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ABSTRACT
◥

Epigenetic regulation of gene expression has been ultimately
linked to cancer development, with posttranslational histone mod-
ifications representing attractive targets for disease monitoring and
therapy. Emerging data have demonstrated histone lysine (K)
methylation by methyltransferase SETDB1 as a common denom-
inator of gene regulation in several cancer types. SETDB1 reversibly
catalyzes the di- and trimethylation of histone 3 (H3) K9 in
euchromatic regions of chromosomes, inhibiting gene transcription
within these regions and promoting a switch from euchromatic to
heterochromatic states. Recent studies have implicated aberrant
SETDB1 activity in the development of various types of cancers,
including brain, head and neck, lung, breast, gastrointestinal,

ovarian, endometrial and prostate cancer, mesothelioma, mela-
noma, leukemias, and osteosarcoma. Although its role has
not been fully elucidated in every case, most data point toward
a pro-oncogenic potential of SETDB1 via the downregulation of
critical tumor-suppressive genes. Less commonly, however,
SETDB1 can also acquire a tumor-suppressive role, depending
on cancer type and stage. Here we provide an updated overview
of the cellular and molecular effects underlying SETDB1 activity
in cancer development and progression along with current
targeting strategies in different cancer types, with promising
effects either as a standalone therapy or in conjunction with
other therapeutic agents.

Introduction
Eukaryotic gene expression is a complex process, regulated by an

interplay of genetic and epigenetic events at many different levels,
including chromatin accessibility, transcription, RNA processing and
stability, translation and protein activity. Epigenetic mechanisms have
emerged as primary regulators of gene expression, inducing chemical
modifications of nucleotides via DNA methylation and RNA inter-
ference (RNAi), nucleosome remodeling via ATP-dependent process-
es and posttranslational histone modifications (1). The specificity,
stability, and reversibility of epigenetic changes make them attractive
targets for disease monitoring and therapy.

DNA methylation being the most studied epigenetic mechanism is
catalyzed mainly by DNA methyltransferases (DNMT) and involves
the covalent addition of methyl groups to a cytosine base within the
DNA, with S-adenosylmethionine (SAM) acting as the methyl donor.
It usually occurs on CpG islands, located outside of CpG dinucleotide-
rich clusters, but may also occcur in non-CpG-containing regions.
When DNA methylation occurs in gene promoters, it affects gene
transcription by inhibiting transcription factor binding or by recruit-
ing methyl-CpG binding proteins (MBP), which favor repressive

chromatin-remodeling. On the other hand, DNA demethylation can
be passive due to the absence of methylation maintenance, or active
when mediated by specific enzymes such as DNA glycolases (1).
Another way of epigenetically modifying DNA relies on the action
of double-stranded RNAs and protein components of the RNAi
machinery. Small RNAs produced by the cleavage of dsRNA can
guide or recruit epigenetic enzymes. For example, short-interfering
RNAs (siRNA) in mammals have been shown to induce DNA and
histone methylation, thus downregulating gene expression (2). Nucle-
osome remodeling activities also regulate the accessibility of nucleo-
somal DNA. ATP-dependent enzymes may weaken the tight looping
of DNA around the histone octamers, thus making nucleosomal DNA
transcriptionally accessible (3).

Furthermore, posttranslational histone modifications allow specific
cell interactions and diverse cell communication that controls gene
activation or silencing at a given time and cellular setting. Among the
different types of histone posttranslational modifications (acetylation,
methylation, ubiquitination, and sumoylation), methylation presents
the main regulator of chromatin availability for transcription.

Histone methylation changes chromatin condensation to enable an
“open” state that correlates with increased transcription, or a “closed”
state associated with decreased transcription in a specific chromatin
segment (4). Three enzyme families can mediate histone methylation
including Su(var)3–9, enhancer-of-zeste and trithorax (SET) domain-
containing proteins and disruptor of telomeric silencing 1 (Dot1)-like
proteins that methylate lysine (K) residues, as well as the protein
arginineN-methyltransferase (PRMT) family, involved in arginine (R)
methylation (5).

Histone 3 lysine 9 (H3K9) methylation is a mark of decreased
transcriptional activity,mediated by several SET-domainmethyltrans-
ferases (6). Mono- and dimethylation of H3K9 is induced by the
euchromatic histone lysine methyltransferase 2 (G9a)-G9a-like pro-
tein (GLP) heterodimer that downregulates transcriptional activity of
euchromatic regions (7). The suppressor of variegation 3–9 homolog 1
and 2 (SUV39H1 and SUV39H2) mediate di- and trimethylation of
H3K9 using monomethylated H3K9 as substrate (8). Members of the
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PR domain zinc finger protein (PRDM) family are able to methylate
H3K9 either directly or indirectly through cross-talk with other
methyltransferases, such as G9a (6). The SET domain-bifurcated
histone lysine methyltransferase 1 (SETDB1) catalyzes all forms of
H3K9 methylation but mainly di- and trimethylation, generating the
respective H3K9me2 and H3K9me3 histone marks (8–11).

