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A B S T R A C T

Recent advances in the treatment of various cancers have resulted in the adaptation of several novel im-
munotherapeutic strategies. Notably, the recent intervention through immune checkpoint inhibitors has resulted
in significant clinical responses and prolongation of survival in patients with several therapy-resistant cancers
(melanoma, lung, bladder, etc.). This intervention was mediated by various antibodies directed against in-
hibitory receptors expressed on cytotoxic T-cells or against corresponding ligands expressed on tumor cells and
other cells in the tumor microenvironment (TME). However, the clinical responses were only observed in a
subset of the treated patients; it was not clear why the remaining patients did not respond to checkpoint inhibitor
therapies. One hypothesis stated that the levels of PD-L1 expression correlated with poor clinical responses to
cell-mediated anti-tumor immunotherapy. Hence, exploring the underlying mechanisms that regulate PD-L1
expression on tumor cells is one approach to target such mechanisms to reduce PD-L1 expression and, therefore,
sensitize the resistant tumor cells to respond to PD-1/PD-L1 antibody treatments. Various investigations revealed
that the overexpression of the transcription factor Yin Yang 1 (YY1) in most cancers is involved in the regulation
of tumor cells’ resistance to cell-mediated immunotherapies. We, therefore, hypothesized that the role of YY1 in
cancer immune resistance may be correlated with PD-L1 overexpression on cancer cells. This hypothesis was
investigated and analysis of the reported literature revealed that several signaling crosstalk pathways exist
between the regulations of both YY1 and PD-L1 expressions. Such pathways include p53, miR34a, STAT3, NF-kB,
PI3K/AKT/mTOR, c-Myc, and COX-2. Noteworthy, many clinical and pre-clinical drugs have been utilized to
target these above pathways in various cancers independent of their roles in the regulation of PD-L1 expression.
Therefore, the direct inhibition of YY1 and/or the use of the above targeted drugs in combination with
checkpoint inhibitors should result in enhancing the cell-mediated anti-tumor cell response and also reverse the
resistance observed with the use of checkpoint inhibitors alone.

1. Introduction

Cancer cells harbor various mutations that allow for enhanced
proliferation and survival beyond that of normal cells. Cancer cells
escape the host’s cellular regulatory systems and immune systems,
leading to uncontrolled growth, metastasis, and death. Cancers vary in
their types of mutations they carry and the underlying mechanisms by
which they cause the disease in the host. Thus, various therapeutic
modalities have been developed for different cancers, including (1)
chemotherapy, which among various mechanisms of action also kills
cells by damaging DNA and inhibiting mitosis (Weaver and Cleveland,

2005; Gonen and Assaraf, 2012; Wijdeven et al., 2016; Mudduluru
et al., 2016; Zhitomirsky and Assaraf, 2016; Alam, 2018), (2) radio-
therapy, which uses high energy rays to destroy cancer cells in a tar-
geted area (Krause et al., 2017), and (3) immunotherapies, which en-
hance the host immune system’s attack on malignant cells (Zhang and
Chen, 2018). However, a plethora of mechanisms of chemoresistance
frequently emerge which markedly limit the efficacy of chemotherapy,
hence the burning need for novel modalities to overcome antitumor
drug resistance (Livney and Assaraf, 2013; Li et al., 2016; Bar-Zeev
et al., 2017). Likewise, several mechanisms have been found that un-
derlie resistance to immunotherapies (Rieth and Subramanian, 2018;
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Draghi et al., 2019) and several strategies have been reported to reverse
immune resistance (Bonavida and Chouaib, 2017).

