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ABSTRACT
◥

MYC is embedded in the transcriptional oasis of the 8q24
gene desert. A plethora of genomic elements has roles in MYC
aberrant expression in cancer development by interacting with
transcription factors and epigenetics regulators as well as
altering the structure of chromatin at the MYC locus and
tissue-specific long-range enhancer–promoter contacts. Fur-
thermore, MYC is a master regulator of several human cancers

by modulating the transcription of numerous cancer-related
genes through epigenetic mechanisms. This review provides a
comprehensive overview of the three-dimensional genomic
organization around MYC and the role of epigenetic machinery
in transcription and function of MYC as well as discusses
various epigenetic-targeted therapeutic strategies in MYC-
driven cancers.

Introduction
Myelocytomatosis proto-oncogene (c-MYC) is one of the scarce

protein-coding genes located in human chromosomal band 8q24, a
region known as gene desert (1). The expression ofMYC is regulated by
several enhancers located in the 2.8 Mb topologically associating
domain (TAD) on chromosome 8q24 where MYC is also located (2).
Transcription of MYC mediates from four alternative promoters (P0,
P1, P2, and P3; ref. 3). Also, a G-quadruplex–forming sequence is
located upstreamof the P1 promoter that accounts for the regulation of
MYC expression (4, 5). The large clusters of enhancers at both sides of
MYC mediate tumor-specific chromosome looping with promoters.
The presence of a conserved CCCTC-binding factor (CTCF) binding
site 2 kb upstream of MYC, known as enhancer-docking site, is
necessary for forming enhancer–promoter loops (2, 6). Inactivation
of this element can perturb the chromosome looping and result in a
reduction of MYC expression (7). Furthermore, multiple lines of
evidence have shown several chromatin-associated long noncoding
RNAs (lncRNA) have roles in transcriptional regulation of MYC
through the promotion of chromosome looping and regulation of
polycomb repressive complex (PRC) subunits function possibly
through forming triple helix structures (8–10).

Similar to the other members of MYC super-transcription factor
family (MYCL andMYCN), c-MYC contains a basic helix–loop–helix
leucine zipper domain, which is essential for its functional form
through heterodimerization with MYC-associated factor X (MAX;
refs. 11, 12). c-MYC regulates the transcription of numerous cancer-

related genes via binding to the conserved DNA sequences of their
promoter called E-boxes (13, 14). Hence, mutations and dysregulation
in MYC expression are the hallmark of up to 70% of all human
cancers (15–17) and implicated in the regulation of cell-fate decisions
including cell cycle, proliferation, apoptosis, and metabolism (18–20).
MYC functions also as a regulator of the cancer epigenome
by recruitment of chromatin modifiers including histone acetyl-
transferase (HAT) complexes and ATP-dependent chromatin-
remodeling complexes to whether activate or prevent the transcription
of target genes (21–23).

MYC is an “undruggable” target, which means it cannot be targeted
pharmacologically (24, 25). Because of the importance of epigenetic
machinery in the regulation ofMYC expression and function in cancer
cells, conspicuously regulation of epigenetic modifiers that alter the
DNA and chromatin structure show signs of promise toward MYC-
induced cancer therapy.

This revised view tries to shed light on the complexity of regulation
ofMYC expression with insights of chromatin landscape and genomic
elements as well as roles of epigenetic-targeted therapeutic strategies in
MYC-driven cancers.

Genome Organization around MYC
MYC is a key transcription factor that controls the expression of a

variety of genes involved in the cell cycle, cell growth, differentiation,
transformation, genomic stability, and angiogenesis by binding to their
regulatory sequences (26, 27). PreciseMYC expression has also a vital
role in facial morphogenesis, which is influenced by the intact function
ofmultiple enhancers ofMYC (28).MYC is embedded inside the TAD,
a region with multiple regulatory elements including a large specific
super-enhancer (comprising a set of enhancers) and several CTCF-
binding sites (subTADs) upstream of MYC promoter (2). It is note-
worthy that genome-wide association studies (GWAS) showed that
many genetic variants located at 8q24 influence the expression levels of
MYC and increase individuals’ susceptibility to several diseases espe-
cially cancer by abrogating promoter–enhancer interactions (29, 30).
In this view, a recent study has shown that rs4645948 (C>T) and
rs2071346 (G>T) that are located in 50-untranslated region (UTR) and
intron of MYC, respectively, might put individuals at higher risk of
nasopharyngeal carcinoma development. Moreover, rs4645948 might
exert a regulatory effect onMYC active promoter region, as individuals
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with CT and TT genotypes expressed higher levels ofMYC, leading to
nasopharyngeal carcinoma progression (31). Interestingly, recent
evidence has shed some light on the role of rs6983267 located in the
gene desert aroundMYC, in colorectal and prostate cancer pathogen-
esis. Further study has unveiled that rs6983267-containing region is
significantly associated with colon and prostate cancer through inter-
acting with MYC promoter and regulating its expression (30, 32).
Intriguingly, being located 330 kb from the c-MYC gene, within TCF4
binding site, rs6983267, could increase the susceptibility to colorectal
cancer by potentiating TCF4 binding and upregulation of c-MYC in
a cis-regulatory manner (33). Also, a GWAS study has revealed
several ovarian cancer–associated SNPs map to 8q24. It has been
shown that rs1400482 with the major allele G is strongly associated
with increased risk of ovarian cancer, especially serous ovarian cancer
(P¼ 2.5� 10–13; ref. 34). Furthermore, a study on patients with non-
Hodgkin lymphoma suggested that the frequencies of GG genotype at
rs121918684 and CC genotype at rs775522201 at c-MYC locus were
strongly associated with disease development (35). In contrast, neither
rs4645943 C > T located 2 kb upstream MYC transcription start site
nor rs2070583 A > G located at 30 UTR of MYC were associated with
different cancers risk in Chinese population (36–38). Chromatin state
and chromosome conformation mapping of K562 cells by clustered
regularly interspaced short palindromic repeats (CRISPR) interference
(CRISPRi) identified seven enhancers (e1–e7) along with two repres-
sive elements (r1, r2) within 1.2 Mb sequence of MYC that probably
repress MYC expression. Moreover, high-throughput chromosome
conformation capture (Hi-C) and chromatin interaction analysis by
paired-end tag (ChIA-PET) in K562 cells revealed that each enhancer
may interact with MYC promoter (39). Correspondingly, Hi-C anal-
ysis of GM12878 and CD34þ cells showed that enhancers and MYC
promoter interact with each other in three-dimensional (3D) spaces.
These interactions occur within 1 Mb surroundingMYC in GM12878
cells, whereas in CD34þ cells, they are limited to the downstream
region of MYC (40). MYC probably has a transcriptional enhancer
activity as well as autonomously replicating activity in a positive
feedback manner in human cells such as HL-60 by binding to an
autonomously replicating sequence (ARS) located upstream of MYC
coding region (41). A region known as a super-enhancer is also located
1.7 Mb downstream of MYC and plays a crucial role in both normal
hematopoiesis and leukemia stem cell hierarchies. Disruption of this
super-enhancer was shown to lead to the downregulation of MYC in
hematopoietic stem cells, and thereby increase of differentiation-
arrested multipotent progenitors (42, 43). Recently, this super-
enhancer region has been renamed as a blood enhancer cluster
(BENC), which is conserved among mice and humans and may cause
leukemia by modulatingMYC expression (2, 43). During mice hema-
topoiesis, BENC regulates MYC expression by increasing the chro-
matin accessibility and interacting with MYC promoter in a three-
dimensional loop manner. Correspondingly, mice with a homozygous
deletion in BENC demonstrated a significant reduction in bone
marrow cellularity, self-renewal, proliferation, and differentiation of
hematopoietic stem cells (Fig. 1; refs. 2, 43). Injection of polyinosinic:
polycytidylic acid [poly(I:C)] into acute myeloid leukemia (AML)–
induced mice model to impair BENC activity caused leukemia onset
delay and overall survival increase, which confirms the essential role of
BENC in controlling MYC expression (43). An increasing body of
evidence also revealed a gene desert on chromosome 8q24 close to
MYC oncogene, comprising several risk loci to multiple cancers
including myeloma, chronic lymphocytic leukemia, pancreatic,
thyroid, bladder, prostate, breast, and colon (44–47). Taken togeth-
er, it is noteworthy that the expression of MYC is regulated via its

promoter interaction with several cis-regulatory elements, and any
disruption in these interactions may result in severe disorders
especially cancer (33, 48).

Chromatin Remodeling through MYC
MYC has been known as a central regulator of the transcription

process through chromatin remodeling (22). MYC exerts its effect
through recruiting two major protein complexes including HAT
complexes and ATP-dependent chromatin-remodeling com-
plexes (21). MYC interacts with multiple HATs such as Gcn5-related
N-acetyltransferase (GCN5), and tat-interactive protein 60 (Tip60) via
transformation/transcription domain–associated protein (TRRAP;
Supplementary Fig. S1; refs. 49, 50), which is a subunit of the HAT
and acts as an essential cofactor in MYC–HAT interaction (51).MYC
promotes chromatin reposition from the nuclear periphery, and
thereby chromatin decondensation via HAT-mediated histone acet-
ylation (52). Also, MYC induces acetylation of several lysine residues
including H3K14, H3K18, H3K9, H4K5, H4K12, and significantly
H4K8 andH4K9, on its target promoters (53). Accumulating evidence
revealed that MYC also interacts with other HATs such as GCN5/
PCAF and p300/CREB-binding protein (P300/CBP; refs. 54–56).
General loss of histone acetylation, increasing histone methylation,
and chromatin condensation in N-myc null cerebellar granule neural
progenitors (CGNPs) probably highlight the fundamental role ofMYC
in chromatin remodeling through histone acetylation (23). Following
the creation of c-Myc-knockdown model (Raji-KD) the cyclin-
dependent kinase 1 (Cdk1) and cyclin B1 expression decreased sig-
nificantly, and caused G2–M arrest. Therefore, the Raji-KD study
showed that c-MYC plays a fundamental role in regulating CDK1/
cyclin B1–dependent-G2–M cell-cycle progression by recruiting
TIP60/males absent on the first (MOF) to acetylation of H4 (57).
Furthermore, there are some reports about the relationship of MYC
with chromatin-remodeling processes via interaction with INI1
(SMARCB1/hSNF5/BAF47) a core member of the SWItch/Sucrose
Non-Fermentable (SWI/SNF) chromatin-remodeling complex (58). It
was also shown that the basic helix–loop–helix region associated with
MYC interacts with INI1 repeat 1 (Rpt1) to chromatin organization
and transactivation in an ATP-dependent manner (59). On the other
hand, following B-cell differentiation, chromatin interactions are
limited to predominantly short-range contacts within increased
CTCF-mediated loops. Significant reduction in loop contacts in
Myc�/� and oligomycin-treated cells emphasized on probable effects
ofMYC in SWI/SNF–mediated chromatin remodeling (52). Evidence
showed that the 3D remodeling of the genome and intradomain
interactions might be influenced by ncRNAs (60, 61). CCAT1-L, a
colorectal cancer–specific lncRNA is transcribed from a distal enhanc-
er, and is located 515 kb upstream MYC. CCAT1-L facilitates chro-
mosome looping andMYC promoter–enhancers interactions by inter-
acting with CTCF (62). These findings shed some light on the crucial
role of MYC in regulating chromatin shape in a 3D structure.

