors to aberrant transcrip-
tional condensates.
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cation of DNA (Dang 2012). MYC recruits his-
tone acetyltransferases (HATs) including lysine
acetyltransferase 2A (KAT2A) and two related
coactivators CBP/p300 that acetylate lysine res-
idue on histone tails leading to a more open
chromatin, promoting recruiting of the tran-
scriptional machinery and increased expression.
More broadly, MYC–MAX complexes interact
directly or indirectly with chromatin-modifying
cofactors including chromatin writers, readers,
and erasers (Poole and van Riggelen 2017).

SMARCB1 Deletions

The SWI/SNF subunits have been found to be
mutated in 20% of cancers. For example, the
SMARCB1 subunit consisting of INI1/SNF5/
BAF47 is inactivated in the large majority of
rhabdoid tumors (Kim and Roberts 2014). Al-
though SMARCB1, components of the BAF and
PBAF complex, may contribute to alterations in
canonical cancer pathways, these complexes
bind to the promoters and enhancers of about
one-third of all genes, and thus it is likely that
LOF mutations such as deletions will lead to
context-specific changes in pathways specific
to that lineage (Nakayama et al. 2017). Loss of
SMARCB1 leads to oncogenesis through en-
hanced SWI/SNF occupancy at SEs while dis-
rupting SWI/SNF binding at typical enhancers
that are needed for differentiation (Wang et al.
2017).

RB1 Deletions

The RB Transcriptional Corepressor 1 gene
(RB1) is mutated or deleted in ∼7% and the RB
pathway disrupted in >30% of all cancers (Knud-
sen et al. 2020). RB blocks cell-cycle progression
by repressing the E2F target gene transcription
through the recruitment of transcriptional co-
repressors and/or chromatin remodeling protein
factors, including HDAC and SWI/SNF, at pro-
moter regions (Talluri and Dick 2012). RB also
recruits Brm or BRG1 through their LXCXE do-
mains, repressing gene expression and inducing
cell-cycle arrest. RB also binds to histone meth-
yltransferase and demethylases, and DNAmeth-
yltransferase 1 (DNMT1), which promotes the

RB-dependent regulation of gene expression
by changing the chromatin structure to a repres-
sive form near the pRB-E2F target promoters
(Talluri and Dick 2012). Thus, RB pathway dis-
ruption leads to loss of tumor-suppressive activ-
ity through epigenetic mechanisms.

ALTERATIONS OF CIS-REGULATORY
ELEMENTS IN CANCER

The majority of the human genome is noncod-
ing, and what was once largely considered to be
“junk DNA” with little function has become
the focus of intense study. The ENCODEproject
“wrote the eulogy” for the concept of junk DNA
in 2018, proposing that as much as 80% of the
noncoding space has the potential for biological
function (Gerstein et al. 2012). Functions of
noncoding DNA include (1) cis regulation of
gene expression, driven primarily by transcrip-
tion factor-binding sequences, (2) noncoding
RNA transcripts, and (3) structural, architectur-
al, and mechanical features of certain DNA
sequences. In cancer, the two emerging mecha-
nisms that strictly involve noncoding variation
are small mutations that cause gain or loss of TF
binding and large structural alterations that al-
low proto-oncogenes to gather a strong boost in
transcription by enhancer hijacking.

Small Mutations Altering Transcription Factor
Binding

It is striking that the majority of disease-asso-
ciated mutations identified in genome-wide
association studies (GWAS) are in noncoding
regions (Edwards et al. 2013). While full func-
tional validation of causality is sparse for the
catalog of GWAS hits, there are a few examples
where a direct link to cancer has beenmade. Yet,
an early clue resides in the observation that 93%
of single-nucleotide polymorphisms (SNPs) are
found in a noncoding space, and these SNPs are
found most frequently in enhancers, especially
in clusters of interconnected enhancers with un-
usually high occupancy of chromatinmachinery
known as SEs (Whyte et al. 2013).

A prominent example of this mode of action
was discovered in childhood neuroblastoma
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(NB) in which the expression of GATA3, which
is highly expressed and a core regulatory
TF (Durbin et al. 2018b), is altered by a SNP
rs2168101 (G >T). This alteration disrupts an
SE by removing a GATA-binding site, thereby
reducing LMO1 protein levels and conferring
reduced risk of disease (Oldridge et al. 2015).

