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Yin Yang 1 (YY1), a dual function transcription factor, is known to regulate transcriptional

activation and repression of many genes associated with multiple cellular processes

including cellular differentiation, DNA repair, autophagy, cell survival vs. apoptosis, and

cell division. Owing to its role in processes that upon deregulation are linked to malignant

transformation, YY1 has been implicated as a major driver of many cancers. While a

large body of evidence supports the role of YY1 as a tumor promoter, recent reports

indicated that YY1 also functions as a tumor suppressor. The mechanism by which YY1

brings out opposing outcome in tumor growth vs. suppression is not completely clear

and some of the recent reports have provided significant insight into this. Likewise, the

mechanism by which YY1 functions both as a transcriptional activator and repressor is

not completely clear. It is likely that the proteins with which YY1 interacts might determine

its function as an activator or repressor of transcription as well as its role as a tumor

suppressor or promoter. Hence, a collection of YY1-protein interactions in the context of

different cancers would help us gain an insight into how YY1 promotes or suppresses

cancers. This review focuses on the YY1 interacting partners and its target genes in

different cancer models. Finally, we discuss the possibility of therapeutically targeting the

YY1 in cancers where it functions as a tumor promoter.

Keywords: YY1, transcriptional activation, transcriptional repression, tumor suppressor, tumor promoter, protein-

protein interaction, miRNA and small molecule inhibitor

INTRODUCTION

Yin Yang 1 (YY1) (also called as ∂ transcription factor, nuclear factor-E1 (NF-E1), INO80 complex
subunit S and upstream control region binding protein) is an evolutionarily conserved C2H2

zinc finger containing multi domain transcription factor with several functions (1–9). It was
first identified in 1991 by several independent research groups as DNA binding protein, and was
shown to act as a transcriptional activator/repressor of adeno-associated virus (AAV) P5 promoter,
and other genes (1–7). In the presence/absence of oncoprotein E1A, YY1 acts as P5 promoter
activator/repressor, respectively. Hence, the protein was named as Yin Yang 1 (YY1) from the
Chinese word “Yin,” for repression, and “Yang” for activation.

YY1 is ubiquitously expressed in human tissues and controls various cellular mechanisms
including transcriptional regulation (activation/repression), cell proliferation, DNA repair,
chromatin modeling, apoptosis, autophagy, X-chromosome inactivation, recruitment of Polycomb
Group (PcG) proteins and epigenetic modifications (1, 2, 10–13). YY1 has also been implicated
in B cell maturation, development and immunoglobin class switch recombination (14, 15).
Depending on its interacting partners (Protein-Protein Interaction-PPI), promoter environment
and chromatin structure, YY1 was shown to regulate several genes that are involved in various
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homeostatic processes and diseases including cancer (16, 17).
Typically, YY1 regulate genes either by direct binding to the
corresponding gene promoters or indirectly through association
with chromatin remodeling proteins and histone modifiers (18,
19). Involvement of YY1 in the regulation of genes that are
directly linked to malignant transformation indicated that YY1
might play a key role in many cancers, and indeed YY1 has been
reported to be highly expressed in many cancers and is essential
for cancer progression (20, 21). However, surprisingly, YY1 has
also been reported to play a tumor suppressor role particularly
in the case of pancreatic cancer (22). In case of breast cancer
and few other cancers, YY1 has been reported to play both a
tumor promoter and a suppressor role (23, 24), which is quite
puzzling. Perhaps the cellular context, differential interaction
with other pro-tumorigenic vs. tumor suppressive molecules may
dictate the behavior of YY1 as a tumor promoter vs. tumor
suppressor. Therefore, better understanding of YY1 protein
structure, function, and its altered protein-protein interactions
(PPIs) in various cancers would not only help understand the
role of YY1 in cancer but also in the design and development
of novel therapeutic strategies. In this review, we describe YY1
structure, function, and its protein-protein interactions (PPIs) in
the context of gene regulation and various cancers. Additionally,
we discuss the reported YY1 inhibitors and their role in
cancer therapeutics.

YY1 SEQUENCE

The human YY1 is a highly conserved 414 amino acids protein
with multiple domains. Its sequence is highly homologs and
shares 99.8 and 90.3% identity with mouse and xenopus laevis,
respectively (2, 5, 20, 25). The N-terminal region of YY1 contains
transcriptional activation domain (amino acid sequence 1–100)
with distinguished features. Amino acid sequence from 43 to 53
comprises 11 uninterrupted acidic residues (Glutamic & Aspartic
acids) whereas amino acid sequence from 70 to 80 contains 11
successive histidine residues; and these two regions are connected
by a glycine rich (amino acid sequence 54–69) region. Due to its
acidic nature, the N-terminal region of YY1 has been reported
to be involved in electrostatic interactions particularly with
positively charged proteins (2). While, the histidine tract within
the N-terminal region of YY1 has been described to be involved
in nuclear localization (26), the central region of YY1 (amino
acid sequence from 170 to 200), and the sequence near to the
carboxyl terminal region (amino acids 333–397) were reported
to be involved in transcriptional repression (5, 27). An additional
region within the central domain (PHR, amino acids 205–226)
mediates the interaction with homeobox Hox proteins, which
plays important role in development. Indeed, YY1 is essential
for mammalian development as evidenced by the embryonic
lethality in YY1 homozygous knockout mice (28). The C-
terminal region of YY1 (amino acid sequence 294–414) contains
four C2H2-type zinc-finger motif that mediates DNA binding.
Thus, YY1 uses these domains to interact and recruit various
transcriptional regulators and proteins including transcription
factor IIB, RNA polymerase II, poly (ADP-ribosyl) polymerase,

p300, c-Myc, pRb, HDACs, CREB, FK506-binding protein, Sp1,
NOTCH, YY1-associated factor 2, ATF6, GATA3 C/EBPb and
etc. (20, 29). The sequence of YY1 and its highlighted features
are represented in Figure 1.

YY1 STRUCTURE

Although, YY1 has been implicated in many aspects of
mammalian biology, little is known about its structure. Since YY1
seems to be an intrinsically disordered protein (IDP) that shows
relatively less globularity & low compactness, high flexibility,
and dynamic behavior under physiological conditions (30, 31),
it might be difficult to get full crystal structure for this protein.
It has been proposed that intrinsically disordered proteins
frequently act as “hubs” in protein-protein interaction networks;
and thereby by regulate the signaling pathways associated
with various crucial cellular processes including transcription,
translation, and cell cycle etc. (32). Accordingly, YY1 has been
shown to indulge in various cellular processes with the help
of multiple binding partners. Analysis of YY1 structure using
various methods together with bioinformatics approaches (30)
revealed that the N-terminus of YY1 contains an intrinsically
disordered non-compact structure and lacks a well-defined
tertiary structure. While the full length crystal structure of YY1
is not available, co-crystal structure of YY1 zinc fingers (amino
acids 293–414) in association with initiation element of AVV
P5 promoter (20-bp oligonucleotide) has been reported at 2.5
Å resolution (PDB ID: 1UBD) (33). Another region within
YY1 whose structure is relatively well-documented is the so
called REPO domain (named for its function in recruitment of
Polycomb proteins (34), spanning amino acids 201–226. This
26aa sequence was shown to be sufficient for transcriptional
repression, recruitment of polycomb group (PcG) proteins to
DNA and to cause methylation of lysine 27 on histone H3
(35). Further, crystal structure of this motif in complex with the
four human malignant brain tumor (4MBT) domain containing
protein MBTD1 has been shown to form anti-parallel β-sheets
(36) and has been reported to regulate polycomb response
element containing genes (36). Therefore, resolving full length
YY1 structure using experimental methods (i.e., X-ray and
NMR) or computational methods (i.e., homology modeling
and threading) could provide significant insights related to its
function and molecular mechanism.

YY1 PROTEIN-PROTEIN INTERACTIONS
(PPIS) IMPLICATED IN GENE REGULATION

YY1 was reported as an intrinsically disordered protein
with multiple binding partners and varied localizations (30).
Analysis of curated PPI databases such as STRING (https://
string-db.org/), GPS-Prot (http://gpsprot.org/), BIOGRID
(https://thebiogrid.org/), MINT (https://mint.bio.uniroma2.
it/) and HINT (http://hint.yulab.org/) revealed that YY1
interacts with several proteins and cofactors and reported
to regulate transcription, chromatin organization, histone
acetylation & deacetylation, epigenetic modification, DNA
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FIGURE 1 | Schematic representation of YY1 sequence and its highlighted features (Glutamic and Aspartic acid rich region represented in yellow color, Glycine rich

region in blue color, histidine rich region in magenta color, transcriptional repressive region in green color, and zinc finger sequence in red color, respectively). YY1

protein sequence was retrieved from UniProt database (UniProt entry ID: P25490).

repair, ubiquitination, apoptosis, cell proliferation and tumor
suppression/promotion. In this review, we described YY1
PPIs and their functional implications in tumor growth
and suppression.

ROLE OF YY1 IN TRANSCRIPTIONAL
REGULATION

As mentioned before, depending on its interacting partners, YY1
acts as both transcriptional activator and repressor. Initially, Shi
et al. (25) reported that YY1 interacts and modulates the E1A
protein to control AAV P5 promoter activity. In the absence of
E1A protein, YY1 repressed the P5 promoter activity whereas
in the presence of it YY1 caused transcriptional activation.
However, the molecular mechanism by which binding of E1A
converts YY1 to transcriptional activator was not clear from
this study. Subsequently, Lee et al. (18) showed that E1A
recruits transcriptional co-activator p300 to YY1 and thereby
leads to transcriptional activation. Besides, recent evidence
reports that YY1 acetylation /deacetylation contributes to its
transcriptional activity (19). Acetylation of YY1 through p300
leads to transcriptional activation, whereas deacetylation of YY1
through HDACs leads to transcriptional repression.

Owing to its role in activation and repression of genes, it is
likely that YY1 interacts with a wide range of factors that would
govern its function as transcriptional activator/repressor. Indeed,

the activity of YY1 was shown to be controlled by a wide variety
of protein-protein interactions including basal transcription
machinery proteins (e.g., TATA binding protein, TFIIB, TBP,
TAF55, RNA polymerase II etc.) sequence-specific DNA-binding
transcriptional activators (e.g., SpI, c-Myc, ATF/CREB, C/EBP),
and various transcriptional coregulatory molecules (e.g., E1A,
TAFII55, p300, CREB-binding protein (CBP), HDAC1, HDAC2,
and HDAC3) (18, 19).

YY1 has been shown to regulate the expression of many
genes either positively or negatively in the context of various
cellular processes (20, 29). As a transcriptional activator, YY1
positively regulates many genes. One of the mechanisms by
which YY1 regulates gene expression is by competing and
preventing the binding of repressors to the gene promoters. For
example, Melanie et al. (37) reported that YY1 directly binds
to Xist 5

′

region and triggers the activity of Xist promoter.
In this case, YY1 competes with Xist repressor REX1 for
binding to the Xist 5

′

region. However, the specific nature of
the transcriptional activating complex nucleated by YY1 on
Xist promoter is not clear from this study. Nevertheless, in
many other cases, specific YY1 interacting partners involved
in transcriptional co-activation have been reported (38). For
instance, ATF6, which plays a key role during ER stress and
induces glucose-regulated protein (grp) genes that encode ER
chaperones, has been shown to interact with YY1 and that YY1
interaction with ATF6 enhances its transcriptional activity to
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induce “grp” genes (39). Importantly, a recent report described
that INO80, a chromatin remodeling enzyme is an essential
transcriptional coactivator for YY1 (8). YY1 interacts with INO80
and recruits it to its target genes to induce their expression.
Interestingly, INO80 not only acts as a co-activator but also
helps YY1 to gain access and bind to target promoter sites (8).
One of the genes that INO80-YY1 complex activates is CDC6,
that plays a role in DNA replication and cell division (9). In
addition, the INO80-YY1 complex has been shown to regulate
genomic stability and participate in homologous recombination
mediated DNA repair (8, 9). Furthermore, YY1 reported to be
involved in transcriptional initiation by interacting with Sp1.
YY1-Sp1 interaction has been shown to initiate transcription of
Mu Opioid Receptor (MOR) gene in Human Lymphocytes (40).
Since the MOR activation is linked to suppression of lymphocyte
proliferation, YY1-Sp1 interaction might suppress lymphocyte
proliferation via MOR upregulation.

Many reports indicated that YY1 inhibits transcription of
several genes by interacting with various proteins. For instance,
YY1 coordinates with NF-κB to repress Bim, which is a
proapoptotic member of the Bcl2 family. While the NF-κB
signaling has been shown to be involved in the induced
expression of YY1 (41), it is of interest to note that, in multiple
myeloma, YY1 physically interacts with the canonical NF-κB
RelA and that the YY1-RelA complex represses Bim promoter
(41). This observation is of significant interest because RelA,
which is largely appreciated as a transcriptional activator, has
been shown to function as a transcriptional repressor on Bim
promoter upon forming a complex with YY1. Owing to the
pro-apoptotic function of Bim, its repression by the YY1-RelA
complex has been shown to play an important role in the
survival of multiple myeloma cells (41). Further, other members
of the NF-κB family including RelB and cRel were shown to
transcriptionally induce the expression of YY1 in response to
TLR3 and that YY1 downstream of TLR3 was shown to bind
to IFN-β promoter and repress it by preventing the binding
of IRF7 to IFN-β promoter (42). The repressive function of
YY1 downstream of TLR3 seems to play an important role
in fine-tuning the amount and duration of IFN-β expression
(42). It is however, not clear whether in this case YY1 forms
a transcriptional repressive complex with NF-κB. Interestingly,
while the YY1-RelA complex was shown to function as a
transcriptional repressor (41), a complex between RelB and
YY1 was shown to function as a transcriptional activator
in glioblastoma multiforme (GBM) cells and promotes GBM
growth (43). Likewise, YY1 interacts with a large number of
factors to regulate various genes. A list of YY1 interacting
proteins and their role in gene regulation is provided in Table 1.

YY1 IN EMBRYOGENESIS AND
DEVELOPMENT

While YY1 has been shown to play opposing roles in cancer,
owing to its ubiquitous expression YY1 has also been implicated
in embryonic development and cellular lineage differentiation.
Indeed, it has been reported that homozygous deletion of YY1 in

mice results in peri-implantation lethality and embryonic defects.
Further, mouse embryos that were heterozygous for YY1 deletion
displayed delayed development as well as neurulation defects
(28). In line with this, another group in a relatively recent report
have shown that complete ablation of YY1 results in failure
of cytokinesis and a complete block in cell proliferation (73).
Further, analysis of YY1 target genes has identified a large set of
YY1 target genes with important roles in cell survival/apoptosis,
proliferation, development, and differentiation indicating that
YY1 coordinates a complex transcriptional network to regulate
several biological processes during embryogenesis (73). In line
with the data obtained from mice, human individuals with
deletions or mutations in YY1 exhibited a complex syndrome
that had features including behavioral abnormalities, cognitive
impairment, feeding problems as well as defective intrauterine
growth (74). This syndrome has been termed as the “YY1
Syndrome” caused largely by haploinsufficiency of YY1 that
results in impaired Histone H3 K27 acetylation and dysregulated
global transcriptional output by YY1 (74). In addition to its
role in embryogenesis and tissue formation in adults, YY1 has
also been shown to play important role in stem cells (71). A
recent report has shown that YY1 interacts with the BAF complex
and thereby contributes to proliferation and pluripotency of
mouse embryonic stem cells (mESCs) (71). In line with this,
deletion of YY1 or Smarca4 (a core component of BAF complex)
results in a sharp decrease in pluripotent markers on mESCs
(71). In addition to its role in mESCs, a recent report has
shown an important role for YY1 in neural crest stem cells
(NCSCs) (75). These authors, by employing a combination
of metabolomics, ChiP-Seq and RNA-Seq analysis have found
that YY1 controls multiple metabolic pathways in NCSCs and
that conditional ablation of YY1 results in hypoplasia of all
neural crest derivatives (75). Since melanocytes originate from
NCSCs during development, these authors went on to show that
conditional ablation of YY1 impairs melanoma tumor growth
in a melanoma mouse model (75). In another recent report,
it has been shown that YY1 plays a key role in trophoblast
invasion at maternal–fetal interface by regulating the expression
of MMP2, a key player in trophoblast invasion (76). Importantly,
these authors have also found that in recurrent miscarriage
(RM) patients YY1 expression is significantly decreased in their
trophoblasts (76). Further it was shown that YY1 regulates
the Hox transcript antisense RNA (HOTAIR) expression which
in turn triggers PI3K-AKT signaling, leading to enhanced
MMP2 expression and trophoblast invasion (77). Interestingly
and in line with the reduced levels of YY1 in RM patients
HOTAIR expression was also found to be low in RM patients,
which perhaps accounts for reduced MMP2 expression in RM
trophoblasts (77). Collectively, it is clear that YY1 plays a central
role in embryonic development in addition to its role in cancer.