SETDB1 protein structure consists of a bifurcated SET domain and
an interfering chain of hundreds of evolutionarily conserved amino
acids, with three isoforms occurring from alternative splicing (Fig. 1A;
refs. 6, 8–10). The C-terminus of SETDB1 is involved in methyltrans-
ferase activity, commonly ubiquitinylated at K867 for full function-
ality (12). The N-terminus is composed of a methyl-CpG-binding
domain (MBD) responsible for interaction with DNA (cytosine-5)-
methyltransferase 3 (DNMT3) and trimethylation ofH3K9, alongwith
CpG methylation (13). Two Tudor domains ensure anchoring to the
K- and R-containing sites, participating in complex formation with
other regulatory proteins (14).

The end reaction of SETDB1-mediated H3K9me3 requires inter-
action with the cofactor activating transcription factor 7-interacting
protein 1 (ATF7IP) and recruitment of the heterochromatin protein 1
(HP1), which mediates the conformational switch from euchromatin
(“open” state) to heterochromatin (“closed” state; Fig. 1B and C;
refs. 7, 9). The effect of SETDB1 on gene expression is therefore mostly
suppressive (4), affecting indirectly other histone modifications,
through yet unknown mechanisms (12, 15). Several pivotal genes that
control normal cell function are regulated by SETDB1 including
p53 (16), genes of the wingless-related integration site (Wnt) pathway,
such as apolipoprotein E (APOE), insulin-like growth factor binding
protein 4 (IGFBP4), frizzled-1 protein (FZD1), and low-density
lipoprotein receptor-related protein 8 (LRP8; ref. 17), homeobox A
(HoxA1-7, HoxA9-11, HoxA13; ref. 18), and c-myc (19), thus present-
ing a key mediator of developmental epigenetic events.

Physiologic Role of SETDB1
During normal development, SETDB1 is involved in the embryo-

logical differentiation of central nervous system (CNS) cell lineages,
inactivation of the X chromosome (20), repression of endogenous
retroviruses (ERV), and control of T helper cell differentiation (13). It
is mainly activated in the early stages of CNS embryogenesis, suppres-
sing the expression of trophectoderm differentiation markers (Gata2,
heart and neural crest derivatives expressed 1, Hand1, caudal-type
homeobox protein 2, Cdx2) and allowing the expression of transcrip-
tion factors that control pluripotency (octamer binding transcription
factor 4, Nanog, SRY-box transcription factor 2, Sox2; ref. 21). During
normal brain development, SETDB1 is involved in the inhibition of
astrocytic genes, glial fibrillary acidic protein (Gfap), and SRY-box
transcription factor 9 (Sox9), while its deficiency accelerates the
generation of astrocytes in the expense of neurons’ development (22).
However, in the later stages of embryogenesis, SETDB1 levels
decline and allow the generation of astrocytic cells. SETDB1 further
participates in the regulation of meiosis and cell cycle in mouse
oocytes and embryos, with its inhibition leading to delayed meiotic
resumption (4). It is also involved in the repression of ERVs that
have been associated with retrotransposition and cancer suscepti-
bility (23, 24). ERVs regulation participates in CD4þ T-cell differ-
entiation, and through their suppression, SETDB1 exhibits a pro-
Th2 effect on T helper cell response (25). Furthermore, mutations
and/or dysfunction of SETDB1 or any of its downstream targets
have been associated with several diseases, including nervous
system disorders, obesity, and carcinogenesis (26–31).

Cellular Effects of SETDB1 in Different
Tumors

Recent studies have shown that SETDB1 is overexpressed in most
cancer types, favoring tumor development (Table 1). Based on TCGA
Research Network data, SETDB1 is amplified in 10.8% of liver cancers,
9.1% of breast cancers, 8.4% of bladder cancers, 7.4% of ovarian
cancers, 6% of uterine cancers and mutated in about 5% of
melanomas (32–34).

In glioma tissues, nuclear SETDB1 expression was shown upregu-
lated (80%) compared with normal brain being positively correlated
with advanced histologic grade (35–37). Consistently, upregulated
SETDB1 mRNA and protein levels were observed in nasopharyngeal
carcinomas and metastatic head and neck cancer cell lines and
tissues (38), involved in the inhibition of tumor suppressor genes and
associated with decreased patients survival (38). SETDB1 upregulation
was shown to promote cell proliferation, migration, and invasion,
possibly by promoting the transition fromG1 to S cell-cycle phase (39),
while its deletion led to suppression of these tumor-promoting prop-
erties by increasing apoptosis (39).

The primary lung cancer cells (both small cell and non–small cell)
have been shown to harbor SETDB1 copy-number gains that are
related to overexpression of SETDB1. This overexpression is able to
promote cancer growth both in vitro and in vivo (40). In non–small cell
lung cancer (NSCLC) tissues, increased SETDB1 expression was
associated with cell proliferation, migration, and invasion (40–42).
Moreover, it has been linked to tumor recurrence in stage I NSCLC
patients as well as to poor prognosis (43, 44). However, other data
indicate no association between SETDB1 levels and clinical stage (45).
Additionally, SETDB1 expression was impaired in highly metastatic
sublines of lung adenocarcinoma with antioncogenic effects (46).
Therefore, SETDB1 can be considered as a critical oncogene during
the first stages of NSCLC with reduced significance during tumor
progression and at late cancer stages.

In breast cancer, SETDB1 is aberrantly expressed and contributes to
its development, progression, andmetastasis (47). Xiao and colleagues
demonstrated elevated SETDB1 mRNA levels and a subtle upregula-
tion in H3K9methylation, suggesting that the tumorigenic function of
SETDB1 in breast cancer may be independent of its methyltransferase
activity (19). Moreover, SETDB1 was amplified in triple-negative
breast cancer, inducing epithelial-mesenchymal transition (EMT) that
results in dysfunctional cell–cell adhesion and a spindle-shaped cell
morphology (48, 49).