Whereas GWAS is designed largely to detect
germline mutations that predispose to a disease
state, a few examples of somatically acquired mu-
tations have been described that recurrently alter
TFbinding todrive cancer.Thefirst suchexample
was found inmelanoma,first as germline/familial
mutation, then as a somatic mutation in sporadic
melanoma,where a single SNP in thepromoterof
theTERT gene creates a binding site for ETS fam-
ily TFs to increase TERTexpression and drive the
disease (Horn et al. 2013). A longer-range poly-
morphism was soon thereafter reported in T-cell
acute lymphoblastic leukemias (T-ALLs) where a
small insertion, 2–18 bp in length, was somati-
cally acquired in some tumors, seeding a de
novo SE 7500 bp distal to the TAL1 gene (Man-
sour et al. 2014). The recurrent theme among
insertions at this site is the addition of a sequence
recognizable by theMYBTF, now recognized as a
critical oncogenicTFdriving thisT-ALLviacom-
plex formation with TAL1 across that cancer’s
epigenome (Mansour et al. 2014).

Howwidespread are small variants that alter
the cis regulome? Each cancer epigenome has
upward of 20,000 enhancers, many of which
are specific to the disease state (Akhtar-Zaidi
et al. 2012; Morrow et al. 2018; Zhang et al.
2020), but most of these have not yet been linked
to an obvious and recurrent causal SNP or IN-
DEL. Yet, some recent studies indicate these
events are in fact widespread, and often effect
TFs that are involved in the etiology and lineage/
origin of the cancer type. Studies in ovarian can-
cer have uncovered a diversity of somatic muta-
tions in several distinct enhancers, all of which
converge on the PAX8 pathway (Corona et al.
2020). A catalog of INDELS found in H3K27ac
data revealed that, in a diverse collection of can-
cer types, many important oncogenes have en-
hancers with a somatically altered sequence, and
those that have been investigated directly alter
oncogene expression (Abraham et al. 2017).

These kinds of alterations are invisible to exome
or targeted sequencing efforts, including copy
number assessment. Thus, in cancers with no
obvious protein coding mutation, perhaps espe-
cially some childhood cancers, explanatory
driver events could be sought by diligent inves-
tigation of noncoding variants.

Large Structural Alterations Causing Enhancer
Hijacking

Structural alterations can not only result in the
production of chimeric proteins, as discussed
earlier, but also result in the juxtaposition of
whole genes that are normally not expressed to
regions near enhancers that are naturally active in
the cell of origin of that cancer, a term known as
enhancer hijacking (Weischenfeldt et al. 2017).
This is particularly noted in B- or T-cell lym-
phoid malignancies where MYC translocate to
IG or TCR regions that are highly active in the
respective cell lineage or origin resulting in the
hijacking of these enhancers and activation of
MYC expression (Ryan et al. 2015). Another ex-
ample is salivary gland acinic cell carcinoma
(AciCC), which has a recurrent t(4;9)(q13;q31)
translocation that brings the active enhancer
regions from the SCPP gene cluster to the region
upstream of Nuclear Receptor Subfamily 4
Group A Member 3 (NR4A3) at 9q31 (PMID:
30664630). Overexpression of NR4A3 target
genes increases cell proliferation and is thought
to be part of the oncogenic mechanism (Haller
et al. 2019). A further example is in medulloblas-
tomawhere disparate genomic structural variants
lead to activation of the growth factor indepen-
dent 1 family proto-oncogenes, GFI1 and GFI1B
(Northcott et al. 2014). InRMS, the t(2;13) fusion
event, which results in the expression of PAX3-
FOXO1, is driven by enhancer hijacking of the
translocated FOXO1 SE to the PAX3 region re-
sulting in continual expression of the fusion gene
(Gryder et al. 2020).

Large Focal Structural Alterations of Enhancer
Amplification

Noncoding amplification of regions containing
enhancers or SEs have been shown to increase
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transcription of oncogenes including the control
of MYC expression reported in lung adenocar-
cinoma and endometrial carcinoma (Zhang
et al. 2016) and in castrate-resistant prostate
cancer an amplification of an AR enhancer
located 650 kb centromeric of AR leads to its
overexpression (Takeda et al. 2018). Recently,
somatic SE duplications and hotspot mutations
have been shown to lead to oncogenic activation
of the oncogenic KLF5 TF in squamous cell car-
cinomas (Zhang et al. 2018).