ROLE OF YY1 IN CANCER

YY1 has been shown to be overexpressed in many cancers
including lung cancer, breast cancer, ovarian cancer, colon cancer,
prostate cancer, brain cancer, cervical cancer, osteosarcoma,
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TABLE 1 | YY1 protein-protein interacting partners and their role in transcriptional activation/repression.

S. no. YY1 interacting

partners

Functions Outcome results References

YY1 partners involved in transcriptional repression

1 HDAC1 Transcriptional repression YY1 binds and recruits HDAC1 to the promoters of oligodendrocyte differentiation

inhibitors (Tcf4 and Id4) and repress these genes

(44)

2 HDAC2 Transcriptional repression Represses miR-500a-5p promoter in colorectal cancer (45)

3 HDAC3 Transcriptional repression Repression of c-Myc, p16 and Mmp-9 (46–48)

4 HDAC4 Transcriptional repression Transcriptional repression of HOXB13 in AR negative prostate cancer cells. (49)

5 HDAC5 Transcriptional repression Repression of sodium calcium exchanger (Ncx1) and the brain natriuretic peptide

(Bnp) genes

(50, 51)

6 SAP30 Transcriptional repression Repression of IFN-β expression (52, 53)

7 MECP2 Transcriptional repression Repression of ANT1 gene (54)

8 SMAD2 and

SMAD3

Transcriptional repression Repression of transforming growth factor (TGF-β) and bone morphogenetic protein

(BMP)

(55, 56)

9 YAF2 Repressive complex YAF2 interacts with YY1 and facilitate Polycomb group protein (PcG) recruitment. (57)

10 LSF Transcriptional repression Represses the human immunodeficiency virus type 1 long terminal repeat. (58)

11 TP53 Transcriptional repression Inhibits p53 transcriptional activity leads to tumor progression (59)

12 RYBP Transcriptional repression Represses miR-29, and negatively regulate skeletal myogenesis (60, 61)

13 Ezh2 Transcriptional repression Regulation of muscle gene expression and skeletal muscle differentiation (62)

14 RelA Transcriptional repression YY1-RelA complex represses the pro-apoptotic gene Bim in multiple myeloma cells. (41)

15 SFMBT2 Transcriptional repression SFMBT2 interacts with YY1 and represses HOXB13 gene and enhances DU145

prostate cancer cell survival SFMBT2 interacts with YY1, represses MMP2, MMP3,

MMP9 and inhibits LNCaP prostate cancer cell invasion and migration

(63, 64)

16 Retinoblastoma

(Rb)

Transcriptional repression Rb interacts with YY1 and inhibits YY1 DNA binding, and thereby blocks

YY1-dependent transcription.

(65)

17 HOXA11 Transcriptional repression YY1 interacts with Hoxa11 and represses Hoxa11 target genes. (66)

18 CP2 Transcriptional repression HXPR motif of YY1 interacts with CP2 and suppresses CP2’s transcriptional activity. (67)

YY1 partners involved in transcriptional initiation and activation

19 Transcription

factor IIB (TFIIB)

Transcriptional initiation TFIIB interacts with YY1, stabilizes YY1 DNA binding and thereby facilitate

transcriptional initiation.

(68)

20 SP1 Transcription initiation YY1 and SP1 interacts and initiate expression of Mu Opioid Receptor (MOR) gene in

Human Lymphocytes

(40)

21 Activator protein 2

(AP-2)

Transcriptional activation Interaction of YY1 with AP-2 transcription factor induces ERBB2 promoter activity in

breast cancer cells.

(69, 70)

22 OCT4 and BAF Transcriptional activation YY1 interacts with OCT4 and BAF and regulate the pluripotency network genes in

mouse embryonic stem cells (mESCs)

(71)

23 INO80 Transcriptional activator and

DNA repair

INO80 interacts with YY1 and function as transcriptional co-activator for YY1 target

genes. Also, INO80-YY1 complex has been implicated in DNA repair.

(8, 9)

24 ATF6 Transcription activation Transcriptional activation of glucose regulated protein (grp) genes (Grp78) (39)

25 YY1AP1 Transcriptional activation YY1AP1 is a co-activator of YY1, and activates transcription of stemness regulators

in hepatocellular carcinoma.

(38, 72)

gastric cancer, acute myeloid leukemia, B-cell and follicular
lymphoma etc. (20, 21) and its expression levels largely correlated
with cancer progression, metastasis, drug resistance, and poor
prognosis. While YY1 has been shown to play a key role in
the progression of many cancers, the mechanism by which
YY1 contributes to tumor growth differs in different cancers by
activating or repressing various genes in a cancer specificmanner.
We listed out the genes that YY1 regulate and the outcome with
regards to tumor growth in Table 2. On the contrary, in addition
to the opposing functions of YY1 both as a transcriptional
activator and repressor, YY1 has also been shown to have two
sides in cancer i.e., a tumor promoter and a tumor suppressor
(96). An insight into the mechanism by which YY1 functions

as a tumor promoter vs. tumor repressor would help us design
novel therapeutic approaches by targeting or manipulating the
function of YY1. It is likely, that the opposing roles of YY1 as
tumor promoter vs. tumor suppressor depend on the cancer type
and its interacting partners (Table 3) by regulating the expression
or repression of several genes as well as non-coding RNAs
including long non-coding RNAs (lnc) and several microRNAs
(miRNAs). Of particular interest, YY1 dependent repression of
miR-9, miR-29, miR-146a, and miR-489 has been shown to be
pro-tumorigenic (109–112). While upregulation of some lnc-
RNAs such as lncRNA-PVT1 by YY1 promotes tumor growth
(90). In this section, we discuss the role of YY1 in different
cancers in detail.
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TABLE 2 | Examples of YY1 regulated genes and their role in cancer suppression/progression.

Cancer type Gene Outcome of gene regulation Impact on

cancer

References

Cancer suppression

Triple negative

breast cancer

LINC00152↓ YY1 dependent repression of LINC00152 leads to stabilization/elevation of

PTEN through E3 ligase NEDD4-1

Suppression (78)

Breast cancer FEN1↓ YY1-dependent repression of FEN1 leads to sensitization of breast cancer

cells to DNA-damaging agents

Suppression (79)

Pancreatic cancer CDKN3↓ YY1 represses CDKN3 gene and thereby facilitate p21 expression Suppression (80)

SOX20T↓ YY1 represses tumor promoting lncRNA SOX2OT, and thereby

downregulates SOX2 expression in pancreatic cancer cells

Suppression (81)

miR30a↓ YY1 represses miR-30a in pancreatic cancer cells leading to enhanced

autophagy and tumor suppression

Suppression (82)

BAX↑ YY1 upregulates BAX gene expression and subjects pancreatic cancer cells

to apoptosis

Suppression (83)

MMP10↓ YY1 represses MMP10 and thereby suppresses metastasis of pancreatic

ductal adenocarcinoma (PDAC)

Suppression (22)

Feline sarcoma-related

(FER)

YY1 binds to FER promoter and represses its expression and inhibits

invasion and migration of pancreatic cancer cells

Suppression (84)

Lung cancer HLJ1↑ YY1 coordinates with AP1 and induces expression of tumor suppressor

HLJ1 leading to reduced invasiveness in lung adenocarcinoma

Suppression (85)

Cancer progression

Colon cancer Fas↓ YY1 downregulates Fas expression and promotes colon cancer cell survival

and growth

Progression (86)

DN-LEF1↓ YY1 represses the expression of dominant negative form of LEF1 (DN-LEF1)

and potentiates Wnt signaling

Progression (87)

SLC22A15↑ & AANAT YY1 upregulates the oncogenes SLC22A15 and AANAT in colon cancer

cells

Progression (88)

GLUT3↑ YY1 upregulates GLUT3 and promotes the Warburg effect Progression (89)

Lung cancer lncRNA-PVT1↑ YY1 positively regulates lncRNA-PVT1 and thereby induce tumor cell

proliferation

Progression (90)

Prostate cancer XAF1↓ YY1 represses the tumor suppressor XAF1 and thereby promotes prostate

cancer growth.

Progression (91)

Glioma P53↓ Inhibits p53 expression and promotes glioma cell growth Progression (92)

Pro-inflammatory

cytokines↑

Upregulates pro-inflammatory cytokines leading to infiltration of glioma

associated macrophages and tumor growth

Progression (43)

Non-Hodgkin’s

lymphoma

KLF4↑ YY1 upregulates KLF4 expression in NHL. Progression (93)

Acute Myeloid

Leukemia (AML)

miR-let7a↓

MYC &BCLXL↑

Downstream of SDF-1α /CXCR4 axis, YY1 represses miR-let-7a and

enhances MYC & BCLXL expression in AML cells and promotes their

survival and proliferation

Tumor

progression

(94)

Breast cancer P27 ↓ YY1 represses p27 expression and thereby promotes tumor formation. Progression (24)

ERBB2↑ Coordinated function of YY1 and AP2 induces the oncogene ERBB2 in

breast cancer cells and promote tumor growth

Progression (69, 70)

HSF1↑ Downstream of TGF-β signaling YY1 enhances HSF1 expression and

promotes proliferation and migration of breast cancer cells.

Progression (95)

BREAST CANCER

Several studies demonstrated YY1 overexpression in breast
cancer cell lines and primary tumors leading to tumor promotion
(24, 69, 70, 113). Mechanistically, YY1 has been shown to
coordinate with AP2 to induce the oncogene Erbb2 in breast
cancer cells (69, 70) leading to tumor aggressiveness. In line
with this, depletion of YY1 led to impaired tumor formation,
colony formation as well as migration whereas overexpression
of YY1 resulted in the opposite effect (24). Further, YY1 has

been shown to repress the expression of cell cycle inhibitor
p27 and also has been shown to physically interact with p27
and cause its ubiquitination via Skp2 leading to unopposed
growth of breast cancer cells (24). Recently, Yang et al.
showed that FAM3C upregulates YY1, which in turn induces
HSF1 expression leading to proliferation and migration of
breast cancer cells through the Akt-Cyclin D1 pathway (95).
Further, they showed that FAM3C-YY1-HSF1 signaling axis
is essential for TGFβ induced proliferation and migration of
breast cancer cells. Hence, targeting the FAM3C-YY1-HSF1
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TABLE 3 | YY1 Protein-protein interactions and their role in cancer progression/suppression.

Interacting partner Function of the interacting complex Outcome/impact on cancer References

RelA YY1 physically interacts with RelA and represses Bim gene in multiple

myeloma

Progression of multiple myeloma (41)

AR YY1 interacts with AR and enhances the transcriptional activity of AR.

induces prostate specific antigen expression

Prostate cancer progression (97, 98)

P53, Mdm2 YY1 interacts with Mdm2 and p53 and facilitates Mdm2 mediated p53

ubiquitination and degradation

Breast cancer progression (99)

P14ARF Interaction of P14ARF with YY1 impairs YY1 interaction with Mdm2 leading

to p53 stabilization

Breast cancer suppression (99)

PARP-1 YY1 interacts with PARP-1 and enhances PARP-1 enzymatic activity Survival of cervical cancer cells (100)

E1A E1A binds to YY1-p300-HDAC3 complex and induces c-Myc expression Tumor progression (101)

c-Myc c-MYC interaction with YY1 impairs YY1 transcriptional activity Tumor progression/suppression?? (102)

E2F2/E2F3 YY1 interaction with E2F2/E2F3 results in enhanced CDC6 expression and

cell cycle progression

Potential Tumor progression (103)

PLK1 YY1-PLK1 interaction promotes cell division Enhances growth of follicular lymphoma (104)

P27 YY1 interacts with and enhances ubiquitination and degradation of p27 Tumor progression (24)

HDAC2 YY1-HDAC2 complex represses miR-500a-5p expression and promote

CRC cell proliferation

Progression of colorectal cancer (45)

SFMBT2
SFMBT2 interacts with YY1 and represses HOXB13 gene and enhances

DU145 prostate cancer cell survival

Prostate cancer progression (63, 64)

SFMBT2 interacts with YY1, represses MMP2, MMP3, MMP9 and inhibits

LNCaP prostate cancer cell invasion and migration

Inhibition of prostate cancer cell invasion

and migration.

HDAC4 YY1 and HDAC4 complex represses HOXB13 gene in AR negative prostate

cancer cells.

Prostate cancer progression (49)

Activator protein 2

(AP-2)

Interaction of YY1 with AP-2 transcription factor induces ERBB2 expression

in breast cancer cells.

Breast cancer progression (69, 70)

ARAP1-AS1 YY1 causes up-regulation of ARAP1-AS1 expression which subsequently

promotes cell migration, invasion, and ETM process in CRC via

Wnt/β-catenin signaling mechanism..

CRC cancer progression (105)

XAF1 YY1 inhibits XAF1 expression in prostate cancer cells lines through HDAC1

dependent mechanism and thereby induces cancer progression.

Prostate cancer progression (91)

CARM1 CARM1 causes arginine methylation of YY1 and enhances its transcriptional

activity.

Oral cancer progression (106)

RelB YY1-RelB complex promotes pro-inflammatory cytokines expression

leading to glioma associated macrophage infiltration

Promotes glioma growth (107)

Retinoblastoma (Rb) Destabilizes YY1-DNA interaction to inhibit YY1 mediated gene activation Potential tumor suppression (65)

SYK(L) YY1-SYK(L) interaction suppress epithelial-to-mesenchymal transition (EMT)

by inhibiting SNAI2 transcription

EMT inhibition (108)

P300 & AP-1 Induces expression of tumor suppressor HLJ1 Suppression of lung cancer (85)

signaling axis is an effective strategy for treating TGFβ-dependent
breast cancer (95).