Regulatory Genetic and Epigenetic
Mechanisms Mediating Tumor
Progression

It is becoming increasingly clear that perturbation inMYC expres-
sion is associated with immune disorders includingmyasthenia gravis,
psoriasis, pemphigus vulgaris, and atherosclerosis as well as a broad
spectrum of cancers (16, 63–65). Evidence showed that several pro-
cesses including chromosomal rearrangement, gene duplication,
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noncoding RNAs (ncRNA; lncRNAs, miRNAs, etc.; Supplementary
Table S1), enhancer disruption, disturbance inCTCF-binding site, and
DNA modification (DNA methylation and histone acetylation, etc.)
are involved in MYC expressions’ dysregulation. Interestingly, it was
reported thatMYC expression is controlled both at transcriptional and
posttranscriptional levels (66, 67).

Transcriptional Regulation of MYC
Expression
MYC rearrangements

MYC rearrangements have been identified in several types of
leukemia and lymphoma (68–70). Chromosomal translocation
(8;14)(q24;q11) (MYC and immunoglobulin heavy chain) has been
long linked to Burkitt lymphoma through MYC overexpression (71).
MYC rearrangement alongwith JAK2V617Fmutationwas reported in
two patients with myelodysplastic syndrome/acute myeloid leukemia
(MDS/AML; ref. 72). Recently, t(8;14)(q24;q32) IGH/MYC translo-
cation was identified in three adult cases with B lymphoblastic
leukemia/lymphoma (B-ALL/LBL) along with Burkitt lymphoma–

like morphology (73). Consistently, the study of bone marrow trans-
plantation in murine stem cell virus model showed that Myc induced
AML in all transplanted mice with antiapoptotic mutation, whereas
AML/ALL mixture was seen when apoptosis was inhibited (74).

CTCF elements
Mechanisms underlying enhancer–promoter transactivation

remain to be fully elucidated. However, accumulating research has
shown that CTCF-binding motifs inside the MYC TAD have strong
insulation ability in the separation of adjacent regions andmediate the
formation of physical contacts that involve DNA looping between
enhancers and MYC’s promoter to activate its expression (7, 75, 76).
Strikingly, deletion of the CTCF-binding site located 2 kb upstream of
theMYC promoter suggested that this site plays a role in the protection
of the promoter from DNA methylation, but may not play a role in
inhibiting transcription (77). Interestingly, the upstreamCTCF-bound
site provides an enhancer-docking site, facilitating the interaction of
transcriptional factors and chromatin complexes to activate and hijack
MYC promoter, which is critical for the proliferation of cancer
cells (7, 77). The enhancer-docking site is a hypomethylated CpG
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Figure 1.

MYC enhancer cluster regulates normal and leukemic hematopoietic stem cells. A, Super-enhancer interacts with MYC promoter, and CTCF–CTCF interaction
generates an insulated TAD, thereby regulatingMYC transcription in a two-dimensional chromatin structure. B, BENC regulatesMYC expression by interacting with
MYC promoter in a three-dimensional loop during normal hematopoiesis. C, BENC disruption causes significant reduction in differentiation of hematopoietic stem
cells and promotes leukemia. A–I, different BENC modules; TTS, triplex target site.

Impacts of MYC on Chromatin Remodeling
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island because the CTCF binding is dependent on the level of DNA
methylation, and is abrogated when it is methylated (7, 78).

NOTCH- and CTCF-binding site
NOTCH1 regulates enhancers and promoters through activation of

CTCF (to mediate the loop structure) and recombination signal
binding protein for immunoglobulin kappa J region (RBPJ) DNA-
binding protein, to facilitate NOTCH binding to the promoter of its
target genes (79).

Notch1-driven MYC enhancer (N-Me), a T-cell specific super-
enhancer that resides approximately 1,500 kb downstream of c-MYC
plays a crucial role in the development of T cells in T-cell acute
lymphoblastic leukemia (T-ALL; ref. 80). The critical role of N-Me
resides in the upregulation ofNOTCH1-inducedMYC expression via a
loop structure with MYC proximal regulatory elements in the path-
ogenesis of T-ALL (81). Accordingly, mice withN-me deletion showed
significant thymic atrophy, and reduction of CD4þCD8þ thymo-
cytes (82). Amplifying NOTCH signaling mediated by NOTCH1
mutation facilitates T-ALL progression. In patients with T-ALL,
NOTCH1 induces the expression of MYC via interacting with N-Me.
N-Me duplication was also reported in some patients with T-ALL,
highlighting the vital role of N-Me in T-ALL pathogenesis (81).
Moreover, different studies disclosed multiple transcription factors
including b-catenin, runt-related transcription factor 1 (RUNX1),
STAT5, and T-cell leukemia homeobox 1 (TLX1), as well as NOTCH
as being associated with N-Me, mediated MYC transcription
regulation (83, 84).

WNT and CTCF-binding site
The stabilization of b-catenin and its translocation into the nucleus

are involved in the canonical wingless (WNT) signaling pathway,
which induces the upregulation of MYC, thereby regulating cellular
proliferation. In the nucleus, b-catenin forms active transcriptional
complexes with themembers of the T-cell–specific transcription factor
(TCF)/lymphoid enhancer-binding factor (LEF) family and facilitates
binding of the active complex to WNT-responsive DNA elements
(WRE) located downstream and upstream of MYC gene (85). WREs
regulateMYC expression via a large chromosomal loop structure with
the MYC proximal promoter mediated by CTCF (86).

BORIS
BORIS (brother of the regulator of imprinted sites) encoded by

CTCF-like (CTCFL) gene, is aberrantly expressed in various
human cancers to promote cell proliferation and survival (87, 88),
and as a mediator of cancer stemness plays an important role in
epithelial-to-mesenchymal transition (EMT) as well as chemoresis-
tance and recurrence (89). BORIS bound DNA at chromatin loop
anchors in regulatory regions enriched with super-enhancers (90).
At the upstream promoter region of MYC, BORIS and its binding
partners, HLA-B–associated transcript 3 (BAT3), a co-chaperone
recruiter, and SET domain-containing 1A (SET1A), an H3K4
methyltransferase, work together toward modifying chromatin con-
formation. It seems that BORIS creates a methylation-independent
binding platform to increase the H3K4 dimethylation level at the
promoter of MYC, leading to MYC upregulation (91).

MYC’s upstream enhancers
Accumulating genomic studies have shown that multiple genetic

markers reside at the 50 end ofMYC in TAD, and are associated with
the risk of several human cancers (92–97). The results of these studies
have indicated different genetic variations, including rs13254738 and

rs6983561 in region 2 (chr8: 127,062,671–127,162,671; refs. 94, 98),
rs6983267 and rs7000448 in region 3 (chr8: 127,389,527–127,458,527;
refs. 94, 98), and rs1447295 and rs10090154 in region 1 (chr8:
127,458,528–127,537,878; refs. 93, 95), to cite a few, located upstream
of MYC and associated with prostate and colorectal (rs6983267;
refs. 32, 99) cancer risk. The existence of epigenetic marks of active
enhancer (active histone modifications including H3K27ac and
H3K4me2 or 3; refs. 100–102) has fueled the concept that these three
independent regions may deem active tissue-specific enhan-
cers (103, 104). Furthermore, recent advances have revealed that the
region 3 plays a medulloblastoma-specific enhancer role because the
MYC amplicon contains this region in this pediatric cancer (105).

Besides, multiple lines of evidence support that in addition to theN-
Me in T-ALL (81, 106), the Notch signaling pathway is able to affect its
direct target, MYC, through B-NDME (for B-cell Notch-dependent
MYC enhancer) in B-cell malignancies (107). B-NDME resides
between regions 2 and 3, approximately 500 kb upstream of
MYC (108). The role of this B-cell lymphoma enhancer is illustrated
by the existence of chronic lymphocytic leukemia (CLL)–associated
SNPs (rs2466024 and rs2456449; ref. 109) as well as H3K27ac marks
interacting with the MYC promoter in small lymphocytic lymphoma
(SLL) and mantle cell lymphoma (MCL; refs. 104, 107). Also, a recent
report has corroborated that NOTCH1 forms 3D spatial clusters, or
“3D cliques,” and impacts upstream enhancers/promoter contacts in
MYC locus in triple-negative breast cancer (110). Altogether, these
results have implied how 50 enhancers along with downstream enhan-
cers contribute to long-range chromatin looping (probably through
transcription factors recruitment like NOTCH1) to hijack MYC
expression in a tumor-specific manner.

G-quadruplex element
Multiple lines of evidence have supported the principal role of

nuclease hypersensitivity element III1 (NHE III1) region of the c-MYC
promoter in the regulation ofMYC. NHE III1 element is located -142 to
-115 nucleotides upstream of promoter 1, and accounts for almost 90%
of c-MYC transcriptional control (111, 112). The region consists of five
consecutive runs of guanine that fashion two intramolecular secondary
structures in each strand, forming a G-quadruplex (G4) structure by
Hoogsteen-base pairing that is stabilized by a monovalent cation such
as Naþ or Kþ, and in the complementary cytosine-rich strand, an i-
motif structure is formed by hemiprotonated Cþ-C base-pairing (113).
However, the formation of the G-quadruplex structure needs higher
Gibbs free energy than B-DNA duplex: the G4 structure of MYC
promoter is highly stable through the existence of i-motif and its
negative supercoiling as well as the stabilizing proteins such as
nucleolin and nucleophosmin (114–116). Strikingly, the G4-forming
sequences are highly conserved and devoid of disruptive SNPs, which
could change the structure (117, 118). In the case ofMYC, the parent
sequence consists of 27 nucleotides (Pu-27). The sequence may be
subjected to further modifications including truncations (Pu-19 and
Pu-18) as well as substitution or subtractions (MYC-2345 and
MYC22-G14T/G23T) to reduce the number of guanines (119).