Extrachromosomal Focal Alterations Involving
Oncogenes and Their Regulatory Elements

Genomic fragmentation events can circularize via
non- or micro-homologous end joining and be
propagated as extrachromosomalDNA (ecDNA)
at massive copy number (10–200 copies per cell),
which are typically 1–3 Mb in size (Verhaak et al.
2019). They autonomously replicate and are sub-
ject to non-Mendelian segregation during cell di-
vision. Also known as “double minutes,” ecDNA
was first observed in cancer cells in the 1960s
(Mark 1967) and ecDNA amplifications are
now estimated to occur in 14% of all human can-
cers (Kim et al. 2020). They are particularly prev-
alent in aggressive cancers notoriously difficult to
treat, including glioblastoma, NB, and medullo-
blastoma (Kim et al. 2020). Numerous active en-
hancer elements undergo selection on ecDNA
and engage the oncogene in a novel 3D confor-
mation, mediating high expression of the onco-
gene (Fig. 4).

Functional studies using CRISPRi revealed
that nearly every enhancer incorporated on cir-
cular ecDNA functionally contributes to prolif-
erative fitness (Morton et al. 2019). Although
double minutes have been observed for decades,
it has not been appreciated that the regulatory
DNA sequences in addition to oncogenes on
double minutes are important. These findings,
corroborated by multiple laboratories (Morton
et al. 2019; Wu et al. 2019; Helmsauer et al.
2020), indicate that circular DNAs in tumor
cells are not simply carriers of oncogenes. Rath-
er, the circular DNA is awholly functional entity
with a unique topological configuration, free
from highest-order chromosome-level 3D con-

straints, that drives tumor growth. Additionally,
this finding shifts the 40-yr research paradigm
that oncogenes on DNA amplifications are the
sole drivers of cancer and points to a repertoire
of enhancers as additional crucial contributors.

Aneuploidy, Gene Expression, and Nuclear
Structure in Cancer

Aneuploidy is defined as a state in which a cell
contains abnormal numbers of chromosomes.
Germline aneuploidy is a cause of diverse genet-
ic syndromes, most commonly three copies,
such as chromosome 21 trisomy in Down
syndrome and miscarriages, while somatic an-
euploidy is found in nearly 70% of cancers.
Interestingly, somatic aneuploidy is unevenly
observed across the spectrum of malignancies.
At the low end of this aneuploid spectrum are
the hematological malignancies, where most ge-
netic alterations occur as chromosomal translo-
cations. For instance, in chronic myeloid leuke-
mia, we can invariably observe a translocation
between chromosomes 9 and 22. The conse-
quence of this translocation is the generation
of a fusion protein that results in increased
tyrosine kinase activity (Koretzky 2007). As
discussed above, in Burkitt lymphoma one can
frequently detect a translocation between chro-
mosome 8 and 14. Here, the MYC oncogene is
brought under the control of the promotor for
the immunoglobulin locus, and is therefore
transcribed more highly than under physiolog-

Circular extrachromosomal
DNA (ecDNA) amplification

A B
Enhancer
Amplified region

Glioblastoma

Neuroblastoma

1–3 megabases

Enhancers

Oncogene
EGFR

MYCN

Figure 4. Extrachromosomal DNA includes (A) cir-
cularizedmegabase scale units that include enhancers
with abnormal topology and a key oncogene. (B) Ex-
amples include extrachromosomal DNAs (ecDNAs)
amplified with enhancers for oncogene EGFR in glio-
blastoma and MYCN in neuroblastoma.
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ical conditions (Wiegant et al. 1991; Atallah-
Yunes et al. 2020). Notably, both examples de-
regulate the expression of a single gene, which,
in hematological cells, is sufficient formalignant
transformation.

The situation in solid tumors, specifically in
those of epithelial origin (i.e., carcinomas) is
very different. These carcinomas are defined
by chromosomal aneuploidies, which result in
an imbalanced number of chromosomes (Heim
and Mitelman 2009; Ried 2009). Other chro-
mosomal aberrations observed commonly in
solid tumors are unbalanced chromosomal
translocations or so-called isochromosomes
consisting of an aberrant chromosome that
contains two identical arms of the parental
chromosome, both mechanisms resulting in
transcriptional deregulation of hundreds to
thousands of genes.