Interestingly, contradictory results by Lee et al. (23) showed
that YY1 plays a tumor suppressive role in breast cancer. Lee
et al., showed that YY1 is highly expressed in normal breast
tissue compared to breast cancer tissue and that YY1 positively
regulates expression of BRCA1, a tumor suppressor. In line with
this finding, depletion of YY1 in MDA-MB-231, cells has been
shown to express low levels of BRCA1 and overexpression of YY1
led to increased BRCA1 and tumor suppression (23). However,
the mechanism of YY1 down regulation in breast cancer was not
clear from this study. Similarly, in another study by Lieberthal
et al. (114) showed that low levels of YY1 contributes to
invasive phenotype of breast cancer cells and that overexpression

of YY1 suppressed HS578T breast cancer cells migration by
regulating the expression of HP1alpha, which might play a role
in the invasiveness of breast cancer cells. In a recent report,
Shen et al. (78) have further reported the tumor suppressive
role of YY1 in triple negative breast cancer (TNBC) wherein
YY1 was shown to exhibit transcriptional repressive function
to repress LINC00152 expression (Figure 2A). They further
showed that LINC00152 targets the tumor suppressor PTEN
to proteasome dependent degradation. Hence, YY1-dependent
repression of LINC00152 expression leads to elevated PTEN
levels and suggested that YY1/LINC00152/PTEN axis plays an
important tumor suppressive role in triple negative breast cancer
(78). In contrast Liang et al. (116) showed that YY1 promotes
TNBC by suppressing the transcription of miR-5590, which
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FIGURE 2 | Schematic representation of YY1 mediated transcriptional repression leading breaset cancer suppression/progression. (A) YY1 binds to promoter region

of LINC00152 and P21, and represses their expression levels, which lead to tumor suppression and progression, respectively. (B) In some groups of breast cancer

patients YY1 was shown to function as tumor suppressor. FEN1 levels have been reported to be high in breast cancer cells and helps in tumor growth (115). Owing to

its important role in DNA damage repair and replication, targeting FEN1 was shown to inhibit tumor growth. YY1 was shown to bind to FEN1 promoter and repress

FEN1 expression leading to better survival of cancer patients. Chemotherapeutic agents including mitomyin C and Taxol reduce YY1 expression leading to elevated

levels of FEN1 and drug resistance and tumor growth. However, ectopic expression of YY1 can restore the sensitization of breast cancer cells to chemotherapeutic

agents by repressing FEN1.

upon overexpression has been shown to inhibit TNBC growth.
YY1 was shown to directly bind to miR-5590 promoter and
represses it expression. Moreover, overexpression of YY1 was
shown to counter the negative impact ofmir-5590 overexpression
on TNBC growth (116). The transcriptional repressive function
of YY1 was further shown to result in suppression of breast
cancer growth by direct repression of FEN1 gene (Figure 2B)

(79) and indirect repression of FEN1 through inducing miR-
140 expression, which was shown to target FEN1 3′UTR (117).
FEN1, which is a key player in DNA replication, repair as well as
alleviating the replication stress, is important for tumor growth.
Hence, YY1-dependent repression of FEN1 leads to sensitization
of breast cancer cells to DNA-damaging agents (79, 117).

Collectively, the two sides of YY1 i.e., transcriptional
activation and repression were shown to bring out the two
sides of YY1 in breast cancer i.e., tumor promotion vs.
tumor repression. YY1-dependent transcriptional activation
and repression of ERBB2 and p27 respectively, leads to
tumor promotion. On the other hand, YY1-dependent positive
regulation of BRCA1 and HP1alpha results in tumor suppression
and reduced invasiveness. Negative regulation of LINC00152 and
FEN1 by YY1 leads to tumor suppression.

PANCREATIC CANCER

In pancreatic cancer YY1 largely has a tumor suppressive
role and its expression relative to other tumor types, is less
in pancreatic cancer (https://www.proteinatlas.org/). In line
with this, high levels of YY1 expression in pancreatic cancer
has been shown to have better clinical outcome (22). A
recent study by Chen et al. (84) shown that overexpression
of YY1 inhibits pancreatic cancer growth both in vitro

and in vivo. YY1 was shown to bind to Feline sarcoma-
related (FER) promoter and repress its expression; where FER
has been shown to induce the phosphorylation of STAT3,
which in turn enhances the expression of MMP2 and cancer
progression. Collectively, YY1 inhibits FER expression, which
in turn results in impaired STAT3-MMP2 pathway leading
to suppression of pancreatic cancer growth. Zhang et al.
have further shown that YY1 prevents invasive metastasis of
pancreatic ductal adenocarcinoma (PDAC) by downregulating
the expression of MMP10 in a MUC4/ErbB2/p38/MEF2C
dependent manner indicating the tumor suppressive role of
YY1 in pancreatic cancer. Recently, Liu et al. (80) have shown
that over-expression/knockdown of YY1 inhibits/stimulates the
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FIGURE 3 | Schematic representation of YY1-CDKN3-MDM2 interaction and its functional significance in cancer. In pancreatic cancer, CDKN3 was shown to form a

complex with MDM2-p53 and inhibit p53 dependent upregulation of p21 leading to tumor cell proliferation. YY1 was shown to transcriptionally repress CDKN3 and

thereby promote p53 dependent p21 expression and impair in pancreatic cancer cell proliferation.

proliferation and infiltration of PDAC cells. They found that YY1
binds to CDKN3 promoter and represses its expression and that
CDKN3 was shown to interact with MDM2-p53 complex and
inhibit the expression of cell cycle inhibitor p21 (Figure 3). Thus,
by blocking CDKN3 expression YY1 promotes p21 expression
and tumor suppression.

The tumor suppressive role of YY1 in PDAC further came
into light by the observation that YY1 exhibits transcriptional
repression of the tumor promoting lncRNA SOX2OT and
subsequent down regulation of the cancer stem cell marker
SOX2 (81). It has been shown that lower expression of
SOX2OT had better outcome in PDAC. In addition to
regulating the lncRNA SOX2OT, YY1 was also shown to
repress miR-30a, in pancreatic cancer cells and thereby suppress
pancreatic tumor growth presumably by modulating autophagy
(82). In contrast to its transcriptional repressive function,
YY1 as a transcriptional activator was shown to induce the
expression of the pro-apoptotic BAX gene and induce apoptosis
of pancreatic cancer cells and prevent tumor growth (83).
Collectively, while YY1 largely plays a tumor suppressive role
in pancreatic cancer, it is not clear as to how YY1 levels were
maintained relatively low in pancreatic cancer compared to other
cancer tissues.

COLON CANCER

YY1 is largely shown to be pro-tumorigenic in colon cancer.
It has recently been shown that a unique type of protein
modification, O-GlcNAcylation plays an important role in
modulating protein stability and function, and was shown to
exhibit important pro-tumorigenic role in colorectal cancer
(CRC) (88). Importantly, O-GlcNacylation may perhaps be
considered as a new cancer hall mark (118).While YY1 is elevated
in CRC, interestingly, YY1 has been shown to be O-GlcNAcylated
at Thr-236 by O-GlcNAc transferase (OGT), leading to increased
stability and transcriptional activity of YY1 (88). This in
turn results in YY1-dependent induction in the expression of
metabolite transporter SLC22A15, and an enzyme involved in
melatonin synthesis, AANAT. In line with this, Zhu et al., have
shown that over expression of SLC22A15 and AANAT increases
the survival and proliferation of CRC cells and their depletion
results in the opposite outcome (88). Thus, targeting YY1 O-
GlcNAcylation could serve as an attractive therapeutic strategy
for colon cancer treatment. In addition to being O-GlcNacylated,
YY1 expression is upregulated in CRC and is linked to tumor
proliferation, high grade metastasis and drug resistance. It has
been shown that corticotropin releasing hormone receptor 2 and
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urocortin CRHR2/Unc2 signaling is downregulated in CRC cells
and that down regulation of CRHR2 is essential to maintain
high levels of YY1 in CRC. CRHR2/Unc2 signaling results in
elevation of miR-7, which in turn targets YY1 leading to elevated
Fas expression and death in response to agonistic Fas antibody.
Due to the low levels of CRHR2 in CRC cells, YY1 levels are high,
which in turn represses Fas expression resulting in enhanced
CRC cell survival (86, 119). In line with this, it has been shown
that YY1 negatively regulates Fas gene (120). In addition to
miR-7, miR-215 has also been shown to target YY1 leading to
reduction in YY1 levels. Owing to the pro-tumorigenic role of
YY1 in CRC, both miR-7 and miR-215 were shown to be down
regulated in CRC cells (121, 122). Further, YY1 was also shown
to repress the tumor suppressor miR-500a-5p and promotes CRC
tumor progression in a p300/YY1/HDAC2 dependent manner
(45). These authors also found that YY1 expression was elevated
in CRC and its expression was inversely proportional to miR-
500a-5p expression. Another recent study by Yaqun et al. (105),
has also revealed elevated YY1 expression in CRC. YY1 enhances
transcription of lncRNAARAP1 antisense RNA 1 (ARAP1-AS1),
which is correlated with increased cell migration, invasion and
EMT process in CRC via Wnt/β-catenin signaling mechanism.
In addition to promoting the Wnt signaling via ARAP-AS1
expression, YY1 also promotes Wnt pathway in CRC by directly
repressing the dominant negative isoform of LEF-1 (DN-LEF1),
which is a inhibitor of Wnt signaling (87). Collectively, in
colon cancer, YY1 is largely a tumor promoter and an attractive
drug target.

LUNG CANCER

YY1 expression has been shown to be elevated in lung
cancer tissues and YY1 has been shown to play a key pro-
tumorigenic role in lung cancer (90). Among the signaling
pathways associated with lung cancer progression, NF-κB, IL-
13 and the PI3K/AKT pathways were shown to upregulate YY1
(41, 123, 124). While NF-κB directly activates the transcription
of YY1, IL13 signaling upregulates YY1 in a AKT dependent
manner (125). YY1 plays a key role in normal lung development
(126) and its overexpression leads to cancer progression by
positive regulation of many genes including long noncoding
RNA plasmacytoma variant translocation 1 (lncRNA-PVT1)
(90), miR-1260b as well as COX2 (127). YY1 has also been
implicated in epithelial mesenchymal transition (EMT) by
inducing expression of SLUG (108). However, the long form of
spleen tyrosine kinase (SYK-L), was shown to directly interact
with YY1 and interfere with the expression of SLUG and thereby
the SYK-L functions as a tumor suppressor and reduce the
invasiveness of lung cancer cells (108). Among other factors that
might interfere with YY1 function in lung cancer cells, miR-29a
andmiR-186 have received significant attention.While bothmiR-
29a and miR-186 were shown to down regulate YY1, YY1 in turn
was shown to repress miR-186 and promote lung tumorigenesis
(128, 129).

Interestingly, while most studies on YY1 in lung cancer
revealed a pro-tumorigenic role, Wang et al. (85) reported that

YY1 coordinates with AP1 to induce the expression of tumor
suppressor chaperone HLJ1 in human lung adenocarcinoma
cells and was shown to reduce the invasiveness of these cells.
Further, the tumor suppressive role of YY1 in lung cancer
was also evidenced by the finding that YY1 binds to the
promoter of tumor suppressor microRNA-520c-3p and enhances
its expression. Enhanced expression of miR-520c-3p inhibits
tumor progression by negatively regulating AKT1 and AKT2
(130). Such contrasting roles of YY1 both as a tumor promoter
and tumor suppressor is puzzling and further work is required
to gain a complete mechanistic insight into these opposing
functions of YY1.

PROSTATE CANCER

Similar to other cancers, YY1 has been reported to be
overexpressed in prostate cancer also and has been suggested to
play essential role in proliferation, invasion, metastasis and drug
resistance (131). Mechanistically, to promote prostate cancer
growth, YY1 has been shown to repress the expression of X-
linked inhibitor of apoptosis (XIAP) associated factor-1 (XAF1),
a tumor suppressor in prostate cancer cells (91). It was shown
that YY1 binds to XAF1 promoter and thereby inhibits its
expression in prostate cancer cell lines in a HDAC1 dependent
mechanism (91). In addition to repression of regular genes,
YY1 has also been shown to repress tumor suppressive miR-
146a in prostate cancer cells upon interacting with EZH2 and
thereby promotes prostate tumor growth (111). Further, YY1
also contributes to the metastatic potential of the prostate cancer
cells by mediating transcriptional repression of heterogeneous
nuclear ribonucleoprotein M (hnRNPM), which is an inhibitor
of migration and invasion of prostate cancer cells (132). Further,
like in the case of lung cancer, miR-186 was shown to be
down-regulated in prostate cancer cells and its overexpression
decreases cell proliferation and tumor growth by targeting
YY1 (133). However, as mentioned above, YY1 also represses
miR-186 and hence might promote prostate tumorigenesis.
Likewise, an inverse correlation in the expression of YY1
and miR-146a has been reported in prostate cancer (111) as
explained above.

YY1 has also been linked to regulate tumor cell metabolism.
Interestingly, while in colon cancer cells YY1 has been linked
to promoting the Warburg effect (89), in prostate cancer cells,
Park et al. (134) showed that YY1 regulates genes associated
with mitochondrial energy metabolism (i.e., Krebs cycle and
electron transport chain). In line with this finding, interestingly,
while most tumors exhibit an addiction to the aerobic glycolysis
(Warburg effect), early prostate cancers appear not to rely on
the Warburg phenomenon and other energy metabolic pathways
seem to promote early prostate tumor growth (135).

While, YY1 largely acted as a tumor promoter in prostate
cancer, upon interacting with SFMBT2 (Scm-like with four mbt
domains 2), YY1 acts both as a tumor promoter and suppressor
in prostate cancer. In case of DU145 cells SFMBT2 interacts with
YY1 and represses HOXB13 gene and enhances cell survival.
In case of LNCaP, SFMBT2 interacts with YY1 and represses
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MMP2, MMP3, and MMP9 and inhibits invasion and migration
of prostate cancer cells, and illustrating both pro and anti-role of
YY1 in prostate cancer growth.

CERVICAL CANCER

Human papilloma virus (HPV) infection has been the major
cause of cervical cancer. Baritaki et al. (136) reported that
YY1 was overexpressed in cervical cancer cells from patients
infected with HPV-18 or HPV-16. Further, it has been shown
that depletion of YY1 in HPV positive HeLa cells led to
increased p53 expression and apoptosis (137). This study has
further, implicated that elevated YY1 levels contributes to drug
resistance in cervical cancer. Specifically, treatment of HeLa
cells with arsenic trioxide (As2O3) was shown to reduce YY1
expression and correlated with increased apoptosis. It appears
from these studies that YY1 limits p53 expression and protects
cervical cancer cells from apoptosis. Mechanistically, YY1
plays other key roles in promoting cervical cancer progression
by repressing miR-181 and modulating the expression of E-
Cadherin and HPV E6 oncoprotein (138, 139). miR181a was
previously shown to inhibit cervical cancer growth by targeting
the unfolded protein response regulator GRP78 (140). Zhou
et al. (139) have found that while miR-181 targets YY1
and inhibits cervical cancer growth, YY1 represses miR-181
expression and promotes tumor growth. Also, YY1 appear
to positively regulate the oncogene HPV E6 and negatively
regulate E-Cadherin and thereby promote tumor growth and
metastasis (138).

THYROID CANCER

Compared to other cancers, YY1 role in thyroid cancer has not
been well-explored. Recently, Arribas et al. (141) demonstrated
that both YY1 mRNA and protein levels were over-expressed in
thyroid cancer cells as compared to their adjacent normal cells.
Moreover, immuno-histochemical of analysis of cancer tissue
microarrays revealed that YY1 levels were highly expressed in
papillary thyroid cancer (PTC) compared to follicular thyroid
cancer (FTC). While the mechanistic details on how YY1 might
contribute to the progression of thyroid cancer is not clear, it
has recently been shown that two micro RNAs, miR-544, and
miR-141-3p inhibit thyroid cancer growth by targeting YY1 (142,
143). Further studies on the role of YY1 in thyroid cancer are
needed to gain mechanistic understanding of how YY1 promotes
thyroid tumorigenesis.