Forming the G4 secondary structure, NHE III1 deemed a negative
regulator of MYC transcription. The silencer nature of the NHE III1
region G-quadruplex is characterized by the prevention of Sp1 tran-
scription factor binding and its implication in chromatin remodel-
ing (120). Cell signals for MYC expression promote the recruitment
of Sp1 to bind the duplex form of NHE III1 region. Sp1 binding results
in NHE III1 denaturation with two outcomes: first negative super-
coiling to free far upstream element (FUSE) of nucleosomes and melt
it (121); second filling of the G- and C-rich single-stranded regions
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with MYC transcription factors, cellular nucleic acid-binding pro-
tein (CNBP), and RNA-binding protein hnRNP K (122, 123). The
single-stranded FUSE further recruits FUSE-binding protein (FBP)
and FBP-interacting repressor (FIR) to mediate a loop structure
with the promoter region of MYC where transcription factor II H
complex resides, to upregulate and maintain the MYC expression
(Supplementary Fig. S2; ref. 124). Considering the crucial role of the
G4 structure of the NHE III1 repressor element, mutations in
the G4-forming sequence may potentially disrupt the stability of
G-quadruplex (125). Conspiciously, evidence has secured a place
forMYC G-quadruplex structure as a bona fide target for anticancer
therapies. Recent advances in this field have revealed a benefit for
using G4-stabilizing small molecules and proteins (reviewed in
ref. 126) for chemotherapy.

ncRNAs
Studies of transcriptome profile of several tumor samples have

revealed that ncRNAs control the expression of MYC, whereas some
other ncRNAs are regulated by MYC at both transcriptional and
posttranscriptional levels, and thereby induce tumor progres-
sion (10, 127, 128). Correspondingly, 1,273 noncoding transcripts
were detected in B-cell line P493-6 (that overexpressesMYC), among
which, 296 and 238 were significantly upregulated and downregulated,
respectively, by more than 2-fold (P < 0.001). Furthermore, out of
296 upregulated lncRNAs, 8 including differentiation antagonizing
non–protein-coding RNA (DANCR), miR-17–92a-1 cluster host
gene (MIR17HG), small nucleolar RNA host gene 15 (SNHG15),
SNHG16, minichromosome maintenance complex component 3–
associated protein (MCM3AP-AS1), USP2 antisense RNA 1 (USP2-
AS1), KTN1 antisense RNA 1 (KTN1-AS1), and VPS9D1 antisense
RNA 1 (VPS9D1-AS1) were remarkably upregulated by more than
8-fold (127). An increasing body of evidence revealed that distinct
lncRNAs are expressed in the 8q24 gene desert region in different
human tumors (129–131). LncRNA cancer–associated region lncRNA
5 (CARLo-5) is transcribed in the 8q24 gene desert and was shown to
cause colorectal cancer development through inhibiting G1 arrest.
Also, cancer-associated variant rs6983267 mapping to the MYC
enhancer region regulates CARLo-5 expression by direct long-range
interaction of MYC enhancer with CARLo-5 promoter (132).
LncRNA colon cancer–associated transcript 2 (CCAT2) is another
noncoding transcript associated with highly conserved 8q24 region
encompassing colorectal cancer susceptibility variant rs6983267.
CCAT2 induces chromosomal instability, tumor growth, and metas-
tasis in microsatellite-stable colorectal cancer through activating
TCF7L2-mediated WNT and its target genes such as MYC. Further
investigation demonstrated that CCAT2 exerts its metastatic effects
through increasing two miRNAs including miR-17–5p and miR-20a,
which are located downstream of MYC. Accordingly, subcutaneous
transplantation of CCAT2-overexpressing HCT116 cells in Swiss
nu-nu/Ncr nude mice induced larger tumors in comparison with
empty vector–transduced cells, while its injection into the spleen
caused higher liver metastasis rate in comparison with the control
group (131). CCAT1-L (CCAT1, the long isoform) is located 515 kb
upstream ofMYC and is transcribed from a super-enhancer.CCAT1-L
facilitates long-range intra-chromosome interactions between the
MYC promoter and its upstream enhancers through interaction with
CTCF. Consistently, recruiting chromosome conformation capture
(3C) assay in HT29 cells showed that interaction between three
chromatin regions including MYC-335/MYC, MYC-335/MYC-515,
and MYC/MYC-515 decreased upon CCAT1-L knockdown (9).
LncRNA gastric carcinoma high expressed transcript 1 (lncRNA-

GHET1) promotes proliferation of gastric carcinoma through ampli-
fying the interaction between insulin-like growth factor 2 mRNA
binding protein 1 (IGF2BP1) and c-MycmRNA and thereby increases
stability and expression of c-MycmRNA (133). Surprisingly,MYC acts
as lncRNA PVT1 activator by binding to the PVT1 promoter, and
upregulating PVT1 expression in a positive feedback. Then, upregu-
lated PVT1 promotes proliferation and viability of cervical cancer cells
by sponging miR-486-3p (Supplementary Table S1; ref. 134). Inter-
estingly,PVT1 promoter could exert a tumor-suppressive role in breast
cancer cell lines independent of lncRNA PVT mechanism of action
through competing for enhancers of neighborhood MYC gene, and
thereby halting MYC promoter–enhancer interaction contributing to
MYC downregulation (135). On the other hand, there are some
miRNAs including miR-129-2, miR-101, miR-26a, and miR-29 impli-
cated in 3D regulation of MYC transcription. miR-129-2 acts as a
tumor suppressor, and is a negative target of MYC that blocks
hepatocellular carcinoma proliferation and tumor growth by targeting
a core component of the Warburg effect known as pyruvate dehy-
drogenase kinase (135). Furthermore, miR-26a impedes zeste 2 poly-
comb repressive complex 2 subunits (EZH2) and MYC to obstructing
cell growth in lymphoma cells (136). Taken together, studies around
the ncRNAs have shed some light on crucial role of lncRNAs and
miRNAs in regulation of MYC 3D structure and expression, and
consequently tumor progression.Moreover, it highlights the efficacy of
these molecules as new promising biomarkers and potential efficient
therapeutic targets in large number of malignancies.

Posttranscriptional Regulation of MYC
Expression

Activation of MYC occurs via heterodimerization with MYC-
associated factor X (MAX). Hence, both proteins are members of the
basic helix–loop–helix leucine zipper (bHLH-zip) family, the dimer-
ization results in an active transcription factor complex able of binding
to DNA enhancer-box element (E-box) with CACGTG sequence as
well as interaction with other transcription factors (137). At the
posttranscriptional level, intracellular signaling cascades partnerMYC
to regulate tumor aggression processes. Among multiple intracellular
signal transduction pathways, the oncogenic role of PI3K/AKT/
mTOR and RAS/MAPK signaling axes are better described in MYC
tumorigenesis. Mounting evidence implicated the roles of these two
signaling pathways in tumorigenesis and chemoresistance pertained
to the regulation of MYC function (138, 139). In cancer cells, both
signaling pathways could be activated via RAS, leading to the
degradation of MAX dimerization protein (MAD) a major antag-
onist of MYC (140). Having the basic helix–loop–helix leucine
zipper domain, MAD competes with MYC for heterodimerization
with MAX (141). As a kinase, ERK mediates phosphorylation of
Ser62 of MYC to stabilize it and AKT inhibits GSK3b from leading
to degradation of c-MYC (139, 142).

The Possibility of Triplex Formation
between lncRNAs and the Regulatory
Region of MYC

Regulatory functions of lncRNAsmay be exerted through establish-
ing interactions with DNA and proteins. At the transcriptional
level, lncRNAs may bind to a specific sequence of the duplex DNA
through Hoogsteen-based interactions (143, 144). Single-stranded
lncRNA binds to the major groove of double-stranded DNA through
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purine-rich sequences via Hoogsteen or reverse Hoogsteen hydrogen
bonds to form a triple helix RNA:DNA:DNA structure (145). These
triple helical structures are necessary for some crucial features of
lncRNAs, including recruitment of chromatin-modifying complexes,
to inhibit gene expression or creation of a loop between the promoter
of a gene and distal regulatory elements to the recruitment of multiple
transcriptional factors for facilitating gene expression (146). Recent
evidence has identified that most annotated human genes have at least
one potential target sequence in their promoter or intron for triplex-
formingmolecules (147). BecauseMYC is located in aTADregionwith
multiple enhancers and active promoters, we speculated that interplay
between lncRNAs andMYC at the transcriptional levelmay be affected
by triple helix structures. We used Triplexator to detect triplex-
targeting sequences of MYC locus, triplex-forming oligonucleotides
of lncRNAs, and then checked for potential RNA–DNA triplex
between lncRNAs and MYC (148). In this review, we examined the
potential triplex-forming ability of some classic lncRNAs (e.g.,
HOTAIR, ANRIL, and H19), of which, their effect on the expression
of MYC was previously defined.

Accumulating evidence has shown that maternally expressed 3
(MEG3) is a tumor suppressor lncRNA that plays a role in the
regulation of various tumor-associated genes expression including
the MYC gene (reviewed in ref. 149). Recent research has suggested
that triplex-forming ability may be responsible for MEG3 tumor-
suppressive effects (147, 150). MEG3 occupies a polypurine-rich
sequence and guides the polycomb repressive complex 2 (PRC2)
subunits to the specific region of its target gene promoter and exerts
its inhibitory effect by interactions with chromatin. As a chromatin-
interacting lncRNA, MEG3 has a role to promote H3K27me3, a
repressive mark, in the promoter and enhancer region of its target
through recruitment of enhancer of EZH2 and suppressor of zeste 12
protein homolog (SUZ12; ref. 151).

Telomerase RNA component (TERC, also known as TR) is the
integral RNA component of telomerase, and is affiliated with the
lncRNA class. As a fundamental part of the telomerase enzyme, TERC
provides a template for telomerase reverse transcriptase (TERT) to add
single-stranded telomere repeats to the end of chromosomes (152).
However, the activity of TERC is not limited to the telomerase
function. TERC can form a triple helical structure with the promoter
of its target genes and regulate their expression (153). The existence of
potential DNA-binding domains (DBD) in the TERC sequence,
which is present in many genomic regions has suggested a functional
triplex-forming role for TERC (150). Furthermore, the application of
chromatin isolation by RNA purification (ChIRP) to define the
genomic interactions of lncRNAs, has identified the TERC occupancy
at the MYC promoter probably through a cytosine-rich sequence
motif (154, 155).