Gastric cancer has also been associated with dysregulated SETDB1
function, contributing to inhibition of apoptosis and poor progno-
sis (50, 51). SETDB1 was shown to act as an inhibitor of cell growth by
blocking the G1–S cell-cycle transition in colorectal cancer cells (52).
Furthermore, SETDB1 overexpression was correlated with increased
histologic grade and TNM stage in colorectal cancer (53). Of impor-
tance, SETDB1 depletion reversed the transcriptional status of the
affected genes back to normal and induced cell differentiation and
transformation of cancer cells to postmeiotic normal-like cells (54).

Additionally, SETDB1 is the most significantly upregulated epige-
netic enzyme in hepatocellular carcinoma (HCC) implicated in cancer
cell development and maintenance and has been associated with
metastasis and poor patient prognosis (55–57).

In ovarian serous cancer (SOC), high circular SETDB1 RNA
(circSETDB1) levels have been detected correlating with advanced
clinical stage, lymph node metastasis, chemoresistance, and
shorter progression-free patient survival (58), revealing their esti-
mation as a promising tool for prediction of disease relapse,
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progression-free survival, and response to platinum and taxane-
combined chemotherapy (59).

Overexpression of SETDB1 was also detected in prostate cancer
tissues in vitro and in androgen-independent tumors compared with
adjacent normal prostate or benign prostate hyperplasia tissues.
Knockdown of SETDB1 by siRNA in vitro was demonstrated to
decrease colony formation, induce G0–G1 cell-cycle arrest and sup-
press cancer cell growth, invasiveness, and migration (60).

In melanoma tumorigenesis, SETDB1 expression was positively
correlated with high mitotic count, advanced depth of invasion (Clark

levels), and epidermal involvement (61, 62). High SETDB1 expression
has been observed in metastasized and high-risk primary melanomas
with increased tumor thickness and invasiveness, linked to worse
prognosis and serving as a valuable prognostic factor (61).

In acute myeloid leukemia (AML) patient samples, lower SETDB1
levels were detected comparedwith normal hematopoietic cells where-
as higher SETDB1 levels correlated positively with a more favorable
overall survival. SETDB1-mediated H3K9 methylation was shown to
suppress cell growth and self-renewal, contributing to AML disease
progression in vivo, by repressing pro-leukemic genes (63). SETDB1 is
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Figure 1.

SETDB1 protein structure, methyltransferase activity, and gene targets in different cancer types. A, The SETDB1 protein consists of an N- and a C-terminus. The N-
terminus contains two Tudor domains, which bind the protein to lysine and arginine sites and also allow it to participate in complexes with other regulatory proteins
such as the Kruppel-associated box-zinc finger proteins–KRAB-associated protein-1 (KRAB-ZFP-KAP-1), as well as interact with DNA methyltransferases (DNMT)
through its methyl-CpG-binding domain (MBD) domain. The C-terminus contains a pre-SET, a SET, and a post-SET domain and is responsible for the protein's
catalytic activity (4). In order for the protein to acquire full functionality, it is necessary that theC-terminus is ubiquitinylated at lysine 867.B, Themethylation reaction
is catalyzed by S-adenosyl methionine (SAM) and human homolog of murine ATFa-associated modulator (hAM), which serve as methyl group donors to the SET
domain. These changes contribute to the shift from an “open” and transcriptionally active to a “closed” and transcriptionally silenced state of chromatin. This change
is mediated by SETDB1-mediated recruitment of heterochromatin protein 1 (HP-1), which again favors the switch of euchromatin to heterochromatin. C, Inhibition of
transcription by gene promoter methylation is the main mechanism by which SETDB1 acts as an oncogene in various cancers, where it is frequently upregulated.
Because most of these genes function as tumor suppressors, SETDB1 acts to downregulate them. In brain cancer, SETDB1 inhibits the transcription of the Ras
association domain family 1 isoform A (RASSF1A), TP53, E-cadherin (CDH1), metalloproteinase inhibitor 3 (TIMP3), P14 alternate reading frame (P14AR), and
retinoblastoma protein (Rb) genes. In breast cancer, p16, p21, apolipoprotein E (APOE), p53, homeobox A (HoxA), RASSF1A, CDH1, Claudin1, and mothers against
decapentaplegic homolog 7 (SMAD7) gene expression is inhibited. In gastrointestinal and endometrial cancers, SETDB1 inhibits E2F transcription factor 1 (E2F1), p53,
and cyclin-dependent kinase inhibitor 1A (CDKN1A), TNF receptor superfamily member 10b (TNFRSF10B), respectively. In melanoma and leukemias, p16INK4,
DOPAchrome tautomerase (DCT), homeobox (Hox), and inhibitor of DNAbinding 2 (Id2) are suppressed. In leukemia andosteosarcoma, however, downregulation or
dysfunction of SETDB1 leads to the derepression of genes that would normally be repressed. This mechanism results in the overexpression of such genes. Examples
include dedicator of cytokinesis 1 (Dock1), homeobox A9 (HoxA9), sineoculis homeobox homolog 1 (Six1), and Meis homeobox 1 (Meis1) in leukemia and glutamate
ionotropic receptor kainate type subunit 2 (GRIK2) in osteosarcoma.
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Table 1. SETDB1 effects in each cancer type.