LIVER CANCER

YY1 has been implicated in hepatocellular carcinoma (HCC).
Reports showed that YY1 enhances HCC by regulating
expression of several genes (144). While it was previously
documented that YY1 coordinates with HDACs to regulate
diverse genes, Dong et al. (144) showed that YY1 directly
binds to HDAC1 promoter and induces its expression and
there by YY1 attenuates the sensitivity of HCC cells to HDAC
inhibitors. In another study, Tsang et al. (145) showed that
YY1 and EZH2 levels were upregulated in HCC that correlated
with poor survival of HCC patients. Further, they showed that

FIGURE 4 | Schematic representation of Bim repression by YY1-RelA complex. In Multiple Myeloma YY1 forms a complex with RelA and YY1-RelA complex

represses Bim and promotes multiple myeloma cell survival and growth.
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YY1 and EZH2 mediate histone H3 lysine 27 trimethylation
to silence several tumor suppressive miRNAs. Overexpressed
YY1 recruits EZH2 for H3K27me3-mediated down-regulation of
miR-9 thereby enhancing NF-κB activation and pro-tumorigenic
phenotypes (145).

TCGA data set shows that high YY1 and QKI expression
leads to shortend survival of HCC patients. Further, they showed
that Yin-Yang 1 (YY1)/p65/p300 complex activates the Quaking
(QKI) gene expression which is required to promote metastasis
and malignancy of HCC. QKI control expression of circRNA
including circ-0008150, circ-0007821 to induce EMT in HCC
(146). Further, Chiung-Yuan Ko et al. (147) showed that YY1
upon interacting with suppressor of Zeste 12 (SUZ12) recruits
polycomb repressive complex to the promoter of the tumor
suppressor gene CEBPD (148) to repress its expression in HCC
and thereby promotes HCC growth.

Surprisingly, in another study by Zhang et al. (149) hepatitis
B virus (HBV) protein was shown to upregulate the tumor
suppressor HLJ1 expression via YY1. This raises a question as to
whether YY1 functions as a tumor suppressor in the case of HBV
mediated liver cancer.

HEMATOLOGICAL MALIGNANCIES

YY1 has been shown to be over expressed and promote cancer
in hematological malignancies (150). For instance in Multiple
Myeloma (MM), Potluri et al. have shown that YY1 is highly
expressed and is largely nuclear localized in MM cells (41).
While YY1 expression is NF-κB dependent in MM, interestingly,

YY1 forms a transcriptionally repressive complex with RelA
and the YY1-RelA complex plays a key role in the survival of
MM cells (41). The YY1-RelA complex was shown to directly
bind and repress the pro-apoptotic Bim gene in MM cells
and depletion of YY1 or RelA completely impaired the colony
forming ability of MM progenitor cells, suggesting that RelA-
YY1 complex formation (Figure 4) is absolutely essential for
the survival and growth of MM cancer cells (41). However, the
mechanism by which YY1-RelA represses Bim gene needs to be
further elucidated. Recently, Huerta-Yepez et al., showed that
YY1 is overexpressed in bone marrow derived multiple myeloma
cells and its expression is correlated with poor prognosis and
that depletion of YY1 in drug resistant MM cells sensitized
them to bortezomib induced apoptosis (151) and it is likely
that YY1 might also interact with factors other than RelA to
promote MM growth. While YY1 was shown to constitutively
form the repressive YY1-RelA complex in MM, the signaling
pathway/s involved in this remained elusive and whether YY1-
RelA complex plays a pro-tumorigenic role in other cancer
models has not been explored. Thus, understanding of YY1-RelA
complex formation, and its association with different cancers
would substantially help in the design of novel and effective
therapeutic approaches and drug development.

YY1 expression has also been shown to be highly elevated in
Burkitt’s lymphoma and diffuse large B-cell lymphoma (DLBCL)
as compared to normal cell B cells, and its expression levels links
with B-cell transformation and tumor progression (152). In line
with this inhibition of YY1 has been shown to sensitize NHL cells
to TRAIL mediated apoptosis (153). Further, the oncoprotein

FIGURE 5 | Schematic representation of YY1 protein-protein interactions involved in transcriptional activation and repression of various genes in different cancers.

Red color represents an outcome on tumor progression and green color represents tumor suppression.
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TABLE 4 | YY1 expression analysis in patient derived tumor samples, cancer cell lines, and xenografts.

Cancer type Cell lines Xenograft Patient data YY1 expression

in cancer cell

lines

Database Clinical outcome References

Breast MCF-7, MDA-MB-231,

SK-BR-3, ZR-75-1,

BT-474

Knockdown Tissue

Microarray-IHC-High

expression

High - Tumor progression (24)

MCF7 and

MDA-MB-231, BT474

- - High - Tumor progression (70)

- - Meta-analysis–High

expression

- Meta-analysis Promotion of metastasis (113)

MDA-MB-231 Ectopic YY1

overexpression

Tissue array-IHC—

Low

- Oncomine Tumor suppression (23)

HS578t - - Low - Low YY1 levels were shown

to promote invasiveness

(114)

Pancreatic HPAC, SW1990,

BXPC-3, CFPAC-1,

PANC-1, COLO-357

Knockdown Tissues—IHC—High

expression

High - Inhibits cell migration and

tumor proliferation

(22)

BxPC-3, COLO-357,

CFPAC-1, PANC-1 and

HPNE (non-cancer)

Knockdown - High - Inhibits migration and

Invasion

(84)

PANC-1 cells and

BXPC-3

Ectopic YY1 over

expression

mRNA analysis—High

expression

Inhibits tumor progression (80, 83)

Colon HCT116, DLD1 and

LOVO

Knockdown Tissue array-IHC—

High expression

High - Inhibits apoptosis and

promotes tumor growth.

(121, 122)

Lung- A549, 95D, HCC827,

and NCI-H165

Knockdown Tissue

array—IHC—High

expression

High - Inhibits apoptosis, increases

proliferation and promotes

tumor growth

(90)

A549 HCC827 - Tissue array—mRNA-

High expression

High Inhibits apoptosis and

promotes invasion and

migration.

(128)

CL1-5 - - Ectopic YY11

overexpression

- Inhibit cell invasion.

Potential tumor suppression

(85)

Prostate - - - High Oncomine Tumor promotion (131)

LNCaP, C4-2, PC-3,

DU145

- Tissues—IHC—High

expression

High Oncomine Enhances EMT (132)

Cervical - - Tissues—mRNA

analysis and IHC—

High expression

- Correlates with tumor

progression

(136)

Hela - Tissues—Western

blot—High expression

High - Inhibits apoptosis and

promotes tumor growth

(137)

- Tissue- IHC—High

expression

High - Correlates with tumor

progression

(138)

Thyroid TPC-1, BCPAP, ML1,

WRO, CGTH, FRO,

8305,

8505, CAL-62.

-
Tissues- IHC -

Western Blotting -

mRNA analysis—

High expression

- - Correlates with tumor

progression

(141)

Liver SMMC-7721, HUH-7,

BEL-7404, HEPG2

Knockdown Tissues- mRNA

analysis—High

expression

High Decreases sensitivity to

HDAC inhibitors—Tumor

progression

(144)

HEP3B, HKCI-8 Knockdown Tissues—IHC—High

expression

HIgh - Inhibits apoptosis and

promotes tumor growth

(145)

Hematological

malignancies

KMM1, JJN3, OCI-My1,

H929 (Multiple Myeloma)

Knockdown Patient derived

Primary cells—Western

blotting—High

expression

High - Inhibits apoptosis and

promotes tumor growth

(41)

(Continued)
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TABLE 4 | Continued

Cancer type Cell lines Xenograft Patient data YY1 expression

in cancer cell

lines

Database Clinical outcome References

MM1s, 8266, IM-9, U266

(Multiple Myeloma)

Primary cells—

western blot

High Oncomine—

High

expression

Inhibits apoptosis and

promotes tumor

progression. Knockdown

sensitizes cells to

Bortezomib induced

apoptosis

(151)

RAJI, RAMOS, DAUDI

(Lymphoma)

- Western blot High Microarray

dataset—High

expression

Correlates with tumor

progression

(93, 152)

RS4;11 - Primary ALL

cells—High expression

High Tumor progression and

decreased patient survival

(155)

Melanoma WM852, WM1791C,

WMB, WM209

Tissues-mRNA—High

expression

- - Promotes tumor growth (109)

A375 Knockdown - - - Decreases sensitivity to

vemurafenib and promote

tumor progression by

modulating autophagy

(158)

Conditional deletion

in melanoma mouse

model

YY1 deletion impairs

melanoma growth

(75)

Gliobastoma U251MG, LN229 - - High expression in

cisplatin resistant

cells

- Promote glioma tumor

progression by providing

resistance to cisplatin

(107)

- - Tissue mRNA—High

expression

Promotes tumor growth (161)

PLK1 interacts with and phosphorylates YY1 in follicular
lymphoma cells. Phosphorylation of YY1 by PLK1 activates YY1
and leads to increased cell proliferation (104). Recently Morales-
Martinez et al., showed that YY1 regulates Krüppel-Like Factor
4 (KLF4) protein transcription through binding to its promoter
region in lymphoma cell lines (93). Interestingly, while KLF4
was shown to be a tumor suppressor in NHL (154), Morales-
Martinez et al., suggested that YY1 positively regulates KLF4
expression and that YY1 expression in NHL cells correlates
with KLF4 expression (93). This raises a question whether KLF4
may also promote NHL in cases of combined hyper expression
of YY1 and KLF4.

In addition to lymphoma and myeloma, YY1 has also
been shown to play an important role in promoting acute
myeloid leukemia (AML). The SDF-1a/CXCR4 signaling has
been shown to upregulate YY1 in AML cells in which
YY1 downregulates the tumor suppressor microrna miR-let-7a
and upregulates MYC and BCLXL to promote AML growth
(94). In a recent article by Antonio-Andres et al. (155),
YY1 has been shown to have a pro-tumorigenic role and
enhance chemo-resistance in acute lymphoblastic leukemia
(ALL) by inducing the expression of multi-drug resistance 1
gene (MDR1), which is necessary for ALL chemo-resistance.
In line with this, these authors also have reported high
expression levels of both YY1 and MDR-1 in ALL patients.
Thus, in hematological malignancies, YY1 largely plays a pro-
tumorigenic role.

MELANOMA

YY1 expression was shown to be elevated in melanoma patient
samples and its expression levels were shown to increase as
tumor progresses to advanced stages (109). In this report,
YY1 has been shown to be essential for proliferation, survival
and metastasis of melanoma cells. Interestingly, while miR-
9 was shown to be an inhibitor of melanoma metastasis by
downregulating the NF-κB1-Snail pathway, YY1 was shown to
suppress miR-9 transcription and hence promote metastatic
potential of melanoma cells (109, 156). In addition to repressing
miR-9, YY1 also has been shown to directly bind to snail
gene enhancer region and activate snail transcription and
thus promote EMT and metastasis of melanoma cells (157).
Interestingly, while autophagy may either promote or suppress
tumor growth, in melanoma cells, YY1 was shown to coordinate
with Transcription factor EB (TFEB) and regulate genes involved
in autophagy and lysosomal biogenesis (158). In this report,
it was speculated that YY1 mediated autophagy might provide
resistance to BRAF inhibitor vemurafenib, and this notion was
supported by the observation that suppression of YY1 sensitizes
melanoma cells to vemurafenib both in vitro and in vivo (158).
While, a direct link between enhanced autophagy and resistance
to vemurafenib is not very clear from this report, autophagy
inhibition has indeed been shown to sensitize cancer cells to
vemurafenib (159, 160). In a more recent report, the role of
YY1 in melanoma tumorigenesis has been directly shown using
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melanoma mouse model, in which ablation of one YY1 allele
impaired melanoma tumor growth by regulating metabolism and
protein translation (75).

GLIOBLASTOMA

YY1 expression has been shown to be elevated in glioma tumors
and its expression has been attributed to tumor progression
(161). Experimentally, YY1 has been shown to contribute
to proliferation of glioma cells, as evidenced by impaired
proliferation and enhanced p53 expression upon YY1 depletion
in glioma cells (92). In this report it has been shown that miR-218
targets YY1 leading to its downregulation and impaired glioma
cell proliferation. Interestingly, in glioblastoma multiforme
(GBM) the NF-κB family member RelB was shown to interact
with YY1 and promote expression of GBM specific genes as
well as pro-inflammatory cytokines leading to infiltration of
glioma associated macrophages and thus tumor progression (43).
Further, YY1 was shown to confer resistance to drugs such as
cisplatin in GBM (107). These results clearly indicate that YY1
plays a key role in glioblastoma cell growth and chemo resistance.
Collectively, in glioma, YY1 appears to act as a tumor promoter.

Taken together, depending on its interacting partners and
genes that YY1 regulate, it acts as a tumor promoter or

suppressor. A list of YY1 interacting partners regulating gene
expression/repression in the context of cancer growth has been
illustrated in Figure 5. Also, YY1 expression patterns observed in
primary tumor tissues, various cancer cell lines as well as animal
models for YY1 role in cancer are listed in Table 4.

TARGETING YY1 IN CANCER

Although YY1 has been shown to have both tumor promoting
and tumor suppressive roles in different cancers, it largely plays
a role as a tumor promoter in many cancers. Owing to its central
role in tumor progression, YY1 is an attractive drug target.
Several recent reports have indicated targeting YY1 by various
drugs in different cancer models. While some of those drugs such
as Nitric Oxide donors directly acted on YY1 to prevent its DNA
binding, some drugs acted indirectly by reducing the levels of
YY1 expression. A list of drugs and their effect on YY1 and the
impact on cancer growth is provided in Table 5.

CONCLUSION

While YY1 has been extensively studied for its role in
gene regulation (both activation and repression) and cancer,
the mechanism by which YY1 contributes to tumor growth

TABLE 5 | YY1 reported inhibitors and their inhibition mechanism in different cancers.

S. no Name of inhibitor Inhibition mode Outcome References

1 NO donors:

S-nitroso-N-acetylpenicillamine

(SNAP) and DEA-NONOate

Promotes Fas gene expression by impairing YY1 binding

to the Fas gene promoter.

Inhibition of ovarian cancer (120)

DETANONOate Inhibits NF-κB and its down-stream target snail and YY1.

Also, directly S-nitrosylates and deactivates YY1

Inhibition of prostate cancer (162)

2 Betulinic Acid (BA) BA targets YY1 expression levels through cannabinoid

receptor (CB) dependent mechanism and thereby

inhibits YY1 expression levels.

Inhibition of cell growth and

induction of apoptosis in breast

cancer

(163)

4 Rituximab Inhibits NF-κB and thereby reduces YY1 mRNA and

protein levels.

Inhibition of B-cell non-Hodgkin

lymphoma

(164)

5 Galiximab Inhibits NF-κB activity and thereby reduces YY1

expression levels.

Sensitizes the B-NHL cells to

TRAIL mediated apoptosis.

(165)

6 Proteasome inhibitor

(Salinosporamide A-NPI-0052)

Inhibits NF-κB and thereby reduces YY1 mRNA and

protein levels.

Sensitizes Burkitt’s lymphoma

cells and prostate cancer cells to

TRAIL mediated apoptosis.

(166)

7 onco-protein binding (OPB) domain of

YY1 (aa G201- S226)

OBP peptide disrupts YY1 interaction with other

oncogenic proteins including AKT and thereby prevents

cancer growth.