Correspondingly, the lncRNA sequenceswere downloaded from the
v19 release of the GENCODE database (MEG3: ENST00000451743.6
and TERC: ENST00000602385.1). The reference genome sequence
of MYC and 2000 bases upstream (promoter) that correspond to the
hg19 build of the human genome were downloaded from the UCSC
Genome Browser.We used the best Triplexator parameters forMEG3:
l10e20g40 and TERC: l10e20g70 (where l: length, e: maximum error-
rate, and g: minimum G-content; ref. 150). Because only single-
stranded regions of lncRNAs participate in the formation of the triple
helix, we additionally used RNAplfold to predict the secondary
structure of lncRNAs, and double-stranded regions were removed
from the results (156). The results represent multiple potential triple
helixes for the entireMYC sequence and its upstream promoter region
(Supplementary Fig. S3).

The single-stranded regions in MEG3 were located around nucle-
otide 20 (domain 1) and 700 (domain 3) that interacted with MYC
triplex target site (TTS), which do not overlapwith the protein-binding
domains for PRC2 subunits (EZH2 and SUZ12; ref. 157). Therefore,
the predicted binding sites ofMEG3 atMYC locus have proposed that
the inhibitory effect of MEG3 may be mediated through RNA:DNA
helices formation with GA-rich DNA motifs of MYC promoter and
PRC2 recruitment to the promoter region. Interestingly,MEG3 targets
the G-quadruplex–forming sequence of the NHE III1 region of the
MYC promoter for forming triplex as a purine-rich sequence.

The analysis of RNAplfold has revealed the single-stranded
domains of TERC (around nucleotide 30 and 330), which form a
triplex with the MYC region. Supplementary Fig. S3 depicts targeted
C-motifs embedded upstream and within intron 1 of the MYC locus.
Considering the presence of these areas, TERC is likely to be involved
in the regulation of MYC expression via forming a triple helix.

Because MYC is dysregulated in various cancers, understanding
the precise molecular mechanisms by which lncRNAs regulate its
expression will be a crucial step in exploring potential new avenues
in cancer therapy.

Targeted Inhibition of MYC in Cancers
MYC epigenetic–targeted strategies

Understanding the role of pathologic epigenetic alterations in DNA
and protein modification has been broadly studied in tumorigene-
sis (158). Reversibility of these modifications fueled the interest to use
epigenetic drugs (epidrugs) and epigenetic-targeted therapies in the
treatment of human cancers with restoring normal gene expression
profile (159). The contribution of epigenetic alterations to the aberrant
architecture of the chromatin implicated in cancer progression and
tumor cells resistance to chemotherapeutic drugs made epidrugs as a
potential therapeutic paradigm for cancer.

As amaster epigenetic regulator of cancer,MYC has a global impact
on chromatin structure by recruitment of a plethora of chromatin
modifiers on the promoter region of cancer-contributing genes. Also,
the induction of MYC expression is regulated through epigenetic
modulators (22). Hence, targeting MYC and its epigenetic mediators
represent a viable therapeutic strategy for a wide range of cancers.

Targeting BET Family Proteins
Bromodomain and extraterminal (BET) family proteins are a

subgroup of bromodomain (BRD)-containing proteins. They are
characterized as the chromatin-modifying factors that read epigenetic
modifications and bind to acetylated lysine residues on histone to
recruit other transcription factors and RNA polymerase II on the
enhancers, promoters, and especially super-enhancers of oncogenes
including MYC (160). Targeting BET via BET inhibitors (BETi) or
small molecules, to avoid recruitment of other factors through block-
ing their lysine-binding pockets has emerged as a potential therapy in
cancer (160). There is a growing list of BETi, which have shown
therapeutic potential in clinical and preclinical experiments including
JQ1 (161), I-BET151 (162), OTX015 (163), and AZD5153 (164) to cite
a few. Furthermore, there is substantial evidence that proved BETi can
be used in combination with other anticancer drugs to enhance the
efficacy of treatment and reduce the chemotherapeutic resistance.
Particularly, the compounds that block important signaling pathways
partnered in the pathogenesis of MYC at transcriptional (Notch and
Wnt signaling pathways) or posttranscriptional (RAS/MAPK and
PI3K/AKT/mTOR) level as well as proteins involved in cell cycle
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(CDKs), which are required for MYC function and stabilization, were
found to be efficient (Fig. 2).

Targeting Histone Acetylation
Tracing acetylation and deacetylation of nucleosomes have revealed

the new clinical potentials in the treatment of multiple human cancers
particularly MYC-driven cancers. HATs and histone deacetylases
(HDAC) are well-known enzymes for controlling the landscape of
chromatin accessibility through transferring and removing acetyl
groups and creating epigenetic changes in histone and nonhistone
proteins.

Studies suggested that CREBBP/EP300 (a BRD-containing HAT)
mediates the ectopic expression of MYC through the IRF4/MYC
axis (165). Besides, using CREBBP/EP300 BRD inhibitors resulted in
the dislocation of the complex fromMYC-binding site at enhancers via
a decrease in the level of histone acetylation in hematologic
malignancies (166).

Thus far, a great deal of HDAC inhibitors such as panobinostat and
vorinostat (global HDAC inhibitors) and romidepsin (selective inhi-

bitors of HDAC1 andHDAC2) have become FDA approved, and were
utilized as a single agent or in combination with other therapeutic
approaches. Correspondingly, Ree and colleagues examined the usage
of vorinostat combined with radiotherapy for pelvic carcinoma in
phase I clinical trial (167) and observed the downregulation ofMYC in
patients and xenograft models. Furthermore, Oki and colleagues have
revealed in another phase I clinical experiment the impact of targeting
HDAC in diffuse large B-cell lymphoma (DLBCL; ref. 168). They
utilized CUDC-907 (HDAC and PI3K inhibitor) with and without
rituximab (a mAb that targets the CD20 antigen on B cells) in patients
with relapsed/refractory DLBCL withMYC alterations. The responses
demonstrated the promising potential of CUDC-907 treatment (single
or in combination) for MYC-altered patients.

Targeting Histone Chaperones
Histone chaperones regulate nucleosome assembly and facilitate

gene transcription, DNA replication, and repair (169–171) via loos-
ening DNA and eviction of histones as well as exchanging histone
variants (172). Targeting these complexes may turn out to synthetic
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lethal circumstances for the proliferation of cancer cells. High
expression of facilitates chromatin transcription (FACT), a
known key regulator of the MYC signal, has been found in a broad
range of human cancers (173). Further preclinical experiments have
indicated that targeting FACT in cancer cells through the short
hairpin RNA (shRNA) and small-molecule curaxin class of anti-
cancer drugs (e.g., CBL0100 and CBL0137) reduced the down-
regulation of MYC and inhibited tumor cells from entering in
proliferation state (174, 175). Thus, hampering histone chaperones
seemed to be a promising therapeutic target especially in combi-
nation with other anticancer drugs.

Targeting Histone Methylation
The process of histone methylation, which is referred to as trans-

ferring one, two, or three methyl groups on arginine or lysine residues
of histones, impinges on the maintenance of the normal state of
chromatin for the regulation of cell cycle and gene expression (176).
A large body of evidence has suggested the aberrant expression of
histone methyltransferases and demethylases in the progression of the
tumor. Disruptor of telomere silencing 1-like (DOT1L) is a methyl-
transferase that catalyzes the transfer of one, two, or three methyl
groups onH3K79. DOT1Lmight upregulate c-MYC probably through
H3K79me2 in the promoter region of c-MYC in multiple myelo-
ma (177). As a complex, DOT1L and c-Myc-p300 promote the
expression of EMT-related factors in breast cancer (178). Inhibition
and silencing of DOT1L via EPZ004777 (a selective inhibitor of
DOT1L) and siRNA indicated a decrease in c-MYC expression in
colorectal cancer xenograft models and cell lines (179). Inhibition of
WD repeat–containing protein 5 (WDR5) is of special interest for
cancer therapy because it has been shown to mediate chromatin
remodeling for MYC-induced tumorigenesis. WDR5 works with
H3K4 methyltransferases through its arginine-binding site, known as
the WDR5-interaction (WIN) site, and plays pivotal roles in H3K4
trimethylation (an open state of chromatin), which is necessary for
MYC functions in tumor formation and progression (180). Therefore,
targeting WDR5 through small-molecule inhibitors of the WIN site
has emerged as a therapeutic promise. So far, a myriad of WIN site

inhibitors has been described including MM-401, MM-589, WDR5-
0103, piribedil, and OICR-9429 (reviewed in ref. 181).

Conclusion
MYC is a key transcription factor that is highly dysregulated in

many human cancers. Strikingly, MYC is located in the 8q24 gene
desert that is prone to several rearrangements, such as translocation,
amplification, and viral integration. This “desert” region aroundMYC
is crammed with numerous regulatory elements, including promoters,
a G-quadruplex sequence, super-enhancers, and binding sequences for
epigenetic machinery. Mountain of evidence has revealed that epige-
netic mechanisms including methylation, acetylation, and ncRNAs,
such as lncRNAs, andmiRNAs play a crucial role in cancer progression
through regulation ofMYC expression. Surprisingly, our in silico study
have revealed the triplex formation between lncRNATERC andMEG3
and MYC regulatory elements. The highlighted role of MYC in
development of a wide spectrum of cancers put it as potential
therapeutic target to combat cancer. In the light of evidence, epigenetic
modulators play a key role in MYC expression by influencing its
promoter and surrounding regulatory elements interactions. There-
fore, targeting epigeneticmodulatorsmight be a promising therapeutic
strategy in cancer therapy area. Currently, several epidrugs have been
FDA approved and developed to use alone or in combination with
other chemotherapy medicines for clinical use. Nevertheless, using
epigenetic-targeted therapy presents considerable challenges to treat-
ing cancers because they may inadvertently lead to off-target effects
and dysregulate crucial biological signaling pathways in the normal
cell. Besides, the efficacy and safety of new therapeutic approaches
need to be tested via costly and time-consuming clinical trials that
represent a major challenge in cancer epigenetic therapy.