The immune system plays several roles in protecting the host from
cancer via various mechanisms. These include preventing virus-induced
tumors, preventing an inflammatory environment conducive to tu-
morigenesis, and identifying cells that have escaped tumor-suppressor
mechanisms and targeting them for cell death before they can become
malignant (Vesely et al., 2011; D’Souza et al., 2019). Both innate and
adaptive immunities play a role in preventing tumorigenesis. Innate
immune cell populations such as natural killer cells, natural killer T-
cells, and γδ T-cells can interact with cancer cells and dendritic cells.
Macrophages can also respond to damage-associated molecular patterns
caused by tumor-derived DNA (Woo et al., 2015). Additionally, adap-
tive immune components such as T-cells can mount cytotoxic immune
responses against cancer cells and prevent malignancy (Vesely et al.,
2011; Farhood et al., 2019). Thus, several types of immunotherapies
have been developed to enhance host immune responses. Some ex-
amples include antibody therapy, in which antibodies are generated
against cancer antigens or receptors and cell-mediated T-cell therapy,
which involves the induction of tumor-specific T-cells or ex vivo genetic
modification of T-cells to enhance specific antitumor activities (Vesely
et al., 2011; Liu and Guo, 2018; Paucek et al., 2019).

However, cancer development can still occur under conducive
conditions. Despite the many defenses the host immune system harbors,
cancer cells can circumvent host immunity through various mechan-
isms to cause tumorigenesis and malignancy. For example, genetic
mutations in cancer cells often lead to uncontrolled proliferation and
poor expression of cancer-associated antigens. These cancer antigens
can be presented to T-cells on major histocompatibility class I mole-
cules (MHC1); however, cancer cells downregulate MHC I molecules to
silence antigen presentation and escape T-cell cytotoxicity. Cancer cells
have also been shown to upregulate anti-apoptotic proteins to resist cell
killing as well as proteins involved in growth pathways to enhance their
survival and resistance to therapies (Vesely et al., 2011; Carrington
et al., 2017).

Cancer cells evade the immune response by creating a tumor mi-
croenvironment (TME) in which immune cell effector functions are
inhibited and repressed (Quail and Joyce, 2013; Chen et al., 2015b).
Tumor cells develop defects in antigen presentation processes or up-
regulate ligands that disarm cytotoxic T-cells in order to escape the
adaptive immune system. A mechanism through which this occurs is via
upregulation of ligands for checkpoint proteins expressed on the surface
of cytotoxic T-cells, such as PD-1. The checkpoint PD-1 receptor on T-
cells, when signaled by its ligand, PD-L1, leads to T-cell anergy and
naturally serves as a mechanism for preventing immune over-
stimulation (Zou et al., 2016). PD-L1 is not expressed at high levels on
most human cells under normal conditions, but PD-L1 is highly ex-
pressed on the cellular surface of various human cancers (Chen and
Han, 2015). Ligation of PD-L1 on tumor cells and the PD-1 receptor on
T-cells leads to inhibition of T-cell effector functions, such as T-cell-
mediated killing of cancer cells.

Recent advances in cancer immune therapies have led to the de-
velopment of FDA-approved anti-PD-1 and anti-PD-L1 antibodies that
have been shown to be effective in a subset of patients with cancers,
such as melanoma, lung, and bladder, as well as in patients with ad-
vanced unresponsive tumors (Chen and Han, 2015). However, these
antibodies are not always effective in all patients with overexpressed
PD-L1 positive cancers, as therapy resistance was reported in up to 60%
of patients treated (O’Donnell et al., 2017). Therefore, there is still a
need for more effective single and combination immune therapies. For
instance, targeting the mechanisms by which PD-L1 is upregulated in
cancer cells is one approach to enhance antitumor immunity. However,
the mechanisms by which tumor cells upregulate PD-L1 expression are
not fully understood.

The transcription factor, YY1, has been identified as a master reg-
ulator of many pathways involved in cell growth, survival, epithelial to

mesenchymal transition (EMT), metastasis, resistance to chemotherapy,
etc. Hence, many cancers have been shown to overexpress YY1 and
correlate with poor outcomes (Bonavida and Kaufhold, 2015; Shi et al.,
2015; Khachigian, 2018). We, therefore, hypothesized that YY1 may
play a role in the regulation of PD-L1 via crosstalks among the signaling
pathways. This review provides evidence demonstrating that YY1 reg-
ulates PD-L1 expression via several mechanisms, including (a) p53 and
miR34a, (b) cytokines and growth factors IL6, IL17, TGFβ, IFNγ, (c)
PTEN/PI3K/AKT/mTOR signaling pathways, (d) c-Myc, as well as (e)
COX-2. Thus, one mechanism by whichYY1 regulates tumor resistance
to cytotoxic immune functions is through the regulation of PD-L1 ex-
pression on tumor cells. In this chapter, we review (1) The role of YY1
in cancer and its regulation of immune resistance, (2) The role of PD-L1
expression in cancer and its resistance to cytotoxic anti-tumor activities,
(3) The delineation of several signaling crosstalk pathways in which
YY1 regulates the expression of PDL1, both directly and indirectly, and
(4) The clinical implications and the exploration of the crosstalk sig-
naling pathways for new targeted therapies to reverse tumor cell im-
mune resistance.