Hinders breast cancer

progression

(167)

8 MicroRNAs: All microRNAs (miRNAs) mentioned here directly bind to

YY1 3’UTRs and thereby inhibits its expression levels in

different tumors as indicated

miR-141-3p Inhibition of human papillary

thyroid cancer

(142)

miR-29a Inhibition of lung cancer (168)

miR-186 Inhibition of Lung and prostate

cancer

(128)

miR-181 Inhibition of cervical cancer (139)

miR-7 Inhibition of colorectal cancer (122)

miR-544 Inhibition of thyroid cancer (143)

miR-218 Inhibition of human glioma cells (92)
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differs in different cancers. Importantly, its role both as
a tumor promoter and tumor suppressor is of significant
interest. Although YY1 plays a tumor promoting role in
many cancers, it largely plays a tumor suppressive role in
pancreatic cancer. In this context, it remains to be tested whether
the YY1 interactome is significantly different in pancreatic
cancer compared to other cancers. Interestingly, in the case
of breast cancer, it is quite puzzling that YY1 functions
as both tumor promoter and tumor suppressor. Different
groups observed different outcomes for YY1 function in breast
cancer and it is difficult understand how YY1 plays such
opposing roles within a given cancer type. In this context,
it is perhaps likely that specific interacting partners of YY1
might be either missing or overexpressed within different
breast cancer patients and hence the opposing outcome. At
the end, it is reasonable to argue that the specific nature
of YY1 interactome in different cancers would govern the
function of YY1 leading to either tumor suppression or tumor
promotion. Likewise, the YY1 interactome would govern its

function as transcriptional repressor / activator. Hence, a detailed
picture of YY1 interacting partners from different cancer models
would help us understand the biology of YY1 in cancer to a
greater detail, which would eventually help us develop novel
therapeutic strategies for cancer cure that are centered around
targeting YY1.

AUTHOR CONTRIBUTIONS

This is a originally written review on YY1 by SS. Significant
effort in writing has also been put up by SK. SV has written and
corrected the manuscript.

FUNDING

This work was supported by IISER Tirupati, DST-
SERB (ECR/2016/001853), and Wellcome Trust-DBT
(IA/I/17/1/503101) India Alliance funds to SV and DBT
fellowship to SS.

REFERENCES

1. Gordon S, Akopyan G, Garban H, Bonavida B. Transcription factor
YY1: structure, function, and therapeutic implications in cancer biology.
Oncogene. (2006) 25:1125–42. doi: 10.1038/sj.onc.1209080

2. Deng Z, Cao P, Wan MM, Sui G. Yin Yang 1: a multifaceted
protein beyond a transcription factor. Transcription. (2010) 1:81–4.
doi: 10.4161/trns.1.2.12375

3. Seto E, Shi Y, Shenk T. YY1 is an initiator sequence-binding protein
that directs and activates transcription in vitro. Nature. (1991) 354:241–5.
doi: 10.1038/354241a0

4. Park K, Atchison ML. Isolation of a candidate repressor/activator, NF-E1
(YY-1, delta), that binds to the immunoglobulin kappa 3’ enhancer and the
immunoglobulin heavy-chain mu E1 site. Proc Natl Acad Sci USA. (1991)
88:9804–8. doi: 10.1073/pnas.88.21.9804

5. Shi Y, Seto E, Chang LS, Shenk T. Transcriptional repression by YY1, a
human GLI-Kruppel-related protein, and relief of repression by adenovirus
E1A protein. Cell. (1991) 67:377–88. doi: 10.1016/0092-8674(91)90189-6

6. Hariharan N, Kelley DE, Perry RP. Delta, a transcription factor that binds to
downstream elements in several polymerase II promoters, is a functionally
versatile zinc finger protein. Proc Natl Acad Sci USA. (1991) 88:9799–803.
doi: 10.1073/pnas.88.21.9799

7. Flanagan JR, Becker KG, Ennist DL, Gleason SL, Driggers PH, Levi BZ,
et al. Cloning of a negative transcription factor that binds to the upstream
conserved region of Moloney murine leukemia virus. Mol Cell Biol. (1992)
12:38–44. doi: 10.1128/MCB.12.1.38

8. Wu S, Shi Y, Mulligan P, Gay F, Landry J, Liu H, et al. A YY1-INO80
complex regulates genomic stability through homologous recombination-
based repair.Nat Struct Mol Biol. (2007) 14:1165–72. doi: 10.1038/nsmb1332

9. Cai Y, Jin J, Yao T, Gottschalk AJ, Swanson SK, Wu S, et al. YY1 functions
with INO80 to activate transcription. Nat Struct Mol Biol. (2007) 14:872–4.
doi: 10.1038/nsmb1276

10. He Y, Casaccia-Bonnefil P. The Yin and Yang of YY1 in the nervous system.
J Neurochem. (2008) 106:1493–502. doi: 10.1111/j.1471-4159.2008.05486.x

11. Chen F, Sun H, Zhao Y, Wang H. YY1 in cell differentiation
and tissue development. Crit Rev Oncog. (2017) 22:131–41.
doi: 10.1615/CritRevOncog.2017021311

12. Krippner-Heidenreich A, Walsemann G, Beyrouthy MJ, Speckgens S,
Kraft R, Thole H, et al. Caspase-dependent regulation and subcellular
redistribution of the transcriptional modulator YY1 during apoptosis. Mol

Cell Biol. (2005) 25:3704–14. doi: 10.1128/MCB.25.9.3704-3714.2005

13. Zhou X, Xian W, Zhang J, Zhu Y, Shao X, Han Y, et al. YY1 binds
to the E3’ enhancer and inhibits the expression of the immunoglobulin
kappa gene via epigenetic modifications. Immunology. (2018) 155:491–8.
doi: 10.1111/imm.12990

14. Kleiman E, Jia H, Loguercio S, Su AI, Feeney AJ. YY1 plays an essential
role at all stages of B-cell differentiation. Proc Natl Acad Sci USA. (2016)
113:E3911–20. doi: 10.1073/pnas.1606297113

15. Pan X, Papasani M, Hao Y, Calamito M, Wei F, Quinn Iii WJ, et al.
YY1 controls Igkappa repertoire and B-cell development, and localizes
with condensin on the Igkappa locus. EMBO J. (2013) 32:1168–82.
doi: 10.1038/emboj.2013.66

16. Schug J, Schuller WP, Kappen C, Salbaum JM, Bucan M, Stoeckert CJ
Jr. Promoter features related to tissue specificity as measured by Shannon
entropy. Genome Biol. (2005) 6:R33. doi: 10.1186/gb-2005-6-4-r33

17. Kim JD, Yu S, Kim J. YY1 is autoregulated through its own DNA-binding
sites. BMCMol Biol. (2009) 10:85. doi: 10.1186/1471-2199-10-85

18. Lee JS, Galvin KM, See RH, Eckner R, Livingston D, Moran E,
et al. Relief of YY1 transcriptional repression by adenovirus E1A is
mediated by E1A-associated protein p300. Genes Dev. (1995) 9:1188–98.
doi: 10.1101/gad.9.10.1188

19. Yao YL, Yang WM, Seto E. Regulation of transcription factor YY1
by acetylation and deacetylation. Mol Cell Biol. (2001) 21:5979–91.
doi: 10.1128/MCB.21.17.5979-5991.2001

20. Zhang Q, Stovall DB, Inoue K, Sui G. The oncogenic role of Yin Yang 1. Crit
Rev Oncog. (2011) 16:163–97. doi: 10.1615/CritRevOncog.v16.i3-4.30

21. Atchison M, Basu A, Zaprazna K, Papasani M. Mechanisms of Yin Yang 1
in oncogenesis: the importance of indirect effects. Crit Rev Oncog. (2011)
16:143–61. doi: 10.1615/CritRevOncog.v16.i3-4.20

22. Zhang JJ, Zhu Y, Xie KL, Peng YP, Tao JQ, Tang J, et al. Yin Yang-1
suppresses invasion and metastasis of pancreatic ductal adenocarcinoma
by downregulating MMP10 in a MUC4/ErbB2/p38/MEF2C-dependent
mechanism.Mol Cancer. (2014) 13:130. doi: 10.1186/1476-4598-13-130

23. Lee MH, Lahusen T, Wang RH, Xiao C, Xu X, Hwang YS, et al. Yin Yang
1 positively regulates BRCA1 and inhibits mammary cancer formation.
Oncogene. (2012) 31:116–27. doi: 10.1038/onc.2011.217

24. Wan M, Huang W, Kute TE, Miller LD, Zhang Q, Hatcher H, et al. Yin Yang
1 plays an essential role in breast cancer and negatively regulates p27. Am J

Pathol. (2012) 180:2120–33. doi: 10.1016/j.ajpath.2012.01.037
25. Shi Y, Lee JS, Galvin KM. Everything you have ever wanted to

know about Yin Yang 1. Biochim Biophys Acta. (1997) 1332:F49–66.
doi: 10.1016/S0304-419X(96)00044-3

Frontiers in Oncology | www.frontiersin.org 16 November 2019 | Volume 9 | Article 1230

https://doi.org/10.1038/sj.onc.1209080
https://doi.org/10.4161/trns.1.2.12375
https://doi.org/10.1038/354241a0
https://doi.org/10.1073/pnas.88.21.9804
https://doi.org/10.1016/0092-8674(91)90189-6
https://doi.org/10.1073/pnas.88.21.9799
https://doi.org/10.1128/MCB.12.1.38
https://doi.org/10.1038/nsmb1332
https://doi.org/10.1038/nsmb1276
https://doi.org/10.1111/j.1471-4159.2008.05486.x
https://doi.org/10.1615/CritRevOncog.2017021311
https://doi.org/10.1128/MCB.25.9.3704-3714.2005
https://doi.org/10.1111/imm.12990
https://doi.org/10.1073/pnas.1606297113
https://doi.org/10.1038/emboj.2013.66
https://doi.org/10.1186/gb-2005-6-4-r33
https://doi.org/10.1186/1471-2199-10-85
https://doi.org/10.1101/gad.9.10.1188
https://doi.org/10.1128/MCB.21.17.5979-5991.2001
https://doi.org/10.1615/CritRevOncog.v16.i3-4.30
https://doi.org/10.1615/CritRevOncog.v16.i3-4.20
https://doi.org/10.1186/1476-4598-13-130
https://doi.org/10.1038/onc.2011.217
https://doi.org/10.1016/j.ajpath.2012.01.037
https://doi.org/10.1016/S0304-419X(96)00044-3
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sarvagalla et al. Role of YY1 in Cancer

26. Salichs E, Ledda A, Mularoni L, Alba MM, de la Luna S. Genome-
wide analysis of histidine repeats reveals their role in the localization of
human proteins to the nuclear speckles compartment. PLoS Genet. (2009)
5:e1000397. doi: 10.1371/journal.pgen.1000397

27. Bushmeyer S, Park K, Atchison ML. Characterization of functional domains
within the multifunctional transcription factor, YY1. J Biol Chem. (1995)
270:30213–20. doi: 10.1074/jbc.270.50.30213

28. Donohoe ME, Zhang X, McGinnis L, Biggers J, Li E, Shi Y.
Targeted disruption of mouse Yin Yang 1 transcription factor results
in peri-implantation lethality. Mol Cell Biol. (1999) 19:7237–44.
doi: 10.1128/MCB.19.10.7237

29. Bonavida B, Baritaki S. The novel role of Yin Yang 1 in the regulation of
epithelial to mesenchymal transition in cancer via the dysregulated NF-
kappaB/Snail/YY1/RKIP/PTEN circuitry. Crit Rev Oncog. (2011) 16:211–26.
doi: 10.1615/CritRevOncog.v16.i3-4.50

30. Gorecki A, Bonarek P, Gorka AK, Figiel M, Wilamowski M, Dziedzicka-
Wasylewska M. Intrinsic disorder of human Yin Yang 1 protein. Proteins.
(2015) 83:1284–96. doi: 10.1002/prot.24822

31. Fink AL. Natively unfolded proteins. Curr Opin Struct Biol. (2005) 15:35–41.
doi: 10.1016/j.sbi.2005.01.002

32. Wright PE, Dyson HJ. Intrinsically disordered proteins in cellular
signalling and regulation. Nat Rev Mol Cell Biol. (2015) 16:18–29.
doi: 10.1038/nrm3920

33. Houbaviy HB, Usheva A, Shenk T, Burley SK. Cocrystal structure of YY1
bound to the adeno-associated virus P5 initiator. Proc Natl Acad Sci USA.
(1996) 93:13577–82. doi: 10.1073/pnas.93.24.13577

34. Wilkinson FH, Park K, Atchison ML. Polycomb recruitment to DNA in vivo
by the YY1 REPO domain. Proc Natl Acad Sci USA. (2006) 103:19296–301.
doi: 10.1073/pnas.0603564103

35. Wilkinson F, Pratt H, Atchison ML. PcG recruitment by the YY1 REPO
domain can be mediated by Yaf2. J Cell Biochem. (2010) 109:478–86.
doi: 10.1002/jcb.22424

36. Alfieri C, Gambetta MC, Matos R, Glatt S, Sehr P, Fraterman S,
et al. Structural basis for targeting the chromatin repressor Sfmbt
to Polycomb response elements. Genes Dev. (2013) 27:2367–79.
doi: 10.1101/gad.226621.113

37. Makhlouf M, Ouimette JF, Oldfield A, Navarro P, Neuillet D, Rougeulle C. A
prominent and conserved role for YY1 in Xist transcriptional activation. Nat
Commun. (2014) 5:4878. doi: 10.1038/ncomms5878

38. Wang CY, Liang YJ, Lin YS, Shih HM, Jou YS, Yu WC. YY1AP,
a novel co-activator of YY1. J Biol Chem. (2004) 279:17750–5.
doi: 10.1074/jbc.M310532200

39. Li M, Baumeister P, Roy B, Phan T, Foti D, Luo S, Lee AS.
ATF6 as a transcription activator of the endoplasmic reticulum
stress element: thapsigargin stress-induced changes and synergistic
interactions with NF-Y and YY1. Mol Cell Biol. (2000) 20:5096–106.
doi: 10.1128/MCB.20.14.5096-5106.2000

40. Li H, Liu H, Wang Z, Liu X, Guo L, Huang L, et al. The role of
transcription factors Sp1 and YY1 in proximal promoter region in initiation
of transcription of the mu opioid receptor gene in human lymphocytes. J Cell
Biochem. (2008) 104:237–50. doi: 10.1002/jcb.21616

41. Potluri V, Noothi SK, Vallabhapurapu SD, Yoon SO, Driscoll JJ, Lawrie CH,
et al. Transcriptional repression of Bim by a novel YY1-RelA complex is
essential for the survival and growth of multiple myeloma. PLoS ONE. (2013)
8:e66121. doi: 10.1371/journal.pone.0066121

42. Siednienko J, Halle A, Nagpal K, Golenbock DT, Miggin SM. TLR3-mediated
IFN-beta gene induction is negatively regulated by the TLR adaptor MyD88
adaptor-like. Eur J Immunol. (2010) 40:3150–60. doi: 10.1002/eji.201040547

43. Waters MR, Gupta AS, Mockenhaupt K, Brown LN, Biswas DD, Kordula T.
RelB acts as amolecular switch driving chronic inflammation in glioblastoma
multiforme. Oncogenesis. (2019) 8:37. doi: 10.1038/s41389-019-0146-y