Authors’ Disclosures
No disclosures were reported.

Received October 29, 2020; revised December 21, 2020; accepted January 6, 2021;
published first January 20, 2021.

References
1. Huppi K, Pitt JJ, Wahlberg BM, Caplen NJ. The 8q24 gene desert: an oasis of

non-coding transcriptional activity. Front Genet 2012;3:69.
2. Lancho O, Herranz D. The MYC Enhancer-ome: long-range transcriptional

regulation of MYC in cancer. Trends Cancer 2018;4:810–22.
3. Nanbru C, Prats AC, Droogmans L, Defrance P, Huez G, Kruys V. Translation

of the human c-myc P0 tricistronic mRNA involves two independent internal
ribosome entry sites. Oncogene 2001;20:4270–80.

4. Wu G, Xing Z, Tran EJ, Yang D. DDX5 helicase resolves G-quadruplex and is
involved in MYC gene transcriptional activation. Proc Natl Acad Sci U S A
2019;116:20453–61.

5. Wang W, Hu S, Gu Y, Yan Y, Stovall DB, Li D, et al. Human MYC G-quad-
ruplex: from discovery to a cancer therapeutic target. Biochim Biophys Acta
Rev Cancer 2020;1874:188410.

6. Thandapani P. Super-enhancers in cancer. Pharmacol Ther 2019;199:129–38.
7. Schuijers J, Manteiga JC, Weintraub AS, Day DS, Zamudio AV, Hnisz D, et al.

Transcriptional dysregulation of MYC reveals common enhancer-docking
mechanism. Cell Rep 2018;23:349–60.

8. Brockdorff N. Noncoding RNA and Polycomb recruitment. RNA 2013;19:
429–42.

9. Xiang JF, Yin QF, Chen T, Zhang Y, Zhang XO, Wu Z, et al. Human colorectal
cancer-specific CCAT1-L lncRNA regulates long-range chromatin interactions
at the MYC locus. Cell Res 2014;24:513–31.

10. Iaccarino I. lncRNAs and MYC: an intricate relationship. Int J Mol Sci 2017;
18:1497.

11. Amati B, Dalton S, Brooks MW, Littlewood TD, Evan GI, Land H. Transcrip-
tional activation by the human c-Myc oncoprotein in yeast requires interaction
with Max. Nature 1992;359:423–6.

12. Amati B, Brooks MW, Levy N, Littlewood TD, Evan GI, Land H. Oncogenic
activity of the c-Myc protein requires dimerization with Max. Cell 1993;72:
233–45.

13. Desbarats L, Gaubatz S, Eilers M. Discrimination between different E-box-
binding proteins at an endogenous target gene of c-myc. Genes Dev 1996;10:
447–60.

14. Sabo A, Kress TR, Pelizzola M, De Pretis S, Gorski MM, Tesi A, et al. Selective
transcriptional regulation by Myc in cellular growth control and lymphoma-
genesis. Nature 2014;511:488–92.

15. Bouvard C, Lim SM, Ludka J, Yazdani N,Woods AK, Chatterjee AK, et al. Small
molecule selectively suppresses MYC transcription in cancer cells. Proc Natl
Acad Sci U S A 2017;114:3497–502.

16. Dang CV. MYC on the path to cancer. Cell 2012;149:22–35.
17. Stine ZE, Walton ZE, Altman BJ, Hsieh AL, Dang CV. MYC metabolism, and

cancer. Cancer Discov 2015;5:1024–39.
18. Dang CV, O’Donnell KA, Juopperi T. The great MYC escape in tumorigenesis.

Cancer Cell 2005;8:177–8.

Amjadi-Moheb et al.

Cancer Res; 81(8) April 15, 2021 CANCER RESEARCH1932

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/1925/3090156/1925.pdf by guest on 19 M

ay 2023



19. Meyer N, Penn LZ. Reflecting on 25 years with MYC. Nat Rev Cancer 2008;8:
976–90.

20. Kress TR, Sab�o A, Amati B. MYC: connecting selective transcriptional control
to global RNA production. Nat Rev Cancer 2015;15:593–607.

21. Amati B, Frank SR, Donjerkovic D, Taubert S. Function of the c-Myc onco-
protein in chromatin remodeling and transcription. Biochim Biophys Acta Rev
Cancer 2001;1471:M135–45.

22. Poole CJ, Van Riggelen J. MYC-master regulator of the cancer epigenome and
transcriptome. Genes 2017;8:142.

23. Knoepfler PS, Zhang XY, Cheng PF, Gafken PR, McMahon SB, Eisenman RN.
Myc influences global chromatin structure. EMBO J 2006;25:2723–34.

24. Bachmann AS, Geerts D. Polyamine synthesis as a target of MYC oncogenes.
J Biol Chem 2018;293:18757–69.

25. Dang CV, Reddy EP, Shokat KM, Soucek L. Drugging the ‘undruggable’ cancer
targets. Nat Rev Cancer 2017;17:502.

26. Graves JA, Rothermund K, Wang T, Qian W, Van Houten B, Prochownik EV.
Point mutations in c-Myc uncouple neoplastic transformation from multiple
other phenotypes in rat fibroblasts. PLoS One 2010;5:e13717.

27. Oster SK, Ho CS, Soucie EL, Penn LZ. The myc oncogene: marvelously
complex. Adv Cancer Res 2002;84:81–154.

28. Uslu VV, Petretich M, Ruf S, Langenfeld K, Fonseca NA, Marioni JC, et al.
Long-range enhancers regulatingMyc expression are required for normal facial
morphogenesis. Nat Genet 2014;46:753–8.

29. Sotelo J, Esposito D, Duhagon MA, Banfield K, Mehalko J, Liao H, et al. Long-
range enhancers on 8q24 regulate c-Myc. Proc Natl Acad Sci U S A 2010;107:
3001–5.

30. Wasserman NF, Aneas I, Nobrega MA. An 8q24 gene desert variant associated
with prostate cancer risk confers differential in vivo activity to aMYCenhancer.
Genome Res 2010;20:1191–7.

31. Guo Z, Wang Y, Zhao Y, Jin Y, An L, Xu H, et al. A Functional 50-UTR
polymorphismofMYCcontributes to nasopharyngeal carcinoma susceptibility
and chemoradiotherapy induced toxicities. J Cancer 2019;10:147.

32. Pomerantz MM, Ahmadiyeh N, Jia LI, Herman P, Verzi MP, Doddapaneni H,
et al. The 8q24 cancer risk variant rs6983267 shows long-range interaction with
MYC in colorectal cancer. Nat Genet 2009;41:882–4.

33. Wright JB, Brown SJ, Cole MD. Upregulation of c-MYC in cis through a large
chromatin loop linked to a cancer risk-associated single-nucleotide polymor-
phism in colorectal cancer cells. Mol Cell Biol 2010;30:1411–20.

34. GustafsonAG.MYCdistant enhancers underlie ovarian cancer susceptibility at
the 8q24. 21 locus [dissertation]. Tampa (FL):University of South Florida; 2018.

35. Liu QH, Li XD, SongMY, Ran RN,Wu ZS, Yang BX, et al. Association between
C-myc and K-ras gene polymorphisms and non-Hodgkin lymphoma. Eur Rev
Med Pharmacol Sci 2020;24:4396–403.

36. Liu J, Hua RX, Fu W, Zhu J, Jia W, Zhang J, et al. MYC gene associated
polymorphisms andWilms tumor risk in Chinese children: a four-center case-
control study. J Transl Med 2019;7:475.

37. Pan J, Zhu J, Wang M, Yang T, Hu C, Yang J, et al. Association of MYC gene
polymorphisms with neuroblastoma risk in Chinese children: a four-center
case–control study. J Gene Med 2020;22:e3190.

38. Yang T, Wen Y, Li J, Tan T, Yang J, Pan J, et al. Association of CMYC
polymorphisms with hepatoblastoma risk. Transl Cancer Res 2019;9:849–55.

39. Fulco CP,MunschauerM,AnyohaR,MunsonG,Grossman SR, Perez EM, et al.
Systematic mapping of functional enhancer–promoter connections with
CRISPR interference. Science 2016;354:769–73.

40. Mifsud B, Tavares-Cadete F, Young AN, Sugar R, Schoenfelder S, Ferreira L,
et al. Mapping long-range promoter contacts in human cells with high-
resolution capture Hi-C. Nat Genet 2015;47:598.

41. Iguchi-Ariga SM, Okazaki T, Itani T, Ogata M, Sato Y, Ariga H. An initiation
site of DNA replicationwith transcriptional enhancer activity present upstream
of the c-myc gene. EMBO J 1988;7:3135–42.

42. Jia Y, Chng WJ, Zhou J. Super-enhancers: critical roles and therapeutic targets
in hematologic malignancies. J Hematol Oncol 2019;12:77.

43. Bahr C, Von Paleske L, Uslu VV, Remeseiro S, Takayama N, Ng SW, et al. A
Myc enhancer cluster regulates normal and leukaemic haematopoietic stem cell
hierarchies. Nature 2018;553:515–20.

44. Chung CC, Chanock SJ. Current status of genome-wide association studies in
cancer. Am J Hum Genet 2011;130:59–78.

45. Sahasrabudhe R, Estrada A, Lott P, Martin L, Echeverry GP, Velez A, et al. The
8q24 rs6983267G variant is associated with increased thyroid cancer risk.
Endocr Relat Cancer 2015;22:841–9.

46. Mitchell JS, LiN,WeinholdN, F€orsti A,AliM,VanDuinM, et al. Genome-wide
association study identifies multiple susceptibility loci for multiple myeloma.
Nat Commun 2016;7:12050.

47. Zhang M, Wang Z, Obazee O, Jia J, Childs EJ, Hoskins J, et al. Three new
pancreatic cancer susceptibility signals identified on chromosomes 1q32. 1,
5p15. 33 and 8q24. 21. Oncotarget 2016;7:66328.

48. ColeMD.MYCassociationwith cancer risk and a newmodel ofMYC-mediated
repression. Cold Spring Harb Perspect Med 2014;4:a014316.

49. Frank SR, Parisi T, Taubert S, Fernandez P, Fuchs M, Chan HM, et al. MYC
recruits the TIP60 histone acetyltransferase complex to chromatin. EMBO Rep
2003;4:575–80.

50. McMahon SB,WoodMA, ColeMD. The essential cofactor TRRAP recruits the
histone acetyltransferase hGCN5 to c-Myc. Mol Cell Biol 2000;20:556–62.