2. YY1: general properties

Several recent reviews on YY1 have described in detail the various
functional roles of YY1 in cancer (Agarwal and Theodorescu, 2017;
Wang et al., 2017a). In the present review, the focus will be on the
relationship between the expression of YY1 and PD-L1. Therefore, we
will briefly discuss below the main highlights of YY1 that are relevant
to the topic of this review.

2.1. Gene structure and amino acid sequence

YY1 is a zinc-finger transcription factor and member of the
Polycomb Group protein family. Polycomb Group proteins are epige-
netic regulators of transcription and are involved in stem-cell identity,
differentiation and disease (Di croce and Helin, 2013). Using fluor-
escent in situ hybridization (FISH) analysis, YY1 was mapped to the
telomere region of human chromosome 14 at segment q32.2 (Yao et al.,
1998; Weintraub et al., 2017). Within the YY1 gene, there are four
C2H2-type zinc-finger motifs, which mediate its DNA binding. YY1 is a
414 amino acid protein with 5 exons and a predicted molecular mass of
44 kDa. However, SDS-polyacrylamide gel analysis has shown a mole-
cular mass of 68 kDa due to the structure of the protein (Galvin and Shi,
1997; Kaufhold et al., 2017). Analysis of the YY1 DNA sequence re-
vealed the promoter to be a sequence of 54 bp-long sequence located
downstream of the transcriptional start site (Yao et al., 1998; Mandal
et al., 2017). There are two domains which mediate its activity as a
transcriptional repressor or activator. The C-terminal domain is re-
sponsible for transcriptional repression, while the N-terminus domain is
responsible for transcriptional activation (Nguyen et al., 2004;
Weintraub et al., 2017). In addition to these two domains, there is also a
glycine/alanine rich region (amino acids 161–204), a glycine/lysine
rich region (amino acids 181–204), a histidine cluster (amino acids
70–80) and a spacer region (amino acids 205–299) (Fig. 1A and B). The
glycine/alanine region is essential for transcriptional transactivation,
while the glycine/lysine region is important for repressor activity
(Bushmeyer et al., 1995; Yang et al., 1996; Weintraub et al., 2017).
Deletion of the histidine and spacer regions indicated their roles in the
rescuing ability of cells, while the spacer deletion reduced the ability of
YY1 to interact with Hdm2 and regulate p53 (Sui et al., 2004;
Khachigian, 2018). The amino acids 200–226 within the spacer region
have been defined as the REPO (Recruitment of Polycomb) domain for
its role in coordinating polycomb protein interactions with DNA
(Wilkinson et al., 2010).
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2.2. YY1 expression and function during development

Several studies have shown that YY1 plays a fundamental role in
various stages of embryogenesis. Mouse embryos with inactivating YY1
mutations were examined at various gestational stages to determine the
role of YY1 during embryogenesis. The homozygous mutated YY1 allele
caused lethality at the peri-implantation stage, while heterozygosity for
the mutant allele caused developmental retardation (Donohoe et al.,
1999; Wang et al., 2018c; Gabriele et al., 2017). These findings suggest
a role of YY1 in embryonic stem cell development.YY1 has been shown
to play a role in cardiac morphogenesis and heart development during
embryogenesis (Beketaev et al., 2015) and regulate cardiac α-actin
gene expression (Chen and Schwartz, 1997; Gregoire et al., 2017).
Thus, YY1 is an essential transcription factor for functional embry-
ogenesis.