These aneuploidies and the ensuing geno-
mic imbalances are cancer-type specific; for in-
stance, cervical carcinomas invariably carry ex-
tra copies of the long arm of chromosomes 1 and
3 (Heselmeyer et al. 1996). Colorectal carcino-
mas, on the other hand, frequently carry extra
copies of chromosomes 7 and 13, the long arm
of chromosome 8 and 20, along with losses of
chromosome 18 (Ried et al. 1996). These
changes occur in premalignant lesions; for in-
stance, cervical intraepithelial dysplastic lesions
that are ultimately prone to progress already
have extra copies of chromosome 3q (Hesel-
meyer et al. 1996). In the colorectum, those pol-
yps that show progression to invasive cancer
carry extra copies of chromosome 7 (Fiedler
et al. 2019). The reason for this tissue specificity
is not entirely known; however, recent evidence
suggests that the aneuploidies observed in the
respective cancers hard-wire gene expression
levels that are found in the cognate normal tis-
sues (Patkar et al. 2021).

A fundamental question in cancer biology is
how aneuploidies affect the expression levels of
resident genes. In other words, do aneuploidies
target only a few genes or do they affect gene
expression levels of all genes on the aneuploid
chromosomes. This question can now be an-
swered with the advent of global gene expression
analyses based on array-based technologies or by

RNA sequencing (Upender et al. 2004; Wangsa
et al. 2018). Results from extensive global se-
quencing of solid tumors have shown that aneu-
ploidies result in gene expression changes ofmost
resident genes (i.e., function follows form) (Ben-
David and Amon 2020). Therefore, aneuploidies
result in a massive deregulation of the transcrip-
tional equilibrium. This is in strong contrast to
hematological malignancies. These results have
beenconfirmed in experimentalmodels, inwhich
single chromosomes were introduced into karyo-
typically normal cells (Wangsa et al. 2018). The
results were also confirmed in a model system, in
which normal colon epithelium was cultured
under hypoxic conditions (Braun et al. 2019).
These normal colon cells spontaneously trans-
form upon the acquisition of an extra copy of
chromosome 7, mimicking the karyotype of co-
lonic polyps. It is therefore conceivable that ther-
apeutically targeting single genes, as it is possible
with CML using imatinib (Gleevec), is not suffi-
cient to kill cancer cells that are aneuploid. Rath-
er, the aneuploid state needs to be targeted, which
is a formidable task.

Another central question in cancer biology
is how aneuploidy affects nuclear structure. This
question can now be addressed with the advent
of techniques that monitor chromosome con-
formation on a global level, most notably chro-
mosome conformation capture (i.e., Hi-C)
(Ried and Rajapakse 2017). Here, contacts be-
tween chromatin are determined by global se-
quence analysis after fixing interactions with
formalin. The vicinity of chromatin regions is
then determined by the frequency of sequence
contacts (Lieberman-Aiden et al. 2009).

The application of Hi-C to cancer cell lines
(i.e., the colorectal cancer cell line HT-29) re-
vealed a strict structure–function relationship
(Seaman et al. 2017). In fact, the karyotype of
this cell line could be reconstructed from theHi-
C maps (i.e., copy number changes and translo-
cation directly affected nuclear organization).
This was also observed in the above-described
model system of colorectal cancer, in which the
cells acquired an extra copy of chromosome 7
(Braun et al. 2019).

TADs are megabase-long genomic regions
along the contiguous genome that interact
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with each other more frequently than with se-
quences outside the TAD and are enriched for
the insulator-binding protein CTCF (Dixon
et al. 2012) and can be defined by chromosome
conformation capture assays such as Hi-C. Al-
though TADs are generally stable from cell type
to cell type, genomic events such as duplications
of noncoding regions can result in the formation
of new chromatin domains (neo-TADs) that re-
sult in misexpression of genes leading to pro-
found phenotypic effects (Franke et al. 2016).
Of interest, it has been reported that evolution-
arily conserved chromosome loop anchors
are frequently mutated in cancers (Katainen
et al. 2015) and those bound by CTCF and co-
hesin are vulnerable to DNA double-strand
breaks (DSBs) mediated by topoisomerase 2B
(TOP2B) (Canela et al. 2017). In addition, the
frequency of recurrent DSBs at these sites posi-
tively correlates with transcriptional output and
directionality, and may contribute to the occur-
rence of genomics rearrangements such as on-
cogenic fusion events at these transcriptionally
active sites (Gothe et al. 2019). Thus, loop an-
chors are fragile sites where DSBs lead to chro-
mosomal rearrangements, aneuploidy, and al-
terations of the 3D genome.