51. Zhang N, Ichikawa W, Faiola F, Lo SY, Liu X, Martinez E. MYC interacts with
the human STAGA coactivator complex via multivalent contacts with the
GCN5 and TRRAP subunits. Biochim Biophys Acta 2014;1839:395–405.

52. Kieffer-Kwon KR, Nimura K, Rao SS, Xu J, Jung S, Pekowska A, et al. Myc
regulates chromatin decompaction and nuclear architecture during B cell
activation. Mol Cell 2017;67:566–78.

53. Martinato F, Cesaroni M, Amati B, Guccione E. Analysis of Myc-induced
histone modifications on target chromatin. PLoS One 2008;3:e3650.

54. Faiola F, Liu X, Lo S, Pan S, ZhangK, Lymar E, et al. Dual regulation of c-Myc by
p300 via acetylation-dependent control of Myc protein turnover and coactiva-
tion of Myc-induced transcription. Mol Cell Biol 2005;25:10220–34.

55. Koutsogiannouli EA, Wagner N, Hader C, Pinkerneil M, Hoffmann MJ,
Schulz WA. Differential effects of histone acetyltransferase GCN5 or PCAF
knockdown on urothelial carcinoma cells. Int J Mol Sci 2017;18:1449.

56. Nagy Z, Tora L. Distinct GCN5/PCAF-containing complexes function as co-
activators and are involved in transcription factor and global histone acety-
lation. Oncogene 2007;26:5341–57.

57. Yang Y, Xue K, Li Z, Zheng W, Dong W, Song J, et al. c-Myc regulates the
CDK1/cyclin B1 dependent-G2/M cell cycle progression by histone H4 acet-
ylation in Raji cells. Int J Mol Med 2018;41:3366.

58. Stojanova A, TuWB, Ponzielli R, Kotlyar M, Chan PK, Boutros PC, et al. MYC
interaction with the tumor suppressive SWI/SNF complex member INI1
regulates transcription and cellular transformation. Cell Cycle 2016;15:
1693–705.

59. Cheng SW, Davies KP, Yung E, Beltran RJ, Yu J, Kalpana GV. c-MYC interacts
with INI1/hSNF5 and requires the SWI/SNF complex for transactivation
function. Nat Genet 1999;22:102–5.

60. Han P, Chang CP. Long non-coding RNA and chromatin remodeling.
RNA Biol 2015;12:1094–8.

61. Tang Y, Wang J, Lian Y, Fan C, Zhang P, Wu Y, et al. Linking long non-coding
RNAs and SWI/SNF complexes to chromatin remodeling in cancer.
Mol Cancer 2017;16:42.

62. Younger ST, Rinn JL. ‘Lnc’-ing enhancers toMYC regulation. Cell Res 2014;24:
643–4.

63. Garte SJ. The c-myc oncogene in tumor progression. Crit Rev Oncog 1993;4:
435–49.

64. Gabay M, Li Y, Felsher DW. MYC activation is a hallmark of cancer initiation
and maintenance. Cold Spring Harb Perspect Med 2014;4:a014241.

65. Trop-Steinberg S, Azar Y. Is Myc an important biomarker? Myc expression in
immune disorders and cancer. Am J Med Sci 2018;355:67–75.

66. Levine RA, McCormack JE, Buckler AL, Sonenshein GE. Transcriptional and
posttranscriptional control of c-myc gene expression in WEHI 231 cells.
Mol Cell Biol 1986;6:4112–6.

67. Ehninger A, Boch T, Uckelmann H, Essers MA, M€udder K, Sleckman BP, et al.
Posttranscriptional regulation of c-Myc expression in adult murine HSCs
during homeostasis and interferon-a-induced stress response. Blood 2014;
123:3909–13.

68. Li Y, Hu S, Wang SA, Li S, Huh YO, Tang Z, et al. The clinical significance of
8q24/MYC rearrangement in chronic lymphocytic leukemia.Mod Pathol 2016;
29:444–51.

69. Li S, Weiss VL, Wang XJ, Desai PA, Hu S, Yin CC, et al. High-grade B-cell
lymphoma with MYC rearrangement and without BCL2 and BCL6 rearrange-
ments is associated with high P53 expression and a poor prognosis. Am J Surg
Pathol 2016;40:253–61.

70. De Jonge AV, Roosma TJA, Houtenbos I, Vasmel WLE, van de Hem K,
de Boer JP, et al. Diffuse large B-cell lymphoma with MYC gene rearrange-
ments: current perspective on treatment of diffuse large B-cell lymphoma

Impacts of MYC on Chromatin Remodeling

AACRJournals.org Cancer Res; 81(8) April 15, 2021 1933

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/1925/3090156/1925.pdf by guest on 19 M

ay 2023



with MYC gene rearrangements; case series and review of the literature.
Eur J Cancer 2016;55:140–6.

71. Mathieu-Mahul D, Sigaux F, Zhu C, Bernheim A, Mauchauffe M, Daniel MT,
et al. A t (8; 14)(q24; q11) translocation in a T-cell leukemia (L1-all) with c-myc
and TcR-alpha chain locus rearrangements. Int J Cancer 1986;38:835–40.

72. Ohanian M, Bueso-Ramos C, Ok CY, Lin P, Patel K, Alattar ML, et al. Acute
myeloid leukemia with MYC rearrangement and JAK2 V617F mutation.
Cancer Genet 2015;208:571–4.

73. Li Y, Gupta G, Molofsky A, Xie Y, Shihabi N, McCormick J, et al. B
Lymphoblastic leukemia/lymphoma with Burkitt-like morphology and IGH/
MYC rearrangement: report of three cases in adult patients. Am J Surg Pathol
2018;42:269.

74. Luo H, Li Q, O’Neal J, Kreisel F, Le Beau MM, Tomasson MH, et al. c-Myc
rapidly induces acute myeloid leukemia in mice without evidence of lympho-
ma-associated antiapoptotic mutations. Blood 2005;106:2452–61.

75. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, et al. Topological domains in
mammalian genomes identified by analysis of chromatin interactions. Nature
2012;485:376–80.

76. Gombert WM, Farris SD, Rubio ED, Morey-Rosler KM, Schubach WH,
Krumm A. The c-myc insulator element and matrix attachment regions define
the c-myc chromosomal domain. Mol Cell Biol 2003;23:9338–48.

77. Gombert WM, Krumm A. Targeted deletion of multiple CTCF-binding ele-
ments in the human C-MYC gene reveals a requirement for CTCF in C-MYC
expression. PLoS One 2009;4:e6109.

78. Hashimoto H, Wang D, Horton JR, Zhang X, Corces VG, Cheng X. Structural
basis for the versatile and methylation-dependent binding of CTCF to DNA.
Mol Cell 2017;66:711–20.

79. Wang H, Zang C, Liu XS, Aster JC. The role of Notch receptors in transcrip-
tional regulation. J Cell Physiol 2015;230:982–8.

80. Sanchez-Martin M, Ferrando A. The NOTCH1-MYC highway toward T-cell
acute lymphoblastic leukemia. Blood 2017;129:1124–33.

81. Herranz D, Ambesi-Impiombato A, Palomero T, Schnell SA, Belver L,
Wendorff AA, et al. A NOTCH1-driven MYC enhancer promotes T cell
development, transformation and acute lymphoblastic leukemia. Nat Med
2014;20:1130–7.

82. Herranz D, Ferrando AA. An oncogenic enhancer enemy (N-Me) in T-ALL.
Cell Cycle 2015;14:167–8.

83. Choi A, Illendula A, Pulikkan JA, Roderick JE, Tesell J, Yu J, et al. RUNX1 is
required for oncogenic Myb and Myc enhancer activity in T-cell acute
lymphoblastic leukemia. Blood 2017;130:1722–33.

84. Bempt MV, Demeyer S, Broux M, De Bie J, Bornschein S, Mentens N, et al.
Cooperative enhancer activation by TLX1 and STAT5 drives development
of NUP214-ABL1/TLX1-positive T cell acute lymphoblastic leukemia.
Cancer Cell 2018;34:271–85.

85. Kalkat M, DeMelo J, Hickman KA, Lourenco C, Redel C, Resetca D, et al. MYC
deregulation in primary human cancers. Genes 2017;8:151.

86. Rennoll S, Yochum G. Regulation of MYC gene expression by aberrant Wnt/
b-catenin signaling in colorectal cancer. World J Biol Chem 2015;6:290–300.

87. Klenova EM, Morse HC III, Ohlsson R Lobanenkov VV. The novel BORIS þ
CTCF gene family is uniquely involved in the epigenetics of normal biology and
cancer. Semin Cancer Biol 2002;12:399–414.

88. Martin-Kleiner I. BORIS in human cancers – a review. Eur J Cancer 2012;48:
929–35.

89. Garikapati KR, Patel N, Makani VKK, Cilamkoti P, Bhadra U, Bhadra MP.
Down-regulation of BORIS/CTCFL efficiently regulates cancer stemness
and metastasis in MYCN amplified neuroblastoma cell line by modulating
Wnt/b-catenin signaling pathway. Biochem Biophys Res Commun 2017;
484:93–9.

90. Debruyne DN, Dries R, Sengupta S, Seruggia D, Gao Y, Sharma B, et al. BORIS
promotes chromatin regulatory interactions in treatment-resistant cancer cells.
Nature 2019;572:676–80.

91. Nguyen P, Bar-Sela G, Sun L, Bisht KS, Cui H, Kohn E, et al. BAT3 and SET1A
form a complex with CTCFL/BORIS to modulate H3K4 histone dimethylation
and gene expression. Mol Cell Biol 2008;28:6720–9.

92. EastonDF, PooleyKA,DunningAM,Pharoah PD, ThompsonD,BallingerDG,
et al. Genome-wide association study identifies novel breast cancer suscepti-
bility loci. Nature 2007;447:1087–93.

93. Amundadottir LT, Sulem P, Gudmundsson J, Helgason A, Baker A,
Agnarsson BA, et al. A common variant associated with prostate cancer
in European and African populations. Nat Genet 2006;38:652–8.

94. Cicek MS, Slager SL, Achenbach SJ, French AJ, Blair HE, Fink SR, et al.
Functional and clinical significance of variants localized to 8q24 in colon
cancer. Cancer Epidemiol Biomarkers Prev 2009;18:2492–500.