YY1 is also essential in several stages of development, including X
inactivation (Jeon and Lee, 2011), neural development (Morgan et al.,
2004; Knauss et al., 2018), muscle development (Jin et al., 2016), in-
testinal development (Kumar et al., 2016), and lung development
(Boucherat et al., 2015).

YY1 has been identified as a negative regulator of muscle miR

expression in myogenesis; in this respect, miR-29 is an important miR
involved in myogenesis. The miR-29a has been shown to induce vas-
cular smooth muscle cell differentiation from embryonic stem cells by
negatively regulating YY1 (Jin et al., 2016). YY1 collaborates with
Rybp, a myogenesis regulator, and NF-kB to silence miR-29 and nega-
tively regulate myogenesis (Wang et al., 2008; Zhou et al., 2012). YY1
silences miR-29 by recruiting Ezh2 and HDAC1 after being activated by
NF-kB (Wang et al., 2007; Zhang et al., 2016a). Other mRNAs involved
in muscle development also interact with YY1. The miR-1 interacts with
YY1 through a negative feedback loop to regulate myogenic differ-
entiation and injury-induced muscle regeneration (Zhou et al., 2012).

YY1 plays a key role in intestinal development. YY1 acts as a po-
sitive regulator of the homeobox protein Hoxa5, a gene which is crucial
to mouse gut and lung organogenesis (Bérubé-Simard et al., 2014). YY1
regulates intestinal villus development (Kumar et al., 2016) and con-
tributes to intestinal development via regulation of mitochondrial gene
expression (Cunningham et al., 2007; Perekatt et al., 2014; Park et al.,
2017). YY1 is also crucial for lung development and regulates tracheal
cartilage formation, cell differentiation, lung branching, and airway
dilation (Boucherat et al., 2015). YY1 has also been shown to negatively
regulate lung cancer cell proliferation via regulation of Sox2ot (Zhang

Fig. 1. A: YY1 Gene Structure. The various
domains and their location within the YY1
gene are represented in this diagram. Histidine
cluster: amino acids 70–80, glycine/alanine
rich region: amino acids 161–204, glycine/ly-
sine rich region: amino acids 181–204, spacer
region: amino acids 205–299, REPO
(Recruitment of Polycomb): amino acids
200–226. B: Annotated YY1 Amino Acid
Sequence. This diagram represents the 414
human YY1 amino acid sequence and the var-
ious domains. Histidine cluster: amino acids
70–80, glycine/alanine rich region: amino
acids 161–204, glycine/lysine rich region:
amino acids 181–204, spacer region: amino
acids 205–299, REPO (Recruitment of
Polycomb): amino acids 200–226. Sequence
from https://www.ncbi.nlm.nih.gov/protein/
3915889#sequence_P25490.2.
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et al., 2017).
Through its networks with a vast array of proteins and other epi-

genetic factors, YY1 plays an important role in various developmental
processes. Neural, muscular, intestinal and lung development all rely on
YY1 for some form of regulation. Without adequate regulation of YY1,
these processes are impaired or inhibited.

2.3. Expression of YY1

2.3.1. In various human tissues and cancers
YY1 is expressed in various human tissues at different levels and has

been found to be inadequately regulated in malignant tissues. Using a
variety of human tissue samples, a full length YY1 cDNA probe was
used to detect mRNA expression levels in healthy and cancerous tissues
(Chinnappan et al., 2009; Bonavida and Kaufhold, 2015). There were at
least six YY1 mRNA isoforms detected ubiquitously in normal adult and
fetal tissues, but over-expression of two specific isoforms, 7.5 and 2.9 kb
in size, were detected in gastrointestinal and other cancer cells. Thus,
YY1 may play a role in development or progression of gastrointestinal
cancer. High YY1 expression in some cancerous tissues is associated
with poor outcomes. In an osteosarcoma study, ten different osteo-
sarcoma samples were analyzed using immunohistochemistry and RT-
PCR to determine the levels of YY1 expression compared to normal
bone samples (de Nigris et al., 2006, 2012). YY1 had very low ex-
pression levels or was almost absent in normal tissues, compared to
osteosarcoma tissues which had significantly higher levels of YY1 ex-
pression. Overexpression of YY1 in osteosarcoma patients was found to
be associated with metastasis and poor outcome (de Nigris et al., 2011).
In another study, cervical cancer specimens from 30 patients were
analyzed for YY1 expression and correlated with pathogenesis (Wang
et al., 2018b). Increased YY1 expression was strongly associated with
malignancy of the cervix and the progression of cervical squamous cell
carcinoma (CSCC). However, in some cancers, high YY1 expression can
be associated with more favorable outcomes. In a study of 26 follicular
lymphoma patient biopsies, high YY1 expression was found to be
strongly associated with longer patient survival (p < .01) (Naidoo
et al., 2011; Sandison et al., 2013).