Cancer type SETDB1 expression SETDB1 effects References

Brain cancer Increased – Represses tumor suppressor genes, RASSF1A and TP53
– MBD1:SETDB1:MCAF1 complex is involved in H3K9 methylation and
downregulation of tumor suppressor genes, CDH1, RASSF1A, TIMP3,
P14ARF, and Rb

– Increases FosB expression, promoting stress resilience in brain cells

(22, 28, 29, 44, 65–69, 71)

Head and neck
cancer

Increased – Inhibits tumor suppressor gene expression
– Promotes cell proliferation, migration, and invasion by inducing G1–S
cell-cycle transition

(38, 39)

Lung cancer – Increased in early
NSCLC

– Decreased in
metastatic lung
adenocarcinoma

– Associates with tumor recurrence and poor prognosis in stage I
NSCLC

– Activates the Wnt pathway in lung cells, leading to accumulation of
nuclear b-catenin and inducing a tumor-like phenotype

– Exhibits anti-oncogenic effects in highly metastatic cell lines of lung
adenocarcinoma

(40–44, 46, 71)

Malignant pleural
mesothelioma

Decreased – SETDB1 inactivation due to mutations, involved in tumorigenesis (73, 74)

Breast cancer Increased – Increases IRES-mediated oncogenic translation of c-myc and cyclin
D1

– Physically interacts with DNp63a, causing downregulation of tumor
suppressor genes (APOE, p53, and HoxA)

– Suppresses RASSF1A in breast cancer cells
– Promotes ALT
– Induces EMT by binding to the Snail promoter
– Increased SETDB1 levels decrease SMAD7, allowing activation of the
TGFb pathway and promoting metastasis

(19, 47–49)

GI cancer Increased – SETDB1 overexpression correlates with increased histologic grade
and TNM stage in CRC

– Inhibits cell growth (blocks the G1–S cell-cycle transition or
suppressesWnt target genes in CRC cells), enhances p53-dependent
apoptosis

– Associates with p53 gene promoter methylation in CRC cells
– Binds directly to the promoter region of STAT1 and results in
enhanced function of the CCND1/CDK6 complex, shifting colon cells
from G0–G1 to S phase

(50–54)

HCC Increased – Inactivates p53, promotes tumor aggressiveness, decreases
apoptosis

– Forms complexes with Tiam1, upregulated in HCC tissues, correlates
positively with the disease

– Trimethylates Akt1, leading to increased cancer cell growth and
glycolysis

(55, 57, 79–81)

Pancreatic cancer Increased – Increases pancreatic regeneration, decreases atrophy and apoptosis
– Binds and regulates p53

(16)

Ovarian and
endometrial
cancer

Increased
circSETDB1 levels

– High circSETDB1 levels correlate with advanced clinical stage, lymph
node metastasis, chemoresistance, shorter progression-free patient
survival

– Binds to SMAD3
– Inactivates p53

(58, 59, 69, 82, 83)

Prostate cancer Increased – Affects the genomic stability of prostate cancer cells, interacts with
the URI contributing to retrotransposon repression

(60, 84–86)

Melanoma Increased – Positively correlates with high mitotic count, advanced depth of
invasion, epidermal involvement, p16INK4 methylation, worse
prognosis

– Cooperates with the BRAFV600E mutation to promote melanoma
development

– Oncogenic effects mediated by downstream target THBS1

(11, 61–63, 87)

Hematologic cancer Decreased in AML – Represses critical pro-AML oncogenes, Dock1, HoxA9, and Six1
– Required for early AML initiation and progression by enabling AML
cells to evade the host’s innate immune response via retrotransposon
repression

– SETDB1 is a stable protein member of PML-NBs, involved in
maintaining their integrity, as well as in regulating PML-NB–
associated genes, such as Id2, decreased in APL

(63, 64, 84, 88–94)

(Continued on the following page)
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also involved in the pathogenesis of acute promyelocytic leukemia
(APL), an aggressive subtype of AML.

Finally, SETDB1 has been implicated in the pathophysiology of
osteosarcomas where it exerts possible tumor-promoting properties,
by facilitating transcriptional downregulation of genes that decrease
proliferation, migration, and increase apoptosis (64); however, its
exact role is not fully elucidated.

MolecularEffectsofSETDB1 inDifferent
Tumors

Several studies indicate that SETDB1 may contribute to brain
tumorigenesis via repression of tumor suppressor genes such as Ras
association domain family 1 isoform A (RASSF1A) and TP53 (65).
SETDB1 can recruit DNMT3A in the RASSF1A promoter region and
initiate de novoDNAmethylation, resulting in RASSF1A suppression,
which has been associated with proliferation, invasion, and advanced
CNS tumor stage (28, 29, 66, 67). Moreover, H3K9me3 and SETDB1
levels were increased in parallel in astrocytomas, suggesting that
SETDB1 may be the primary effector of H3K9 trimethylation in CNS
tumors, commonly detected in association with BRAF and IDH
mutations (22, 66). Furthermore, SETDB1 interaction with the tran-
scriptional regulator MBD1 and MBD1-containing chromatin-
associated factor 1 (MCAF1) leads to MBD1:SETDB1:MCAF1 com-
plex formation, involved in H3K9 methylation (44). MBD1 binds to
methylatedCpG islands of tumor suppressor genes, such as E-cadherin
(CDH1), RASSF1A, metalloproteinase inhibitor 3 (TIMP3), P14 alter-
nate reading frame (P14ARF), and retinoblastoma protein (Rb), down-
regulating their transcription and contributing to tumorigenesis (68).
Additionally, SETDB1 increases the expression of FBJ murine oste-
osarcoma viral oncogene homolog B (FosB), which encodes leucine
zipper proteins that dimerize with Jun family proteins to form the
activator protein 1 (AP-1) transcription factor complex, enhancing the
resistance to chemotherapeutic drugs (69). FosB is upregulated in
response to chronic stress and promotes stress resilience in brain
cells (70). The FosB/Jun AP-1 suppression by siSETDB1 transfection
was further shown to reduce the colony-forming activity, proliferation,
and migration of glioma cells (71).