95. Cheng I, Plummer SJ, Jorgenson E, Liu X, Rybicki BA, Casey G, et al. 8q24 and
prostate cancer: association with advanced disease and meta-analysis. Eur J
Hum Genet 2008;16:496–505.

96. Yeager M, Chatterjee N, Ciampa J, Jacobs KB, Gonzalez-Bosquet J, Hayes RB,
et al. Identification of a newprostate cancer susceptibility locus on chromosome
8q24. Nat Genet 2009;41:1055–7.

97. K€uhn MW, Radtke I, Bullinger L, Goorha S, Cheng J, Edelmann J, et al. High-
resolution genomic profiling of adult and pediatric core-binding factor acute
myeloid leukemia reveals new recurrent genomic alterations. Blood 2012;119:
e67–75.

98. Haiman CA, Patterson N, Freedman ML, Myers SR, Pike MC, Waliszewska A,
et al. Multiple regions within 8q24 independently affect risk for prostate cancer.
Nat Genet 2007;39:638–44.

99. Tuupanen S, Yan J, Turunen M, Gylfe AE, Kaasinen E, Li L, et al. Character-
ization of the colorectal cancer-associated enhancer MYC-335 at 8q24: the role
of rs67491583. Cancer Genet 2012;205:25–33.

100. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ,
et al. Histone H3K27ac separates active from poised enhancers and predicts
developmental state. Proc Natl Acad Sci U S A 2010;107:21931–6.

101. Koch F, Andrau JC. Initiating RNA polymerase II and TIPs as hallmarks of
enhancer activity and tissue-specificity. Transcription 2011;2:263–8.

102. Pekowska A, Benoukraf T, Zacarias-Cabeza J, Belhocine M, Koch F, Holota H,
et al. H3K4 tri-methylation provides an epigenetic signature of active enhan-
cers. EMBO J 2011;30:4198–210.

103. Ahmadiyeh N, Pomerantz MM, Grisanzio C, Herman P, Jia L, Almendro V,
et al. 8q24 prostate, breast, and colon cancer risk loci show tissue-specific long-
range interaction with MYC. Proc Natl Acad Sci U S A 2010;107:9742–6.

104. Ryan RJ, Drier Y, Whitton H, Cotton MJ, Kaur J, Issner R, et al. Detection of
enhancer-associated rearrangements reveals mechanisms of oncogene dysre-
gulation in B-cell lymphoma. Cancer Discov 2015;5:1058–71.

105. Lin CY, Erkek S, Tong Y, Yin L, Federation AJ, Zapatka M, et al. Active
medulloblastoma enhancers reveal subgroup-specific cellular origins. Nature
2016;530:57–62.

106. Yashiro-Ohtani Y, Wang H, Zang C, Arnett KL, Bailis W, Ho Y, et al. Long-
range enhancer activity determines Myc sensitivity to Notch inhibitors in T cell
leukemia. Proc Natl Acad Sci U S A 2014;111:E4946–53.

107. Ryan RJ, Petrovic J, Rausch DM, Zhou Y, Lareau CA, Kluk MJ, et al. A B cell
regulome links notch to downstream oncogenic pathways in small B cell
lymphomas. Cell Rep 2017;21:784–97.

108. Fabbri G, Holmes AB, Viganotti M, Scuoppo C, Belver L, Herranz D, et al.
Common nonmutational NOTCH1 activation in chronic lymphocytic leuke-
mia. Proc Natl Acad Sci U S A 2017;114:E2911–9.

109. Crowther-Swanepoel D, Broderick P, Di Bernardo MC, Dobbins SE, Torres M,
Mansouri M, et al. Common variants at 2q37.3, 8q24.21, 15q21.3 and 16q24.1
influence chronic lymphocytic leukemia risk. Nat Genet 2010;42:132–6.

110. Petrovic J, ZhouY, FasolinoM,GoldmanN, SchwartzGW,MumbachMR, et al.
Oncogenic notch promotes long-range regulatory interactions within hyper-
connected 3D cliques. Mol Cell 2019;73:1174–90.

111. Davis TL, Firulli AB, Kinniburgh AJ. Ribonucleoprotein and protein factors
bind to an H-DNA-forming c-myc DNA element: possible regulators of the c-
myc gene. Proc Natl Acad Sci U S A 1989;86:9682–6.

112. Berberich SJ, Postel EH. PuF/NM23-H2/NDPK-B transactivates a human c-
myc promoter-CAT gene via a functional nuclease hypersensitive element.
Oncogene 1995;10:2343–7.

113. Gonz�alez V, Hurley LH. The c-MYC NHE III(1): function and regulation.
Annu Rev Pharmacol Toxicol 2010;50:111–29.

114. Yoon J, Kang HJ, Sung J, Park HJ, Hohng S. Highly polymorphic G-
quadruplexes in the c-MYCPromoter. Bull Korean Chem Soc 2010;31:1025–8.

115. Gonz�alez V, Guo K, Hurley L, Sun D. Identification and characterization of
nucleolin as a c-myc G-quadruplex-binding protein. J Biol Chem 2009;284:
23622–35.

116. Scognamiglio PL,DiNatale C, LeoneM, PolettoM,Vitagliano L, Tell G, et al. G-
quadruplex DNA recognition by nucleophosmin: new insights from protein
dissection. Biochim Biophys Acta 2014;1840:2050–9.

117. Baral A, Kumar P, Halder R, Mani P, Yadav VK, Singh A, et al. Quadruplex-
single nucleotide polymorphisms (Quad-SNP) influence gene expression dif-
ference among individuals. Nucleic Acids Res 2012;40:3800–11.

Amjadi-Moheb et al.

Cancer Res; 81(8) April 15, 2021 CANCER RESEARCH1934

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/1925/3090156/1925.pdf by guest on 19 M

ay 2023



118. Nakken S, Rognes T,Hovig E. The disruptive positions in humanG-quadruplex
motifs are less polymorphic and more conserved than their neutral counter-
parts. Nucleic Acids Res 2009;37:5749–56.

119. Le HT, Miller MC, Buscaglia R, DeanWL, Holt PA, Chaires JB, et al. Not all G-
quadruplexes are created equally: an investigation of the structural polymor-
phism of the c-Myc G-quadruplex-forming sequence and its interaction with
the porphyrin TMPyP4. Org Biomol Chem 2012;10:9393–404.

120. DesJardins E, Hay N. Repeated CT elements bound by zinc finger proteins
control the absolute and relative activities of the two principal human c-myc
promoters. Mol Cell Biol 1993;13:5710–24.

121. Kouzine F, Liu J, Sanford S, Chung HJ, Levens D. The dynamic response of
upstream DNA to transcription-generated torsional stress. Nat Struct Mol Biol
2004;11:1092–100.

122. Takimoto M, Tomonaga T, Matunis M, Avigan M, Krutzsch H, Dreyfuss G,
et al. Specific binding of heterogeneous ribonucleoprotein particle protein K to
the human c-myc promoter, in vitro. J Biol Chem 1993;268:18249–58.

123. Michelotti EF, Tomonaga T, Krutzsch H, Levens D. Cellular nucleic acid
binding protein regulates the CT element of the human c-myc protooncogene.
J Biol Chem 1995;270:9494–9.

124. Sun D, Hurley LH. The importance of negative superhelicity in inducing the
formation of G-quadruplex and i-motif structures in the c-Myc promoter:
implications for drug targeting and control of gene expression. J Med Chem
2009;52:2863–74.

125. Mathad RI, Hatzakis E, Dai J, Yang D. c-MYC promoter G-quadruplex formed
at the 50-end of NHE III1 element: insights into biological relevance and
parallel-stranded G-quadruplex stability. Nucleic Acids Res 2011;39:9023–33.

126. Spiegel J, Adhikari S, Balasubramanian S. The structure and function of DNA
G-quadruplexes. Trends Chem 2020;2:123–36.

127. Hart JR, Roberts TC, Weinberg MS, Morris KV, Vogt PK. MYC regulates the
non-coding transcriptome. Oncotarget 2014;5:12543.

128. Tao J, Zhao X, Tao J. c-MYC–miRNA circuitry: a central regulator of aggressive
B-cell malignancies. Cell Cycle 2014;13:191–8.

129. Chung S, Nakagawa H, Uemura M, Piao L, Ashikawa K, Hosono N, et al.
Association of a novel long non-coding RNA in 8q24 with prostate cancer
susceptibility. Cancer Sci 2011;102:245–52.

130. Nissan A, Stojadinovic A, Mitrani-Rosenbaum S, Halle D, Grinbaum R,
Roistacher M, et al. Colon cancer associated transcript-1: a novel RNA
expressed in malignant and pre-malignant human tissues. Int J Cancer
2012;130:1598–606.

131. Ling H, Spizzo R, Atlasi Y, Nicoloso M, Shimizu M, Redis RS, et al. CCAT2, a
novel noncoding RNA mapping to 8q24, underlies metastatic progression and
chromosomal instability in colon cancer. Genome Res 2013;23:1446–61.

132. Kim T, Cui R, Jeon YJ, Lee JH, Lee JH, Sim H, et al. Long-range interaction and
correlation between MYC enhancer and oncogenic long noncoding RNA
CARLo-5. Proc Natl Acad Sci U S A 2014;111:4173–8.

133. Yang F, Xue X, Zheng L, Bi J, Zhou Y, Zhi K, et al. Long non-coding RNA
GHET1 promotes gastric carcinoma cell proliferation by increasing c-Myc
mRNA stability. FEBS J 2014;281:802–13.

134. Wang C, Zou H, Chen A, Yang H, Yu X, Yu X, et al. C-Myc-activated long non-
coding RNA PVT1 enhances the proliferation of cervical cancer cells by
sponging miR-486-3p. J Biochem 2020;167:565–75.

135. Cho SW, Xu J, Sun R, Mumbach MR, Carter AC, Chen YG, et al. Promoter of
lncRNA gene PVT1 is a tumor-suppressor DNA boundary element. Cell 2018;
173:1398–412.

136. Zhao X, Lwin T, Zhang X, Huang A, Wang J, Marquez VE, et al. Disruption of
the MYC-miRNA-EZH2 loop to suppress aggressive B-cell lymphoma survival
and clonogenicity. Leukemia 2013;27:2341–50.

137. Grinberg AV, Hu CD, Kerppola TK. Visualization of Myc/Max/Mad family
dimers and the competition for dimerization in living cells. Mol Cell Biol 2004;
24:4294–308.