44. He Y, Sandoval J, Casaccia-Bonnefil P. Events at the transition
between cell cycle exit and oligodendrocyte progenitor differentiation:
the role of HDAC and YY1. Neuron Glia Biol. (2007) 3:221–31.
doi: 10.1017/S1740925X08000057

45. Tang W, Zhou W, Xiang L, Wu X, Zhang P, Wang J, et al.
The p300/YY1/miR-500a-5p/HDAC2 signalling axis regulates cell

proliferation in human colorectal cancer. Nat Commun. (2019) 10:663.
doi: 10.1038/s41467-018-08225-3

46. Wang X, Feng Y, Xu L, Chen Y, Zhang Y, Su D, et al. YY1 restrained cell
senescence through repressing the transcription of p16. Biochim Biophys

Acta. (2008) 1783:1876–83. doi: 10.1016/j.bbamcr.2008.05.015
47. Sankar N, Baluchamy S, Kadeppagari RK, Singhal G, Weitzman S,

Thimmapaya B. p300 provides a corepressor function by cooperating
with YY1 and HDAC3 to repress c-Myc. Oncogene. (2008) 27:5717–528.
doi: 10.1038/onc.2008.181

48. Rylski M, Amborska R, Zybura K, Mioduszewska B, Michaluk P, Jaworski
J, et al. Yin Yang 1 is a critical repressor of matrix metalloproteinase-
9 expression in brain neurons. J Biol Chem. (2008) 283:35140–53.
doi: 10.1074/jbc.M804540200

49. Ren G, Zhang G, Dong Z, Liu Z, Li L, Feng Y, et al. Recruitment of HDAC4
by transcription factor YY1 represses HOXB13 to affect cell growth in
AR-negative prostate cancers. Int J Biochem Cell Biol. (2009) 41:1094–101.
doi: 10.1016/j.biocel.2008.10.015

50. Sucharov CC, Dockstader K, McKinsey TA. YY1 protects cardiac myocytes
from pathologic hypertrophy by interacting with HDAC5. Mol Biol Cell.
(2008) 19:4141–53. doi: 10.1091/mbc.e07-12-1217

51. Harris LG, Wang SH, Mani SK, Kasiganesan H, Chou CJ, Menick
DR. Evidence for a non-canonical role of HDAC5 in regulation of the
cardiac Ncx1 and Bnp genes. Nucleic Acids Res. (2016) 44:3610–17.
doi: 10.1093/nar/gkv1496

52. Le May N, Mansuroglu Z, Leger P, Josse T, Blot G, Billecocq A, et al. A SAP30
complex inhibits IFN-beta expression in Rift Valley fever virus infected cells.
PLoS Pathog. (2008) 4:e13. doi: 10.1371/journal.ppat.0040013

53. Huang NE, Lin CH, Lin YS, Yu WC. Modulation of YY1 activity
by SAP30. Biochem Biophys Res Commun. (2003) 306:267–75.
doi: 10.1016/S0006-291X(03)00966-5

54. Forlani G, Giarda E, Ala U, Di Cunto F, Salani M, Tupler R, et al.
The MeCP2/YY1 interaction regulates ANT1 expression at 4q35: novel
hints for Rett syndrome pathogenesis. Hum Mol Genet. (2010) 19:3114–23.
doi: 10.1093/hmg/ddq214

55. Kurisaki K, Kurisaki A, Valcourt U, Terentiev AA, Pardali K, Ten Dijke P,
et al. Nuclear factor YY1 inhibits transforming growth factor beta- and bone
morphogenetic protein-induced cell differentiation. Mol Cell Biol. (2003)
23:4494–510. doi: 10.1128/MCB.23.13.4494-4510.2003

56. Lee KH, Evans S, Ruan TY, Lassar AB. SMAD-mediated modulation of
YY1 activity regulates the BMP response and cardiac-specific expression
of a GATA4/5/6-dependent chick Nkx2.5 enhancer. Development. (2004)
131:4709–23. doi: 10.1242/dev.01344

57. Basu A, Wilkinson FH, Colavita K, Fennelly C, Atchison ML. YY1 DNA
binding and interaction with YAF2 is essential for Polycomb recruitment.
Nucleic Acids Res. (2014) 42:2208–23. doi: 10.1093/nar/gkt1187

58. Coull JJ, Romerio F, Sun JM, Volker JL, Galvin KM, Davie JR, et al. The
human factors YY1 and LSF repress the human immunodeficiency virus type
1 long terminal repeat via recruitment of histone deacetylase 1. J Virol. (2000)
74:6790–9. doi: 10.1128/JVI.74.15.6790-6799.2000

59. Gronroos E, Terentiev AA, Punga T, Ericsson J. YY1 inhibits the activation
of the p53 tumor suppressor in response to genotoxic stress. Proc Natl Acad
Sci USA. (2004) 101:12165–70. doi: 10.1073/pnas.0402283101

60. Zhou L, Wang L, Lu L, Jiang P, Sun H, Wang H. A novel target of
microRNA-29, Ring1 and YY1-binding protein (Rybp), negatively
regulates skeletal myogenesis. J Biol Chem. (2012) 287:25255–65.
doi: 10.1074/jbc.M112.357053

61. Garcia E, Marcos-Gutierrez C, del Mar Lorente M, Moreno JC, Vidal
M. RYBP, a new repressor protein that interacts with components of the
mammalian Polycomb complex, and with the transcription factor YY1.
EMBO J. (1999) 18:3404–18. doi: 10.1093/emboj/18.12.3404

62. Caretti G, Di Padova M, Micales B, Lyons GE, Sartorelli V. The Polycomb
Ezh2 methyltransferase regulates muscle gene expression and skeletal
muscle differentiation. Genes Dev. (2004) 18:2627–38. doi: 10.1101/gad.
1241904

63. Lee K, NaW, Maeng JH, Wu H, Ju BG. Regulation of DU145 prostate cancer
cell growth by Scm-like with four mbt domains 2. J Biosci. (2013) 38:105–12.
doi: 10.1007/s12038-012-9283-6

Frontiers in Oncology | www.frontiersin.org 17 November 2019 | Volume 9 | Article 1230

https://doi.org/10.1371/journal.pgen.1000397
https://doi.org/10.1074/jbc.270.50.30213
https://doi.org/10.1128/MCB.19.10.7237
https://doi.org/10.1615/CritRevOncog.v16.i3-4.50
https://doi.org/10.1002/prot.24822
https://doi.org/10.1016/j.sbi.2005.01.002
https://doi.org/10.1038/nrm3920
https://doi.org/10.1073/pnas.93.24.13577
https://doi.org/10.1073/pnas.0603564103
https://doi.org/10.1002/jcb.22424
https://doi.org/10.1101/gad.226621.113
https://doi.org/10.1038/ncomms5878
https://doi.org/10.1074/jbc.M310532200
https://doi.org/10.1128/MCB.20.14.5096-5106.2000
https://doi.org/10.1002/jcb.21616
https://doi.org/10.1371/journal.pone.0066121
https://doi.org/10.1002/eji.201040547
https://doi.org/10.1038/s41389-019-0146-y
https://doi.org/10.1017/S1740925X08000057
https://doi.org/10.1038/s41467-018-08225-3
https://doi.org/10.1016/j.bbamcr.2008.05.015
https://doi.org/10.1038/onc.2008.181
https://doi.org/10.1074/jbc.M804540200
https://doi.org/10.1016/j.biocel.2008.10.015
https://doi.org/10.1091/mbc.e07-12-1217
https://doi.org/10.1093/nar/gkv1496
https://doi.org/10.1371/journal.ppat.0040013
https://doi.org/10.1016/S0006-291X(03)00966-5
https://doi.org/10.1093/hmg/ddq214
https://doi.org/10.1128/MCB.23.13.4494-4510.2003
https://doi.org/10.1242/dev.01344
https://doi.org/10.1093/nar/gkt1187
https://doi.org/10.1128/JVI.74.15.6790-6799.2000
https://doi.org/10.1073/pnas.0402283101
https://doi.org/10.1074/jbc.M112.357053
https://doi.org/10.1093/emboj/18.12.3404
https://doi.org/10.1101/gad.1241904
https://doi.org/10.1007/s12038-012-9283-6
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sarvagalla et al. Role of YY1 in Cancer

64. Gwak J, Shin JY, Lee K, Hong SK, Oh S, Goh SH, et al. SFMBT2
(Scm-like with four mbt domains 2) negatively regulates cell migration
and invasion in prostate cancer cells. Oncotarget. (2016) 7:48250–64.
doi: 10.18632/oncotarget.10198

65. Petkova V, Romanowski MJ, Sulijoadikusumo I, Rohne D, Kang P, Shenk T,
et al. Interaction between YY1 and the retinoblastoma protein. Regulation of
cell cycle progression in differentiated cells. J Biol Chem. (2001) 276:7932–6.
doi: 10.1074/jbc.M007411200

66. Luke MP, Sui G, Liu H, Shi Y. Yin Yang 1 physically interacts with
Hoxa11 and represses Hoxa11-dependent transcription. J Biol Chem. (2006)
281:33226–32. doi: 10.1074/jbc.M606584200

67. Kang HC, Chung BM, Chae JH, Yang SI, Kim CG. Identification and
characterization of four novel peptide motifs that recognize distinct
regions of the transcription factor CP2. FEBS J. (2005) 272:1265–77.
doi: 10.1111/j.1742-4658.2005.04564.x

68. Usheva A, Shenk T. YY1 transcriptional initiator: protein interactions and
association with a DNA site containing unpaired strands. Proc Natl Acad Sci
USA. (1996) 93:13571–76. doi: 10.1073/pnas.93.24.13571

69. Allouche A, Nolens G, Tancredi A, Delacroix L, Mardaga J, Fridman V, et al.
The combined immunodetection of AP-2alpha and YY1 transcription factors
is associated with ERBB2 gene overexpression in primary breast tumors.
Breast Cancer Res. (2008) 10:R9. doi: 10.1186/bcr1851

70. Begon DY, Delacroix L, Vernimmen D, Jackers P, Winkler R. Yin
Yang 1 cooperates with activator protein 2 to stimulate ERBB2 gene
expression in mammary cancer cells. J Biol Chem. (2005) 280:24428–34.
doi: 10.1074/jbc.M503790200

71. Wang J, Wu X, Wei C, Huang X, Ma Q, Faiola F, et al. YY1 positively
regulates transcription by targeting promoters and super-enhancers through
the BAF complex in embryonic stem cells. Stem Cell Rep. (2018) 10:1324–39.
doi: 10.1016/j.stemcr.2018.02.004

72. Zhao X, Parpart S, Takai A, Roessler S, Budhu A, Yu Z, et al.
Integrative genomics identifies YY1AP1 as an oncogenic driver in
EpCAM(+) AFP(+) hepatocellular carcinoma. Oncogene. (2015) 34:5095–
104. doi: 10.1038/onc.2014.438

73. Affar el B, Gay F, Shi Y, Liu H, Huarte M, Wu S, et al. Essential dosage-
dependent functions of the transcription factor yin yang 1 in late embryonic
development and cell cycle progression. Mol Cell Biol. (2006) 26:3565–81.
doi: 10.1128/MCB.26.9.3565-3581.2006

74. Gabriele M, Vulto-van Silfhout AT, Germain PL, Vitriolo A, Kumar R,
Douglas E, et al. YY1 haploinsufficiency causes an intellectual disability
syndrome featuring transcriptional and chromatin dysfunction. Am J Hum

Genet. (2017) 100:907–25. doi: 10.1016/j.ajhg.2017.05.006
75. Varum S, Baggiolini A, Zurkirchen L, Atak ZK, Cantu C, Marzorati E, et al.

Yin Yang 1 orchestrates a metabolic program required for both neural crest
development and melanoma formation. Cell Stem Cell. (2019) 24:637–53 e9.
doi: 10.1016/j.stem.2019.03.011

76. Tian FJ, Cheng YX, Li XC, Wang F, Qin CM, Ma XL, et al. The YY1/MMP2
axis promotes trophoblast invasion at the maternal-fetal interface. J Pathol.
(2016) 239:36–47. doi: 10.1002/path.4694

77. Zhang Y, Jin F, Li XC, Shen FJ, Ma XL, Wu F, et al. The YY1-HOTAIR-
MMP2 Signaling Axis Controls Trophoblast Invasion at the Maternal-Fetal
Interface.Mol Ther. (2017) 25:2394–403. doi: 10.1016/j.ymthe.2017.06.028

78. Shen X, Zhong J, Yu P, Zhao Q, Huang T. YY1-regulated LINC00152
promotes triple negative breast cancer progression by affecting on stability
of PTEN protein. Biochem Biophys Res Commun. (2019) 509:448–54.
doi: 10.1016/j.bbrc.2018.12.074

79. Wang J, Zhou L, Li Z, Zhang T, Liu W, Liu Z, et al. YY1 suppresses FEN1
over-expression and drug resistance in breast cancer. BMC Cancer. (2015)
15:50. doi: 10.1186/s12885-015-1043-1

80. Liu D, Zhang J,WuY, Shi G, YuanH, Lu Z, et al. YY1 suppresses proliferation
and migration of pancreatic ductal adenocarcinoma by regulating the
CDKN3/MdM2/P53/P21 signaling pathway. Int J Cancer. (2018) 142:1392–
404. doi: 10.1002/ijc.31173

81. Zhang JJ, Zhu Y, Zhang XF, Liu DF, Wang Y, Yang C, et al. Yin Yang-1
suppresses pancreatic ductal adenocarcinoma cell proliferation and tumor
growth by regulating SOX2OT-SOX2 axis. Cancer Lett. (2017) 408:144–54.
doi: 10.1016/j.canlet.2017.08.032

82. Yang C, Zhang JJ, Peng YP, Zhu Y, Yin LD, Wei JS, et al. A Yin-Yang
1/miR-30a regulatory circuit modulates autophagy in pancreatic cancer cells.
J Transl Med. (2017) 15:211. doi: 10.1186/s12967-017-1308-3

83. Zhang JJ, Zhu Y, Yang C, Liu X, Peng YP, Jiang KR, et al. Yin Yang-1 increases
apoptosis through Bax activation in pancreatic cancer cells. Oncotarget.
(2016) 7:28498–509. doi: 10.18632/oncotarget.8654

84. Chen Q, Zhang JJ, Ge WL, Chen L, Yuan H, Meng LD, et al. YY1
inhibits the migration and invasion of pancreatic ductal adenocarcinoma
by downregulating the FER/STAT3/MMP2 signaling pathway. Cancer Lett.
(2019) 463:37–49. doi: 10.1016/j.canlet.2019.07.019

85. Wang CC, Tsai MF, Dai TH, Hong TM, Chan WK, Chen JJ, et al.
Synergistic activation of the tumor suppressor, HLJ1, by the transcription
factors YY1 and activator protein 1. Cancer Res. (2007) 67:4816–26.
doi: 10.1158/0008-5472.CAN-07-0504

86. Pothoulakis C, Torre-Rojas M, Duran-Padilla MA, Gevorkian J, Zoras
O, Chrysos E, et al. CRHR2/Ucn2 signaling is a novel regulator of
miR-7/YY1/Fas circuitry contributing to reversal of colorectal cancer cell
resistance to Fas-mediated apoptosis. Int J Cancer. (2018) 142:334–46.
doi: 10.1002/ijc.31064

87. Yokoyama NN, Pate KT, Sprowl S, Waterman ML. A role for YY1 in
repression of dominant negative LEF-1 expression in colon cancer. Nucleic
Acids Res. (2010) 38:6375–88. doi: 10.1093/nar/gkq492