In NSCLC, SETDB1 expression was associated with cell prolifer-
ation, migration, and invasion implicating p53 and Akt (AKT serine/
threonine kinase 1) pathways (40–42). Of importance, miR-29 has
been shown to downregulate SETDB1 expression and increase the
expression of p53 involved in NSCLC formation. p53 is in turn able to
upregulatemiR-29 expression and further downregulate SETDB1 (72).

Moreover, SETDB1 was shown to activate the Wnt pathway in lung
cells, leading to accumulation of nuclear b-catenin and inducing a
tumor-like phenotype (71).

Malignant pleuralmesotheliomas (MPM)have recently been shown
to exhibit a high frequency of SETDB1 mutations, especially nonsense
(Y249X) or frameshift mutations (V132fs) that produce nonfunctional
SETDB1 protein (73). In a distinct clinical subset of young age MPMs
with increased female frequency, early p53 mutations induced chro-
mosomal loss, resulting in a near-haploid state, genome reduplication,
and SETDB1 inactivation (74).

In breast cancer, silencing of SETDB1 dramatically decreased gene
expression associated with cell-cycle progression, such as phosphor-
ylated Rb protein, cyclin E1, and cyclin A2. Furthermore, SETDB1
enhances internal ribosome entry segment (IRES)-mediated transla-
tion of the oncogenes, c-myc and cyclin D1 (CCND1). The IRES
segment is located in the 50 untranslated regions (50 UTR) of c-myc and
CCND1 mRNAs and allows direct internal ribosomal entry, thus
initiating protein translation. The polycomb ring finger protein BMI1,
one of the downstream targets of c-myc, suppresses two major cell-
cycle senescence regulators, CDKN1A/p21 (cyclin-dependent kinase
inhibitor 1A) and CDKN2A/p16 (cyclin-dependent kinase inhibitor
2A). Silencing of SETDB1 was shown to downregulate BMI1 and
upregulate p16 and p21 expression, thus inducing cell-cycle arrest and
cellular senescence. Therefore, the activated c-myc/BMI1 axis med-
iates SETDB10s oncogenic activity, leading to tumor growth and
colony formation. Notably, c-myc itself binds to SETDB1 promoter,
enhancing its transcription (19).

Additionally, SETDB1 physically interacts with DNp63a, a p63
isoform lacking the N-terminal transactivation domain, contributing
to p63 protein stability. P63 is a member of the p53 family and a
regulator of epithelial cell biology. This interaction is assumed to
redirect SETDB1 to specific genomic regions and alter their H3K9me3
mark, leading to chromatin modification and gene silencing in breast
cancer cells (75). Examples of such regions include tumor suppressor
genes, such as APOE, p53, and HoxA, that upon silencing promote an
aggressive tumor phenotype in breast cancer as well as in melanoma,
ovarian, lung, and liver cancers (11). SETDB1 is also partially respon-
sible for the H3K9 trimethylation of the tumor suppressor RASSF1A
promoter in breast cancer cells (67). Silencing of SETDB1 disfavors
tumor cell growth, indicating that SETDB1 combined with DNp63a
exhibits an oncogenic potential in breast cancer (75).

Furthermore, SETDB1 promotes the alternative lengthening of
telomeres (ALT), a recombination-based process in response to
excessive heterochromatin formation that makes cancer cells

Table 1. SETDB1 effects in each cancer type. (Cont'd )

Cancer type SETDB1 expression SETDB1 effects References

Osteosarcoma Increased in
aggressive tumors

– Deletions in the 6q16.3 region of the tumor suppressor gene GRIK2,
prevents SETDB1 binding, and increases GRIK2 expression, causing
less aggressive osteosarcoma phenotypes

(64, 93)