CHROMATIN MACHINERY ESSENTIAL TO
CANCER IN THEIR NONMUTANT FORM

Large-scale RNAi screens in cancer revealed
critical cancer-specific dependencies (Zuber
et al. 2011). In more recent years, this has been
greatly expanded by CRISPR-Cas9-based ge-
nome editing (Wang et al. 2014; Meyers et al.
2017). Because CRISPR mutagenesis can be
guided to any exon of a gene, special attention
has been given to domain-focused screening of
chromatin regulators and TFs, revealing not
only which chromatin proteins are essential
but which functional domains are contributing
to that essentiality (Shi et al. 2015). This do-
main-focused “biochemistry via genetics” is
critical because most chromatin-associated pro-
teins wear many hats, such as EP300 that is en-
dowed with both a bromodomain, which is an
acetylation reader domain, and a HAT domain
to write the same mark it can read.

The results of these efforts have revealed
three predominant themes: First, a handful of
broadly expressed chromatin coactivator pro-
teins are pan-cancer lethal such as BRD4 (Shi
et al. 2015), CHD4 (Marques et al. 2020), and
SMARCA4 (Dempster et al. 2019). Second, the
selectively essential factors of each cancer sub-
type are predominantly the lineage-specific
master TFs (Reddy et al. 2019), also called core
regulatory TFs, such as PAX5 in chronic lym-
phocytic leukemia (CLL) (Ott et al. 2018),
HAND2 in NB (Durbin et al. 2018a), and
MYOD in RMS (Gryder et al. 2019a). Third,
select cancers with specific mutations have syn-
thetic lethal dependence on nonmutant chro-
matin factors, such as noncanonical SWI/SNF
complex members in BAF-mutant tumors (Mi-
chel et al. 2018).

The first two themes are unified at the chem-
ical–genomic level, as therapeutics that target
these broadly required coactivators (BRD4 and
CHD4/NuRD) selectively impair the function of
core regulatory TFs specific to that cancer. For
example, in RMS, MYOD is the top essential TF
in the disease, and co-binds with BRD4 at vir-
tually every SE, and BET inhibitors selectively
shut down the genes that are SE driven (Gryder
et al. 2017, 2019b). A straightforward means to
identify the cell-type-specific TFs that are re-
cruiting BRD4 to enact their oncogenic enhanc-
er network can be by motif analysis of BRD4
peaks, which report the TFs that direct its posi-
tioning at enhancers and SEs. BRD4, HDACs,
CPB/p300, EZH2, and many other chromatin-
associated factors are traditionally more amena-
ble to drug discovery than TFs, and represent a
key strategy to drugging chromatin for antican-
cer benefit (Filippakopoulos et al. 2010; Del-
more et al. 2011; Roe et al. 2015; Lasko et al.
2017; Chen et al. 2018; Gryder et al. 2019b).

OUTLOOK

Chromatin machinery controls gene expression
and its deregulation has a central role during
carcinogenesis. The manifestation of epigenetic
errors leading to cancer can be thought of as
either an inability to differentiate along a prede-
fined lineage path, or a hyperactive, highly pro-
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liferative state with addiction to high levels of
transcriptional output (Bradner et al. 2017).
These are not mutually exclusive, as poorly dif-
ferentiated (or stem-cell-like) cells in normal
human biology often have a proliferative advan-
tage (Burdon et al. 2002). Maintenance of these
abnormal states can be attributed to a lack of
transcriptional control, or an inability of chro-
matin to properly respond to external cues, to
leading to a loss of cellular homeostasis (Flava-
han et al. 2017). Many of the mutations summa-
rized above are selected for in cancer because
they lead to these same phenotypic outcomes.
Future research should be directed toward an
understanding of structure–function relation-
ships in cancer cells. Knowing how cancer ge-
nome-specific aberrations affect chromatin and
gene expression is essential for a fundamental,
systematic understanding of cancer biology, and
for developing novel potent precision therapies
for cancer.
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