88. ZhuG,QianM, Lu L, Chen Y, Zhang X,WuQ, et al. O-GlcNAcylation of YY1
stimulates tumorigenesis in colorectal cancer cells by targeting SLC22A15
and AANAT. Carcinogenesis. (2019) 40:1121–31. doi: 10.1093/carcin/bgz010

89. Wang Y, Wu S, Huang C, Li Y, Zhao H, Kasim V. Yin Yang 1 promotes the
Warburg effect and tumorigenesis via glucose transporter GLUT3. Cancer
Sci. (2018) 109:2423–34. doi: 10.1111/cas.13662

90. Huang T,WangG, Yang L, Peng B,Wen Y, Ding G, et al. Transcription Factor
YY1 modulates lung cancer progression by activating lncRNA-PVT1. DNA
Cell Biol. (2017) 36:947–58. doi: 10.1089/dna.2017.3857

91. Camacho-Moctezuma B, Quevedo-Castillo M, Melendez-Zajgla J, Aquino-
Jarquin G, Martinez-Ruiz GU. YY1 negatively regulates the XAF1 gene
expression in prostate cancer. Biochem Biophys Res Commun. (2019)
508:973–9. doi: 10.1016/j.bbrc.2018.12.056

92. Gao Y, Sun L, Wu Z, Xuan C, Zhang J, You Y, et al. miR218 inhibits the
proliferation of human glioma cells through downregulation of Yin Yang 1.
Mol Med Rep. (2018) 17:1926–32. doi: 10.3892/mmr.2017.8063

93. Morales-Martinez M, Valencia-Hipolito A, Vega GG, Neri N, Nambo MJ,
et al. Regulation of Kruppel-Like Factor 4 (KLF4) expression through the
transcription factor Yin-Yang 1 (YY1) in non-Hodgkin B-cell lymphoma.
Oncotarget. (2019) 10:2173–88. doi: 10.18632/oncotarget.26745

94. Chen Y, Jacamo R, Konopleva M, Garzon R, Croce C, Andreeff M. CXCR4
downregulation of let-7a drives chemoresistance in acute myeloid leukemia.
J Clin Invest. (2013) 123:2395–407. doi: 10.1172/JCI66553

95. Yang W, Feng B, Meng Y, Wang J, Geng B, Cui Q, et al. FAM3C-YY1 axis
is essential for TGFbeta-promoted proliferation and migration of human
breast cancer MDA-MB-231 cells via the activation of HSF1. J Cell Mol Med.

(2019) 23:3464–75. doi: 10.1111/jcmm.14243
96. Khachigian LM. The Yin and Yang of YY1 in tumor growth and suppression.

Int J Cancer. (2018) 143:460–5. doi: 10.1002/ijc.31255
97. Deng Z, Wan M, Cao P, Rao A, Cramer SD, Sui G. Yin Yang 1 regulates the

transcriptional activity of androgen receptor. Oncogene. (2009) 28:3746–57.
doi: 10.1038/onc.2009.231

98. Snoek R, Cheng H, Margiotti K, Wafa LA, Wong CA, Wong EC, et al.
In vivo knockdown of the androgen receptor results in growth inhibition
and regression of well-established, castration-resistant prostate tumors. Clin
Cancer Res. (2009) 15:39–47. doi: 10.1158/1078-0432.CCR-08-1726

99. Sui G, Affar el B, Shi Y, Brignone C, Wall NR, Yin P, et al.
Yin Yang 1 is a negative regulator of p53. Cell. (2004) 117:859–72.
doi: 10.1016/j.cell.2004.06.004

100. Oei SL, Shi Y. Transcription factor Yin Yang 1 stimulates poly(ADP-
ribosyl)ation and DNA repair. Biochem Biophys Res Commun. (2001)
284:450–4. doi: 10.1006/bbrc.2001.4985

101. Kadeppagari RK, Sankar N, Thimmapaya B. Adenovirus transforming
protein E1A induces c-Myc in quiescent cells by a novel mechanism. J Virol.
(2009) 83:4810–22. doi: 10.1128/JVI.02145-08

Frontiers in Oncology | www.frontiersin.org 18 November 2019 | Volume 9 | Article 1230

https://doi.org/10.18632/oncotarget.10198
https://doi.org/10.1074/jbc.M007411200
https://doi.org/10.1074/jbc.M606584200
https://doi.org/10.1111/j.1742-4658.2005.04564.x
https://doi.org/10.1073/pnas.93.24.13571
https://doi.org/10.1186/bcr1851
https://doi.org/10.1074/jbc.M503790200
https://doi.org/10.1016/j.stemcr.2018.02.004
https://doi.org/10.1038/onc.2014.438
https://doi.org/10.1128/MCB.26.9.3565-3581.2006
https://doi.org/10.1016/j.ajhg.2017.05.006
https://doi.org/10.1016/j.stem.2019.03.011
https://doi.org/10.1002/path.4694
https://doi.org/10.1016/j.ymthe.2017.06.028
https://doi.org/10.1016/j.bbrc.2018.12.074
https://doi.org/10.1186/s12885-015-1043-1
https://doi.org/10.1002/ijc.31173
https://doi.org/10.1016/j.canlet.2017.08.032
https://doi.org/10.1186/s12967-017-1308-3
https://doi.org/10.18632/oncotarget.8654
https://doi.org/10.1016/j.canlet.2019.07.019
https://doi.org/10.1158/0008-5472.CAN-07-0504
https://doi.org/10.1002/ijc.31064
https://doi.org/10.1093/nar/gkq492
https://doi.org/10.1093/carcin/bgz010
https://doi.org/10.1111/cas.13662
https://doi.org/10.1089/dna.2017.3857
https://doi.org/10.1016/j.bbrc.2018.12.056
https://doi.org/10.3892/mmr.2017.8063
https://doi.org/10.18632/oncotarget.26745
https://doi.org/10.1172/JCI66553
https://doi.org/10.1111/jcmm.14243
https://doi.org/10.1002/ijc.31255
https://doi.org/10.1038/onc.2009.231
https://doi.org/10.1158/1078-0432.CCR-08-1726
https://doi.org/10.1016/j.cell.2004.06.004
https://doi.org/10.1006/bbrc.2001.4985
https://doi.org/10.1128/JVI.02145-08
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sarvagalla et al. Role of YY1 in Cancer

102. Shrivastava A, Yu J, Artandi S, Calame K. YY1 and c-Myc associate in vivo
in a manner that depends on c-Myc levels. Proc Natl Acad Sci USA. (1996)
93:10638–41. doi: 10.1073/pnas.93.20.10638

103. Schlisio S, Halperin T, Vidal M, Nevins JR. Interaction of YY1 with E2Fs,
mediated by RYBP, provides a mechanism for specificity of E2F function.
EMBO J. (2002) 21:5775–86. doi: 10.1093/emboj/cdf577

104. Sandison HE, Usher S, Karimiani EG, Ashton G, Menasce LP, Radford
JA, et al. PLK1 and YY1 interaction in follicular lymphoma is
associated with unfavourable outcome. J Clin Pathol. (2013) 66:764–7.
doi: 10.1136/jclinpath-2013-201461

105. Ye Y, Gu B, Wang Y, Shen S, Huang W. YY1-induced upregulation of
long noncoding RNA ARAP1-AS1 promotes cell migration and invasion in
colorectal cancer through the Wnt/beta-catenin signaling pathway. Cancer
Biother Radiopharm. (2019) 34:519–28. doi: 10.1089/cbr.2018.2745

106. Behera AK, Kumar M, Shanmugam MK, Bhattacharya A, Rao
VJ, Bhat A, et al. Functional interplay between YY1 and CARM1
promotes oral carcinogenesis. Oncotarget. (2019) 10:3709–24.
doi: 10.18632/oncotarget.26984

107. Li J, Song J, Guo F. miR-186 reverses cisplatin resistance and inhibits the
formation of the glioblastoma-initiating cell phenotype by degrading
Yin Yang 1 in glioblastoma. Int J Mol Med. (2019) 43:517–24.
doi: 10.3892/ijmm.2018.3940

108. Gao D,Wang L, Zhang H, Yan X, Yang J, Zhou R, et al. Spleen tyrosine kinase
SYK(L) interacts with YY1 and coordinately suppresses SNAI2 transcription
in lung cancer cells. FEBS J. (2018) 285:4229–45. doi: 10.1111/febs.14665

109. Zhao G, Li Q, Wang A, Jiao J. YY1 regulates melanoma tumorigenesis
through a miR-9 ∼ RYBP axis. J Exp Clin Cancer Res. (2015) 34:66.
doi: 10.1186/s13046-015-0177-y

110. Wang H, Garzon R, Sun H, Ladner KJ, Singh R, Dahlman J,
et al. NF-kappaB-YY1-miR-29 regulatory circuitry in skeletal
myogenesis and rhabdomyosarcoma. Cancer Cell. (2008) 14:369–81.
doi: 10.1016/j.ccr.2008.10.006

111. Huang Y, Tao T, Liu C, Guan H, Zhang G, et al. Upregulation of miR-146a
by YY1 depletion correlates with delayed progression of prostate cancer. Int
J Oncol. (2017) 50:421–31. doi: 10.3892/ijo.2017.3840

112. Yuan P, He XH, Rong YF, Cao J, Li Y, Hu YP, et al. KRAS/NF-
kappaB/YY1/miR-489 signaling axis controls pancreatic cancer metastasis.
Cancer Res. (2017) 77:100–11. doi: 10.1158/0008-5472.CAN-16-1898

113. Thomassen M, Tan Q, Kruse TA. Gene expression meta-analysis identifies
metastatic pathways and transcription factors in breast cancer. BMC Cancer.
(2008) 8:394. doi: 10.1186/1471-2407-8-394

114. Lieberthal JG, Kaminsky M, Parkhurst CN, Tanese N. The role of YY1 in
reduced HP1alpha gene expression in invasive human breast cancer cells.
Breast Cancer Res. (2009) 11:R42. doi: 10.1186/bcr2329

115. He L, Zhang Y, Sun H, Jiang F, Yang H, Wu H, et al. Targeting DNA flap
endonuclease 1 to impede breast cancer progression. EBioMedicine. (2016)
14:32–43. doi: 10.1016/j.ebiom.2016.11.012

116. Liang F, Fu X, Wang L. miR-5590–3p-YY1 feedback loop promotes the
proliferation and migration of triple-negative breast cancer cells. J Cell

Biochem. (2019) 120:18415–24. doi: 10.1002/jcb.29158
117. Lu X, Liu R,WangM, Kumar AK, Pan F, He L, et al. MicroRNA-140 impedes

DNA repair by targeting FEN1 and enhances chemotherapeutic response in
breast cancer. Oncogene. (2019). doi: 10.1038/s41388-019-0986-0

118. Fardini Y, Dehennaut V, Lefebvre T, Issad T. O-GlcNAcylation: a new cancer
hallmark? Front Endocrinol. (2013) 4:99. doi: 10.3389/fendo.2013.00099

119. Huerta-Yepez S, Vega M, Garban H, Bonavida B. Involvement of the TNF-
alpha autocrine-paracrine loop, via NF-kappaB and YY1, in the regulation
of tumor cell resistance to Fas-induced apoptosis. Clin Immunol. (2006)
120:297–309. doi: 10.1016/j.clim.2006.03.015

120. Garban HJ, Bonavida B. Nitric oxide inhibits the transcription repressor Yin-
Yang 1 binding activity at the silencer region of the Fas promoter: a pivotal
role for nitric oxide in the up-regulation of Fas gene expression in human
tumor cells. J Immunol. (2001) 167:75–81. doi: 10.4049/jimmunol.167.1.75

121. Chen Z, Han S, Huang W, Wu J, Liu Y, Cai S, et al.
MicroRNA-215 suppresses cell proliferation, migration and
invasion of colon cancer by repressing Yin-Yang 1. Biochem

Biophys Res Commun. (2016) 479:482–8. doi: 10.1016/j.bbrc.2016.
09.089

122. Zhang N, Li X, Wu CW, Dong Y, Cai M, Mok MT, et al. microRNA-7 is a
novel inhibitor of YY1 contributing to colorectal tumorigenesis. Oncogene.
(2013) 32:5078–88. doi: 10.1038/onc.2012.526

123. XieM,WuXJ, Zhang JJ, He CS. IL-13 receptor alpha2 is a negative prognostic
factor in human lung cancer and stimulates lung cancer growth in mice.
Oncotarget. (2015) 6:32902–913. doi: 10.18632/oncotarget.5361

124. Guo Y, Du J, Kwiatkowski DJ. Molecular dissection of AKT
activation in lung cancer cell lines. Mol Cancer Res. (2013) 11:282–93.
doi: 10.1158/1541-7786.MCR-12-0558

125. Guo J, Yao H, Lin X, Xu H, Dean D, Zhu Z, et al. IL-13 induces YY1 through
the AKT pathway in lung fibroblasts. PLoS ONE. (2015) 10:e0119039.
doi: 10.1371/journal.pone.0119039

126. Boucherat O, Chabot S, Bourgeois A, Provencher S, Paulin R, Maltais F, et al.
Role of the transcription factor Yin Yang 1 in non-small cell lung cancer.
Faseb J. (2016) 30:lb1-1300.18

127. Joo M, Wright JG, Hu NN, Sadikot RT, Park GY, Blackwell TS,
et al. Yin Yang 1 enhances cyclooxygenase-2 gene expression in
macrophages. Am J Physiol Lung Cell Mol Physiol. (2007) 292:L1219–26.
doi: 10.1152/ajplung.00474.2006

128. Huang T, Wang G, Yang L, Peng B, Wen Y, Ding G, et al. MiR-186
inhibits proliferation, migration, and invasion of non-small cell lung cancer
cells by downregulating Yin Yang 1. Cancer Biomark. (2017) 21:221–8.
doi: 10.3233/CBM-170670

129. Jin M, Wu Y, Wang Y, Yu D, Yang M, Yang F, et al. MicroRNA-29a promotes
smooth muscle cell differentiation from stem cells by targeting YY1. Stem
Cell Res. (2016) 17:277–84. doi: 10.1016/j.scr.2016.07.011

130. Li X, Fu Q, Li H, Zhu L, Chen W, Ruan T, et al. MicroRNA-520c-3p
functions as a novel tumor suppressor in lung adenocarcinoma. FEBS J.
(2019) 286:2737–52. doi: 10.1111/febs.14835

131. Kashyap V, Bonavida B. Role of YY1 in the pathogenesis of prostate cancer
and correlation with bioinformatic data sets of gene expression. Genes
Cancer. (2014) 5:71–83. doi: 10.18632/genesandcancer.12

132. Yang T, An Z, Zhang C, Wang Z, Wang X, Liu Y, et al. hnRNPM, a potential
mediator of YY1 in promoting the epithelial-mesenchymal transition of
prostate cancer cells. Prostate. (2019) 79:1199–210. doi: 10.1002/pros.23790

133. Lu S, Wang MS, Chen PJ, Ren Q, Bai P. miRNA-186 inhibits prostate cancer
cell proliferation and tumor growth by targeting YY1 and CDK6. Exp Ther

Med. (2017) 13:3309–14. doi: 10.3892/etm.2017.4387
134. Park A, Lee J, Mun S, Kim DJ, Cha BH, Moon KT, et al. Identification of

transcription factor YY1 as a regulator of a prostate cancer-specific pathway
using proteomic analysis. J Cancer. (2017) 8:2303–11. doi: 10.7150/jca.19036