Decreased in less
aggressive
osteosarcomas

Abbreviations: ALT, alternative lengtheningof telomeres; AML, acutemyelocytic leukemia;ApoE, apolipoprotein E; BRCA1, breast cancer type 1 susceptibility protein;
CCND1, cyclin D1;CDH1; E-cadherin; CDK6, cyclin-dependent kinase 6; CRC, colorectal cancer;Dock1, dedicator of cytokinesis 1; GI, gastrointestinal; GRIK2, glutamate
ionotropic receptor kainate type subunit 2; HCC, hepatocellular carcinoma; HoxA, homeobox A; HoxA, homeobox A; Id2, inhibitor of DNA binding 2; IRES, internal
ribosome entry segment; KAP1, KRAB-associated protein 1; LINE-1, long interspersed element-1; MPM, malignant pleural mesothelioma; NSCLC, non–small cell lung
cancer; p21; CDKN1A, p16; CDKN2A; P14ARF, P14 alternate reading frame; PDA, pancreatic ductal adenocarcinoma; PML-NB, promyelocytic leukemia-nuclear bodies;
RASSF1A, Ras-association domain family 1 isoform A; Rb, retinoblastoma protein; Six1, Sineoculis homeobox homolog 1; SMAD7, mothers against decapentaplegic
homolog 7; SOC, ovarian serous cancer; THBS1, thrombospondin 1; Tiam1, T-lymphoma invasion andmetastasis-inducing protein 1; TIMP3, metalloproteinase inhibitor
3; URI, unconventional prefoldin RPB5 interactor protein; WNT, wingless-related integration site.
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immortal. Cells lacking SETDB1 showed reduced breast cancer type 1
susceptibility protein (BRCA1) association with telomeres, which is an
ALT-promoting and telomere protective gene, associated with most
familial breast cancer cases (76).

Moreover, SETDB1 overexpression in triple-negative breast can-
cer induced EMT through binding to the promoter of zinc finger
transcription factor Snail (48) and activation of the transforming
growth factor beta (TGFb) pathway (49). This process further
upregulates Snail, which is a strong transcriptional repressor of
the E-cadherin gene and EMT inducer in epithelial cells (67, 75).
Cells overexpressing SETDB1 exhibit decreased expression of the
epithelial markers E-cadherin and b-catenin, along with elevation of
mesenchymal markers, such as vimentin, leading to enhanced
migration and invasion (74, 76).

Additionally, SETDB1 silencing was shown to modulate the
expression of mothers against decapentaplegic homolog 7
(SMAD7), which antagonizes TGFb signaling, involved in immune
response, inflammation, and fibrosis as well as cancer cell stemness
and metastasis. Increased SETDB1 levels in breast cancer cells
decreased SMAD7, allowing activation of the TGFb pathway and
promotion of metastasis (4, 76).

In gastric cancer, the interaction of KRAB-associated protein 1
(KAP1), a scaffold protein that participates in chromatin structure
regulation with SETDB1, contributed to inhibition of apopto-
sis (50, 51). SETDB1 was shown to suppress the expression of Wnt
target genes (77) and enhance p53-dependent apoptosis (52, 77).
SETDB1 overexpression was associated with p53 gene promoter
methylation in colorectal cancer cells (13). Additionally, SETDB1
directly binds to the promoter of signal transducer and activator of
transcription 1 (STAT1) and enhances the activity of the CCND1/
cyclin-dependent kinase 6 (CCND1/CDK6) complex, shifting colon
cells from the G0–G1 phase toward the S phase (78).

In HCC, SETDB1 upregulation has been associated with metastasis
and poor prognosis (56) via interaction with p53 and dimethylation of
K370 residue (57). Gain-of-function (GOF) p53 mutations promote
inactivation of the p63 and p73 genes, deregulating gene transcription
along with genomic instability, antiapoptotic activity, and increasing
tumor aggressiveness (79). SETDB1 copy-number gains have been
correlated with the R249S hotspot GOF mutation of p53, which
increases lung cancer cell migration and proliferation (80). Further-
more, SETDB1 forms complexes with wild-type p53 and binds to
mutated p53 with greater affinity. SETDB1 knockdown was shown to
decrease liver cancer cell growth in vivo and p53 stability. Wild-type
p53 binds less tightly to SETDB1 and is therefore less methylated
compared with mutated p53, resulting in an unstable protein product.

Additionally, SETDB1 was shown to form complexes with the
oncogenic protein T-lymphoma invasion and metastasis-inducing
protein 1 (Tiam1) being both upregulated in HCC tissues and pos-
itively correlated with the disease (81). Furthermore, SETDB1 tri-
methylates Akt1, leading to increased cancer cell growth and glycol-
ysis (67, 80). Aktmethylation in K64 by SETDB1 allows its recognition
by Jumonji domain-containing protein 2A (JMJD2A), inducing its
activation (41).

SETDB1 was also shown to directly bind and regulate p53 expres-
sion in mouse pancreatic ductal adenocarcinoma (PDA) whereas its
deletion led to increased p53 levels and p53-induced apoptosis. On the
other hand, it also protected against KRAS-induced PDA, even after
the loss of two p53 alleles. SETDB1 deletion further induced an
accelerated formation of acinar-to-ductal metaplasia and pancreatic
intraepithelial neoplasia, suggesting a tumor-suppressive role in the
early, premalignant stages of PDA (16).

TGFb signaling has been shown to play an important role in
regulating the growth of ovarian surface epithelial cells, acting as a
tumor suppressor in early ovarian tumorigenesis, and as a tumor
enhancer in advanced ovarian cancer. TGFb signaling is involved in
the recruitment of both SMAD2 and 3 to the proximal region of the IL2
promoter. Mainly the SUV39H1, but also SETDB1, bind to SMAD3,
promoting histone methylation and suppressing T-cell receptor-
mediated IL2 transcription, indicating an alternative mechanism of
SETDB1 implication in ovarian tumorigenesis (69, 82). In endometrial
carcinoma, SETDB1 inhibits the tumor suppressor p53 and its targets,
the apoptotic protein TNF receptor superfamily member 10b
(TNFRSF10B) and the cell-cycle repressor CDKN1A (83), favoring
tumorigenesis (83).