138. Muranen T, Selfors LM, Hwang J, Gallegos LL, Coloff JL, Thoreen CC, et al.
ERK and p38MAPK activities determine sensitivity to PI3K/mTOR inhibition
via regulation of MYC and YAP. Cancer Res 2016;76:7168–80.

139. Tsai WB, Aiba I, Long Y, Lin HK, Feun L, Savaraj N, et al. Activation of Ras/
PI3K/ERK pathway induces c-Myc stabilization to upregulate argininosucci-
nate synthetase, leading to arginine deiminase resistance in melanoma cells.
Cancer Res 2012;72:2622–33.

140. Zhu J, Blenis J, Yuan J. Activation of PI3K/Akt and MAPK pathways regulates
Myc-mediated transcription by phosphorylating and promoting the degrada-
tion of Mad1. Proc Natl Acad Sci U S A 2008;105:6584–9.

141. Rottmann S, L€uscher B. The Mad side of the Max network: antagonizing the
function of Myc and more. Curr Top Microbiol Immunol 2006;302:63–122.

142. Lee T, Yao G, Nevins J, You L. Sensing and integration of Erk and PI3K signals
by Myc. PLoS Comput Biol 2008;4:e1000013.

143. Hoogsteen K. The structure of crystals containing a hydrogen-bonded
complex of 1-methylthymine and 9-methyladenine. Acta Crystallogr
1959;12:822–23.

144. De los Santos C, RosenM, Patel D. NMR studies of DNA (Rþ) n.(Y-) n.(Yþ) n
triple helices in solution: imino and amino proton markers of TAT and CGCþ
base-triple formation. Biochemistry 1989;28:7282.

145. Li Y, Syed J, Sugiyama H. RNA-DNA Triplex formation by long noncoding
RNAs. Cell Chem Biol 2016;23:1325–33.

146. Dykes IM, Emanueli C. Transcriptional and post-transcriptional gene regula-
tion by long non-coding RNA. Genomics Proteomics Bioinformatics 2017;15:
177–86.

147. Sent€urk Cetin N, Kuo CC, Ribarska T, Li R, Costa IG, Grummt I. Isolation and
genome-wide characterization of cellular DNA:RNA triplex structures.
Nucleic Acids Res 2019;47:2306–21.

148. Buske FA, Bauer DC, Mattick JS, Bailey TL. Triplexator: detecting nucleic
acid triple helices in genomic and transcriptomic data. Genome Res 2012;22:
1372–81.

149. Ghafouri-Fard S, Taheri M. Maternally expressed gene 3 (MEG3): a
tumor suppressor long non coding RNA. Biomed Pharmacother 2019;
118:109129.

150. Matveishina E, Antonov I, Medvedeva YA. Practical guidance in genome-wide
RNA:DNA triple helix prediction. Int J Mol Sci 2020;21:830.

151. Mondal T, Subhash S, Vaid R, Enroth S, Uday S, Reinius B, et al. MEG3 long
noncoding RNA regulates the TGF-b pathway genes through formation of
RNA-DNA triplex structures. Nat Commun 2015;6:7743.

152. Chan SR, Blackburn EH. Telomeres and telomerase. Philos Trans R Soc Lond B
Biol Sci 2004;359:109–21.

153. Liu H, Yang Y, Ge Y, Liu J, Zhao Y. TERC promotes cellular inflammatory
response independent of telomerase. Nucleic Acids Res 2019;47:8084–95.

154. Chu C, Qu K, Zhong FL, Artandi SE, Chang HY. Genomic maps of long
noncoding RNA occupancy reveal principles of RNA-chromatin interactions.
Mol Cell 2011;44:667–78.

155. Park JI, Venteicher AS, Hong JY, Choi J, Jun S, Shkreli M, et al. Telomerase
modulates Wnt signalling by association with target gene chromatin. Nature
2009;460:66–72.

156. Bernhart SH, Hofacker IL, Stadler PF. Local RNA base pairing probabilities in
large sequences. Bioinformatics 2006;22:614–5.

157. Sherpa C, Rausch JW, Le Grice SF. Structural characterization of maternally
expressed gene 3 RNA reveals conserved motifs and potential sites of
interaction with polycomb repressive complex 2. Nucleic Acids Res
2018;46:10432–47.

158. Cheng Y, He C, Wang M, Ma X, Mo F, Yang S, et al. Targeting epigenetic
regulators for cancer therapy: mechanisms and advances in clinical trials.
Signal Transduct Target Ther 2019;4:62.

159. Mio C, Bulotta S, Russo D, Damante G. Reading cancer: chromatin readers as
druggable targets for cancer treatment. Cancers 2019;11:61.

160. Bechter O, Sch€offski P. Make your best BET: the emerging role of BET
inhibitor treatment in malignant tumors. Pharmacol Ther 2020;208:
107479.

161. Filippakopoulos P, Qi J, Picaud S, Shen Y, SmithWB, Fedorov O, et al. Selective
inhibition of BET bromodomains. Nature 2010;468:1067–73.

162. DawsonMA, Prinjha RK,DittmannA,Giotopoulos G, BantscheffM, ChanWI,
et al. Inhibition of BET recruitment to chromatin as an effective treatment for
MLL-fusion leukaemia. Nature 2011;478:529–33.

163. Coud�e MM, Braun T, Berrou J, Dupont M, Bertrand S, Masse A, et al. BET
inhibitor OTX015 targets BRD2 and BRD4 and decreases c-MYC in acute
leukemia cells. Oncotarget 2015;6:17698–712.

164. Bradbury RH, Callis R, Carr GR, Chen H, Clark E, Feron L, et al.
Optimization of a series of bivalent triazolopyridazine based bromodomain
and extraterminal inhibitors: the discovery of (3R)-4-[2-[4-[1-(3-Methoxy-
[1,2,4]triazolo[4,3-b]pyridazin-6-yl)-4-piperidyl]phenoxy]ethyl]-1,3-
dimethyl-piperazin-2-one (AZD5153). J Med Chem 2016;59:7801–17.

165. Conery AR, Centore RC, Neiss A, Keller PJ, Joshi S, Spillane KL, et al.
Bromodomain inhibition of the transcriptional coactivators CBP/EP300 as a
therapeutic strategy to target the IRF4 network in multiple myeloma. ELife
2016;5:e10483.

Impacts of MYC on Chromatin Remodeling

AACRJournals.org Cancer Res; 81(8) April 15, 2021 1935

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/1925/3090156/1925.pdf by guest on 19 M

ay 2023



166. Garcia-Carpizo V, Ruiz-Llorente S, Sarmentero J, Gra~na-Castro O, Pisano DG,
BarreroMJ. CREBBP/EP300 bromodomains are critical to sustain the GATA1/
MYC regulatory axis in proliferation. Epigenetics Chromatin 2018;11:30.

167. ReeAH, SaelenMG, Kalanxhi E,�stensen IH, Schee K, RøeK, et al. Biomarkers
of histone deacetylase inhibitor activity in a phase 1 combined-modality study
with radiotherapy. PLoS One 2014;9:e89750.

168. Oki Y, Kelly KR, Flinn I, Patel MR, Gharavi R, Ma A, et al. CUDC-907 in
relapsed/refractory diffuse large B-cell lymphoma, including patients with
MYC-alterations: results from an expanded phase I trial. Haematologica
2017;102:1923–30.

169. Orphanides G, LeRoy G, Chang CH, Luse DS, Reinberg D. FACT, a factor that
facilitates transcript elongation through nucleosomes. Cell 1998;92:105–16.

170. Keller DM, Lu H. p53 serine 392 phosphorylation increases after UV through
induction of the assembly of the CK2.hSPT16.SSRP1 complex. J Biol Chem
2002;277:50206–13.

171. Winkler DD, Muthurajan UM, Hieb AR, Luger K. Histone chaperone FACT
coordinates nucleosome interaction through multiple synergistic binding
events. J Biol Chem 2011;286:41883–92.

172. Heo K, KimH, Choi SH, Choi J, KimK, Gu J, et al. FACT-mediated exchange of
histone variant H2AX regulated by phosphorylation of H2AX and ADP-
ribosylation of Spt16. Mol Cell 2008;30:86–97.

173. Garcia H,Miecznikowski JC, Safina A, CommaneM, Ruusulehto A, Kilpinen S,
et al. Facilitates chromatin transcription complex is an "accelerator" of tumor
transformation and potential marker and target of aggressive cancers. Cell Rep
2013;4:159–73.

174. Bi L, Xie C, Yao M, Thae Hnit SS, Vignarajan S, Wang Y, et al. The histone
chaperone complex FACT promotes proliferative switch of G(0) cancer cells.
Int J Cancer 2019;145:164–78.

175. Carter DR,Murray J, Cheung BB, Gamble L, Koach J, Tsang J, et al. Therapeutic
targeting of the MYC signal by inhibition of histone chaperone FACT in
neuroblastoma. Sci Transl Med 2015;7:312ra176.

176. Hyun K, Jeon J, Park K, Kim J. Writing, erasing and reading histone lysine
methylations. Exp Mol Med 2017;49:e324.

177. Ishiguro K, Kitajima H, Niinuma T, Ishida T, Maruyama R, Ikeda H, et al.
DOT1L inhibition blocks multiple myeloma cell proliferation by suppressing
IRF4-MYC signaling. Haematologica 2019;104:155–65.

178. Cho MH, Park JH, Choi HJ, Park MK, Won HY, Park YJ, et al.
DOT1L cooperates with the c-Myc-p300 complex to epigenetically dere-
press CDH1 transcription factors in breast cancer progression. Nat
Commun 2015;6:7821.

179. Yang L, Lei Q, Li L, Yang J, Dong Z, Cui H. Silencing or inhibition of
H3K79 methyltransferase DOT1L induces cell cycle arrest by epigenet-
ically modulating c-Myc expression in colorectal cancer. Clin Epigenetics
2019;11:199.

180. Aho ER, Wang J, Gogliotti RD, Howard GC, Phan J, Acharya P, et al.
Displacement of WDR5 from chromatin by a WIN site inhibitor with pico-
molar affinity. Cell Rep 2019;26:2916–28.

181. Lu K, Tao H, Si X, Chen Q. The histone H3 lysine 4 presenter WDR5 as an
oncogenic protein and novel epigenetic target in cancer. Front Oncol 2018;
8:502.

Cancer Res; 81(8) April 15, 2021 CANCER RESEARCH1936

Amjadi-Moheb et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/1925/3090156/1925.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