135. Eidelman E, Twum-Ampofo J, Ansari J, Siddiqui MM. The
metabolic phenotype of prostate cancer. Front Oncol. (2017) 7:131.
doi: 10.3389/fonc.2017.00131

136. Baritaki S, Sifakis S, Huerta-Yepez S, Neonakis IK, Soufla G, Bonavida
B, et al. Overexpression of VEGF and TGF-beta1 mRNA in Pap smears
correlates with progression of cervical intraepithelial neoplasia to cancer:
implication of YY1 in cervical tumorigenesis and HPV infection. Int J Oncol.
(2007) 31:69–79. doi: 10.3892/ijo.31.1.69

137. He G, Wang Q, Zhou Y, Wu X, Wang L, Duru N, et al. YY1 is a novel
potential therapeutic target for the treatment of HPV infection-induced
cervical cancer by arsenic trioxide. Int J Gynecol Cancer. (2011) 21:1097–104.
doi: 10.1097/IGC.0b013e31821d2525

138. WangW, Yue Z, Tian Z, Xie Y, Zhang J, She Y, et al. Expression of Yin Yang 1
in cervical cancer and its correlation with E-cadherin expression and HPV16
E6. PLoS ONE. (2018) 13:e0193340. doi: 10.1371/journal.pone.0193340

139. Zhou WY, Chen JC, Jiao TT, Hui N, Qi X. MicroRNA-181 targets Yin Yang
1 expression and inhibits cervical cancer progression. Mol Med Rep. (2015)
11:4541–6. doi: 10.3892/mmr.2015.3324

140. Luo C, Qiu J. miR-181a inhibits cervical cancer development
via downregulating GRP78. Oncol Res. (2017) 25:1341–8.
doi: 10.3727/096504017X14867268787969

141. Arribas J, Castellvi J, Marcos R, Zafon C, Velazquez A. Expression of
YY1 in differentiated thyroid cancer. Endocr Pathol. (2015) 26:111–8.
doi: 10.1007/s12022-015-9359-6

142. Fang M, Huang W, Wu X, Gao Y, Ou J, Zhang X, et al. MiR-141–3p
suppresses tumor growth and metastasis in papillary thyroid cancer via
targeting Yin Yang 1. Anat Rec. (2019) 302:258–68. doi: 10.1002/ar.23940

Frontiers in Oncology | www.frontiersin.org 19 November 2019 | Volume 9 | Article 1230

https://doi.org/10.1073/pnas.93.20.10638
https://doi.org/10.1093/emboj/cdf577
https://doi.org/10.1136/jclinpath-2013-201461
https://doi.org/10.1089/cbr.2018.2745
https://doi.org/10.18632/oncotarget.26984
https://doi.org/10.3892/ijmm.2018.3940
https://doi.org/10.1111/febs.14665
https://doi.org/10.1186/s13046-015-0177-y
https://doi.org/10.1016/j.ccr.2008.10.006
https://doi.org/10.3892/ijo.2017.3840
https://doi.org/10.1158/0008-5472.CAN-16-1898
https://doi.org/10.1186/1471-2407-8-394
https://doi.org/10.1186/bcr2329
https://doi.org/10.1016/j.ebiom.2016.11.012
https://doi.org/10.1002/jcb.29158
https://doi.org/10.1038/s41388-019-0986-0
https://doi.org/10.3389/fendo.2013.00099
https://doi.org/10.1016/j.clim.2006.03.015
https://doi.org/10.4049/jimmunol.167.1.75
https://doi.org/10.1016/j.bbrc.2016.09.089
https://doi.org/10.1038/onc.2012.526
https://doi.org/10.18632/oncotarget.5361
https://doi.org/10.1158/1541-7786.MCR-12-0558
https://doi.org/10.1371/journal.pone.0119039
https://doi.org/10.1152/ajplung.00474.2006
https://doi.org/10.3233/CBM-170670
https://doi.org/10.1016/j.scr.2016.07.011
https://doi.org/10.1111/febs.14835
https://doi.org/10.18632/genesandcancer.12
https://doi.org/10.1002/pros.23790
https://doi.org/10.3892/etm.2017.4387
https://doi.org/10.7150/jca.19036
https://doi.org/10.3389/fonc.2017.00131
https://doi.org/10.3892/ijo.31.1.69
https://doi.org/10.1097/IGC.0b013e31821d2525
https://doi.org/10.1371/journal.pone.0193340
https://doi.org/10.3892/mmr.2015.3324
https://doi.org/10.3727/096504017X14867268787969
https://doi.org/10.1007/s12022-015-9359-6
https://doi.org/10.1002/ar.23940
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sarvagalla et al. Role of YY1 in Cancer

143. Wang, Li Z, Sun B. miR-544 inhibits the migration and invasion of anaplastic
thyroid cancer by targeting Yin Yang-1. Oncol Lett. (2019) 17:2983–92.
doi: 10.3892/ol.2019.9915

144. Dong S, Ma X, Wang Z, Han B, Zou H, Wu Z, et al. YY1
promotes HDAC1 expression and decreases sensitivity of hepatocellular
carcinoma cells to HDAC inhibitor. Oncotarget. (2017) 8:40583–93.
doi: 10.18632/oncotarget.17196

145. Tsang DP, WuWK, Kang W, Lee YY, Wu F, Yu Z, et al. Yin Yang 1-mediated
epigenetic silencing of tumour-suppressive microRNAs activates nuclear
factor-kappaB in hepatocellular carcinoma. J Pathol. (2016) 238:651–64.
doi: 10.1002/path.4688

146. Han J, Meng J, Chen S, Wang X, Yin S, Zhang Q, et al. YY1
complex promotes quaking expression via super-enhancer binding during
EMT of hepatocellular carcinoma. Cancer Res. (2019) 79:1451–64.
doi: 10.1158/0008-5472.CAN-18-2238

147. Ko CY, Hsu HC, Shen MR, Chang WC, Wang JM. Epigenetic silencing
of CCAAT/enhancer-binding protein delta activity by YY1/polycomb
group/DNA methyltransferase complex. J Biol Chem. (2008) 283:30919–32.
doi: 10.1074/jbc.M804029200

148. Cheng Y, Li Y, Liu D, Zhang R, Zhang J. miR-137 effects on
gastric carcinogenesis are mediated by targeting Cox-2-activated
PI3K/AKT signaling pathway. FEBS Lett. (2014) 588:3274–81.
doi: 10.1016/j.febslet.2014.07.012

149. Zhang L, Cai X, Chen K, Wang Z, Wang L, Ren M, et al. Hepatitis B
virus protein up-regulated HLJ1 expression via the transcription factor
YY1 in human hepatocarcinoma cells. Virus Res. (2011) 157:76–81.
doi: 10.1016/j.virusres.2011.02.009

150. Bonavida, Huerta-Yepez S, Baritaki S, Vega M, Liu H, Chen H,
Berenson J, Overexpression of Yin Yang 1 in the pathogenesis of
human hematopoietic malignancies. Crit Rev Oncog. (2011) 16:261–7.
doi: 10.1615/CritRevOncog.v16.i3-4.90

151. Huerta-Yepez S, Liu H, Baritaki S, Del Lourdes Cebrera-Munoz M, Rivera-
Pazos C, Maldonado-Valenzuela A, et al. Overexpression of Yin Yang 1 in
bone marrow-derived human multiple myeloma and its clinical significance.
Int J Oncol. (2014) 45:1184–92. doi: 10.3892/ijo.2014.2511

152. Castellano G, Torrisi E, Ligresti G, Nicoletti F, Malaponte G, Traval S, et al.
Yin Yang 1 overexpression in diffuse large B-cell lymphoma is associated with
B-cell transformation and tumor progression. Cell Cycle. (2010) 9:557–63.
doi: 10.4161/cc.9.3.10554

153. Martinez-Paniagua MA, Baritaki S, Huerta-Yepez S, Ortiz-Navarrete VF,
Gonzalez-Bonilla C, Bonavida B, et al. Mcl-1 and YY1 inhibition and
induction of DR5 by the BH3-mimetic Obatoclax (GX15–070) contribute
in the sensitization of B-NHL cells to TRAIL apoptosis. Cell Cycle. (2011)
10:2792–805. doi: 10.4161/cc.10.16.16952

154. Guan H, Xie L, Leithauser F, Flossbach L, Moller P, Wirth T, et al. KLF4 is a
tumor suppressor in B-cell non-Hodgkin lymphoma and in classic Hodgkin
lymphoma. Blood. (2010) 116:1469–78. doi: 10.1182/blood-2009-12-256446

155. Antonio-Andres G, Rangel-Santiago J, Tirado-Rodriguez B, Martinez-Ruiz
GU, Klunder-Klunder M, Vega MI, et al. Role of Yin Yang-1 (YY1) in the
transcription regulation of the multi-drug resistance (MDR1) gene. Leuk
Lymphoma. (2018) 59:2628–38. doi: 10.1080/10428194.2018.1448083

156. Liu S, Kumar SM, Lu H, Liu A, Yang R, Pushparajan A, et al. MicroRNA-9
up-regulates E-cadherin through inhibition of NF-kappaB1-Snail1 pathway
in melanoma. J Pathol. (2012) 226:61–72. doi: 10.1002/path.2964

157. Palmer MB, Majumder P, Cooper JC, Yoon H, Wade PA, Boss JM. Yin yang
1 regulates the expression of snail through a distal enhancer.Mol Cancer Res.
(2009) 7:221–9. doi: 10.1158/1541-7786.MCR-08-0229

158. Du J, Ren W, Yao F, Wang H, Zhang K, Luo M, et al. YY1 cooperates with
TFEB to regulate autophagy and lysosomal biogenesis in melanoma. Mol

Carcinog. (2019) 58:2149–60. doi: 10.1002/mc.23105
159. Bustos SO, da Silva Pereira GJ, de Freitas Saito R, Gil CD, Zanatta DB,

Smaili SS, et al. Galectin-3 sensitized melanoma cell lines to vemurafenib
(PLX4032) induced cell death through prevention of autophagy. Oncotarget.
(2018) 9:14567–79. doi: 10.18632/oncotarget.24516

160. Levy JM, Thompson JC, Griesinger AM, Amani V, Donson AM,
Birks DK, et al. Autophagy inhibition improves chemosensitivity
in BRAF(V600E) brain tumors. Cancer Discov. (2014) 4:773–80.
doi: 10.1158/2159-8290.CD-14-0049

161. Baritaki S, Chatzinikola AM, Vakis AF, Soulitzis N, Karabetsos DA, Neonakis
I, et al. YY1 Over-expression in human brain gliomas and meningiomas
correlates with TGF-beta1, IGF-1 and FGF-2 mRNA levels. Cancer Invest.
(2009) 27:184–92. doi: 10.1080/07357900802210760

162. Bonavida B, Baritaki S. Dual role of NO donors in the reversal of tumor
cell resistance and EMT: downregulation of the NF-kappaB/Snail/YY1/RKIP
circuitry. Nitric Oxide. (2011) 24:1–7. doi: 10.1016/j.niox.2010.10.001

163. Liu X, Jutooru I, Lei P, Kim K, Lee SO, Brents LK, et al. Betulinic acid targets
YY1 and ErbB2 through cannabinoid receptor-dependent disruption of
microRNA-27a:ZBTB10 in breast cancer.Mol Cancer Ther. (2012) 11:1421–
31. doi: 10.1158/1535-7163.MCT-12-0026

164. Vega MI, Jazirehi AR, Huerta-Yepez S, Bonavida B. Rituximab-induced
inhibition of YY1 and Bcl-xL expression in Ramos non-Hodgkin’s
lymphoma cell line via inhibition of NF-kappa B activity: role of YY1 and
Bcl-xL in Fas resistance and chemoresistance, respectively. J Immunol. (2005)
175:2174–83. doi: 10.4049/jimmunol.175.4.2174

165. Martinez-Paniagua MA, Vega MI, Huerta-Yepez S, Baritaki S, Vega GG,
Hariharan K, et al. Galiximab signals B-NHL cells and inhibits the activities
of NF-kappaB-induced YY1- and snail-resistant factors: mechanism of
sensitization to apoptosis by chemoimmunotherapeutic drugs. Mol Cancer

Ther. (2012) 11:572–81. doi: 10.1158/1535-7163.MCT-11-0635
166. Baritaki S, Suzuki E, Umezawa K, Spandidos DA, Berenson J, Daniels

TR, et al. Inhibition of Yin Yang 1-dependent repressor activity of DR5
transcription and expression by the novel proteasome inhibitor NPI-0052
contributes to its TRAIL-enhanced apoptosis in cancer cells. J Immunol.

(2008) 180:6199–210. doi: 10.4049/jimmunol.180.9.6199
167. Qi Y, Yan T, Chen L, Zhang Q, Wang W, Han X, et al. Characterization

of YY1 OPB peptide for its anticancer activity. Curr Cancer Drug

Targets. (2018) 19:504–11. doi: 10.2174/15680096186661810311
53151

168. Zhang Y, He S, Mei R, Kang Y, Duan J, Wei R, et al. miR29a
suppresses IL13induced cell invasion by inhibiting YY1 in the AKT
pathway in lung adenocarcinoma A549 cells. Oncol Rep. (2018) 39:2613–23.
doi: 10.3892/or.2018.6352

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Sarvagalla, Kolapalli and Vallabhapurapu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 20 November 2019 | Volume 9 | Article 1230

https://doi.org/10.3892/ol.2019.9915
https://doi.org/10.18632/oncotarget.17196
https://doi.org/10.1002/path.4688
https://doi.org/10.1158/0008-5472.CAN-18-2238
https://doi.org/10.1074/jbc.M804029200
https://doi.org/10.1016/j.febslet.2014.07.012
https://doi.org/10.1016/j.virusres.2011.02.009
https://doi.org/10.1615/CritRevOncog.v16.i3-4.90
https://doi.org/10.3892/ijo.2014.2511
https://doi.org/10.4161/cc.9.3.10554
https://doi.org/10.4161/cc.10.16.16952
https://doi.org/10.1182/blood-2009-12-256446
https://doi.org/10.1080/10428194.2018.1448083
https://doi.org/10.1002/path.2964
https://doi.org/10.1158/1541-7786.MCR-08-0229
https://doi.org/10.1002/mc.23105
https://doi.org/10.18632/oncotarget.24516
https://doi.org/10.1158/2159-8290.CD-14-0049
https://doi.org/10.1080/07357900802210760
https://doi.org/10.1016/j.niox.2010.10.001
https://doi.org/10.1158/1535-7163.MCT-12-0026
https://doi.org/10.4049/jimmunol.175.4.2174
https://doi.org/10.1158/1535-7163.MCT-11-0635
https://doi.org/10.4049/jimmunol.180.9.6199
https://doi.org/10.2174/1568009618666181031153151
https://doi.org/10.3892/or.2018.6352
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	The Two Sides of YY1 in Cancer: A Friend and a Foe
	Introduction
	YY1 Sequence
	YY1 Structure
	YY1 Protein-Protein Interactions (PPIs) Implicated in Gene Regulation
	Role of YY1 in Transcriptional Regulation
	YY1 in Embryogenesis and Development
	Role of YY1 in Cancer
	Breast Cancer
	Pancreatic Cancer
	Colon Cancer
	Lung Cancer
	Prostate Cancer
	Cervical Cancer
	Thyroid Cancer
	Liver Cancer
	Hematological Malignancies
	Melanoma
	Glioblastoma
	Targeting YY1 in Cancer
	Conclusion
	Author Contributions
	Funding
	References