SETDB1 was also shown to affect the genomic stability of
prostate cancer cells through interaction with the transcriptional
repressor unconventional prefoldin RPB5 interactor protein (URI)
that participates in retrotransposon repression (84). Retrotranspo-
sons can disrupt normal cell physiology due to their ability of
intrinsic mobility throughout the genome (85) and activation of the
host’s immune response (85). In prostate cancer, long interspersed
element-1 (LINE-1) retroelements are derepressed and regulated by
KAP1, which interacts with URI in prostate cell nuclei. Changes in
URI expression affect the SETDB1-mediated repressive function of
KAP1 on retroelements, promoting genomic rearrangements (86).

In melanoma, SETDB1 expression has been associated with
p16INK4methylation (61, 62) while cooperating with the BRAFV600E
mutation to promote melanoma development and familial suscepti-
bility (63, 87). SETDB1 oncogenic effects are mediated by the regu-
lation of downstream targets, including thrombospondin 1 (THBS1), a
secreted glycoprotein that promotes invasiveness and metastasis in
melanomas.

In AML, SETDB1 has been associated with altered H3K9 methyl-
ation and transcriptional repression of critical pro-AML oncogenes,
such as the dedicator of cytokinesis 1 (Dock1) that is associated with a
poor prognosis as well asHoxA9 and sineoculis homeobox homolog 1
(Six1), necessary for leukemic stem cell maintenance (88, 89). How-
ever, previous studies demonstrate that SETDB1 is needed for AML
initiation and progression by enabling AML cells to evade the host’s
innate immune response, when sensing retrotransposons as “non-
self” (88). In this way, SETDB1 establishes heterochromatin confor-
mation at retrotransposons, preventing their transcription and sub-
sequently the downstream activation of host type I interferon (IFN)
response (84).

In APL, SETDB1 is a stable protein member of the promyelocytic
leukemia (PML) nuclear bodies (PML-NB) that are interspersed
in chromatin and are linked to transcriptional regulation, apoptosis,
and response to DNA damage (89). SETDB1 regulates the PML-NB-
associated genes, such as the transcriptional regulator, inhibitor
of DNA binding 2 (Id2), which is decreased in APL (90, 91). Several
studies demonstrate the involvement of SETDB1 in the development
of a leukemic cell phenotype contributing to immune system evasion
by increasing H3K9me3 in specific retrotransposon sites that inhibit
immune presentation, thus increasing leukemic cell surviv-
al (64, 84, 92, 93). SETDB1 function is mediated through the multi-
functional polymerase-associated factor 1 (PAF1) complex, known to
regulate crucial genes for leukemogenesis, including HoxA9 and
Meis1 (94).

Finally, SETDB1 in osteosarcomas regulates the glutamate receptor,
glutamate ionotropic receptor kainate type subunit 2 (GRIK2) (64).
Deletions in the 6q16.3 region of the GRIK2 gene within the 50

intergenic region and the first intron are present in some
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osteosarcomas and lead to GRIK2 overexpression and a less aggressive
phenotype. Notably, a binding site for SETDB1 was found to exist
within the deleted region in these osteosarcomas interfering with
normal binding of SETDB1, which would normally cause methylation
and decreased expression of the GRIK2 gene. As a result, overexpres-
sion of GRIK2 is observed, which causes apoptosis and decreased cell
proliferation andmigration, thus revealing a possible tumorigenic role
of SETDB1 in osteosarcomas (93).

Translational Studies of SETDB1
Targeting in Cancer

Multiple studies have demonstrated that SETDB1 depletion leads
to decreased cell-cycle progression, cell proliferation, and migration
in vitro and reduced tumor growth in vivo. Drugs available today
that affect SETDB1 function include SET-domain HMT inhibitors
(chaetocin, 30-deazaneplanocin A, DZNep, and miR-381-3p) or
H3K9 methylation inhibitors (mithramycin A) and miRNAs
(miR-621, miR-29; Supplementary Table S1). Unfortunately, how-
ever, SETDB1 inhibitors used in preclinical testing are mostly
nonselective compounds.

In lung cancer cells, DZNep, a methyltransferase inhibitor, was
shown to decrease H3K9me3 levels and SETDB1 expression with a
concurrent increase in lung cancer cell apoptosis and cell growth
reduction (95). Furthermore, miR-29 was downregulated when
SETDB1 expression was increased in NSCLC, indicating a potential
therapeutic target (72). Piperlongumine, a natural alkaloid compound
that induces reactive oxygen species production, was also found to
reduce SETDB1 expression in lung cancer cell lines, ultimately result-
ing in their death in a more selective manner (96). Of interest, several
approved chemotherapeutic agents including paclitaxel (PTX), cis-
platin, and doxorubicin have been shown to affect both SETDB1 and
H3K9me3 levels (4). PTX decreased SETDB1 levels by upregulating
the tumor-repressive p53 protein expression (97, 98), whereas cisplatin
and doxorubicin lowered H3K9me3 levels and decreased tumor
growth (99, 100).

SETDB1 depletion in colonic cancer cells combined with cytotoxic
drugs, such as 5-fluorouracil, irinotecan, and oxaliplatin, promoted the
differentiation of cancer stem cells into postmeiotic normal-like cells
and their sensitivity to already used therapeutic agents (54). These
results indicate an alternative method of selectively targeting cancer
cells, augmenting the efficacy of current anticancer drugs and achiev-
ing greater antitumor effects.

Overexpression of miR-621 was shown to enhance the radiosen-
sitivity of HCC cells by downregulating SETDB1 expression and
p53 activity (101, 102). Additionally, miR-29 interacted with
SETDB1 inHCC cells contributing to tumor aggressiveness (103, 104).
Mithramycin A can also reduce SETDB1 expression and significantly
reduce tumor growth of HCC and melanomas overexpressing
SETDB1 (105–107).

Furthermore, in melanoma cell lines, SETDB1 targeting by the
small inhibitor molecule CAS 935693-62-2 decreased the levels of
viable cells overexpressing SETDB1. The effect was enhanced when
BRAF-mutated cells were treated with the combination of SETDB1
inhibitor along with BRAF and MEK inhibitors vemurafenib and
trametinib (61).

In breast cancer, miR-381-3p suppressed tumor progression and
downregulated SETDB1 expression, being proposed as a SETDB1
inhibitor. However, when SETDB1 levels were restored, the inhibition
was overcome and SETDB1 actually disrupted the physiologic regu-
latory functions of miR-381-3p (107).

Additionally, many specific TGFb signaling inhibitors have been
demonstrated to target SETDB1. SMAD7, which is a SETDB1 target
and a TGFb signaling pathway antagonist, has been demonstrated to
prevent metastasis in several types of cancers (51). Decreasing the
TGFb/SMAD4 signaling pathway in mesenchymal breast cancer cell
lines through upregulation of the TGFb suppressor SMAD7 leads to
DNA demethylation and reexpression of epithelium-related genes,
such as CDH1, which were originally silenced by SETDB1 (106, 108).
Cotreatment with specific inhibitors of both the SETDB1 and TGFb
pathway may present a more efficient therapeutic approach in inhibit-
ing breast cancer metastasis (51).

Cardamonin has demonstrated beneficial effects in breast cancer
tumorigenesis by downregulating inflammatory mediators associated
with poor patient survival, chemotherapy resistance, increased aggres-
siveness, and stem cell phenotypes (109). It also suppressed SETDB1
and was implicated in inhibition of breast tumor growth (109).

Overexpression of the Hox antisense intergenic RNA (HOTAIR),
a functional nonprotein long noncoding RNA (lncRNA), has been
shown to contribute to breast cancer progression through different
mechanisms. HOTAIR-mediated direct inhibition of miR-7 in
breast cancer stem cells was shown to upregulate SETDB1, STAT3,
and c-myc (110) and suppress E-cadherin (48, 49), thus favoring
EMT (111). Several HOTAIR inhibitors (calycosin, genistein, del-
phinidin-3-glucoside, and BML-284) have been demonstrated to
affect breast cancer development, but their potential effects in
SETDB1 regulation require further research (111). Lastly, SETDB1
or H3K9me3 methylation inhibitors could be used in breast cancer
cells and other cancer cells able to utilize this pathway to counteract
the activation of the ALT pathway, which promotes cancer cell
survival and progression (76).

The H3K9me2/3 inhibitor UNC0638 exhibited cytotoxicity in
myeloid leukemia cells, whereas normal bone marrow cells showed
an increase in cKitþ hematopoietic stem and progenitor cell lines
expansion, indicating the therapeutic potential of SETDB1 inhibi-
tion (112). In APL, treatment of mouse cells with arsenic trioxide
(As2O3) induced PML degradation and severely reduced SETDB1
levels along with PML-NB dismantlement and increased expression
of Id2 (113).

Conclusion and Future Perspectives
It is evident that SETDB1 is implicated in the development of many

tumors, being primarily responsible for gene repression mediated by
H3K9me3. Although p53 seems to be a common SETDB1 target, the
repertoire ofmethylated genes varies significantly among cancer types.
Additionally, gene activation effects have been observed through direct
binding of SETDB1 with transcription factors such as the STAT1
promoter, indicating a novel mechanism of action that needs further
investigation. Overall, SETDB1 activity is correlated with increased
aggressiveness and worse disease prognosis and is allocated as an
oncogene in the Cancer Gene Census (CGC) database (114). Given
these effects, using SETDB1 inhibitors to downregulate genes associ-
ated with a more aggressive cancer phenotype could prove useful for
maximizing the effects of current radiotherapy and immunotherapy.
In the same context, SETDB1 inhibition may also induce therapeutic
sensitivity to previously resistant cancer cells by altering their gene-
expression profile. As mentioned above, overexpression of miR-621
was already shown to enhance the radiosensitivity of HCC cells by
downregulating SETDB1 expression and p53 activity. Further research
is, however, needed to establish the validity of these speculations in
other resistant cancer types.
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Additionally, SETDB1 targeting may be implicated in tumor sup-
pression in some cases including AML. Therefore, elucidation of
SETDB1 intracellular mechanisms and identification of respective
gene involvement in the development of specific cancer types are
mandatory. Additionally, the intricate interplay of SETDB1 with other
methyltransferases and deacetylases requires further study. Elucida-
tion of specific SETDB1 targets will enhance selective pharmacologic
targeting, avoiding off-target effects and successfully implementing the
SETDB1 pathwaymanipulation in plausible therapies. Further clinical
research is required to investigate the efficacy and side effects of
SETDB1 targeting in cancer patients in order to improve cancer
prognosis and survival rates.
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