Overall, YY1 is primarily overexpressed and seldom under-ex-
pressed in many cancers. Table 1 summarizes the relationship between
YY1 expression and different forms of cancer.

2.3.2. In immune cells
YY1 is involved in the regulation of several developmental immune

processes. YY1 is involved in the development of B cells by regulating
VDJ recombination of the immunoglobulin heavy-chain locus and the
progenitor-B-to-precursor-B-cell transition (Liu et al., 2007; Kleiman
et al., 2016; Banerjee et al., 2016). YY1 also regulates B-cell develop-
ment by facilitating the nuclear translocation of the enzyme Activation-
induced Deaminase (AID), which is essential for class-switch re-
combination and somatic hypermutation (Zaprazna and Atchison,
2012).

YY1 is also involved in the regulation of, and differentiation of, T-
cells. The differentiation of T-regulatory cells, which is essential to the
regulation of the immune system, is directly inhibited by YY1 through
the transcriptional repression of Foxp3 (Hwang et al., 2016). YY1 also
transcriptionally regulates cytokines, such as IL-2, IL-5, IL-6, IL- 8, IL-
17, CCL4, IFN-γ (Table 3). The roles of these cytokines vary across the
immune system and can have beneficial or adverse effects in different
diseases.

Some cell checkpoint receptors are transcriptionally activated by
YY1, such as PD-1, LAG3, and Tim3, which can contribute to T-cell
exhaustion and disease progression (Balkhi et al., 2018). YY1 is also
essential for the invariant natural killer T (NKT) cell development and
asserts its regulation through transcriptionally activating the Plzf gene
promoter (Ou et al., 2018). Invariant NKT cells are associated with a
variety of other immune functions and the lack of these lymphocytes is

associated with poor patient outcomes in several cancers (Motohashi
et al., 2011). YY1 also contributes to tumor cell resistance to FasL-in-
duced apoptosis by downregulating Fas expression (Garbán and
Bonavida, 2001; Pothoulakis et al., 2017). Additionally, inhibition of
YY1 and upregulation of DR5 expression sensitizes cells to TRAIL
apoptosis (Bonavida, 2015). In the following sections, the specific me-
chanisms in which YY1 transcriptionally regulates other proteins in-
volved in cancer development and progression will be discussed.

2.4. YY1: transcriptional regulation

2.4.1. Factors that trigger YY1 expression
Several factors have been shown to trigger or activate YY1, such as

IGF-1 (Flanagan, 1995; Blättler et al., 2012) and TNF-α (Huerta-Yepez
et al., 2006; Iwai et al., 2018). In quiescent NIH3T3 cells, YY1 ex-
pression was rapidly stimulated by the addition of IGF-1 (Flanagan,
1995). Further studies of this interaction have shown YY1 and IGF-1 to
be positively correlated in human brain tumors and to play a role in
brain gliomatogenesis and meningioma development (Baritaki et al.,
2009). YY1 is also stimulated by TNF-α. Treatment of prostate cancer
cells with TNF- α resulted in increased YY1 expression and down-
regulated Fas expression, while the blockage of TNF- α resulted in de-
creased YY1 expression and upregulated Fas expression (Huerta-Yepez
et al., 2006; Iwai et al., 2018). This study not only revealed an im-
portant activator of YY1, but it also suggested a role of YY1 in FasL-
induced apoptosis resistance in cancer cells. Additionally, C/EBPβ was
found to increase YY1 activity by mutating a single promoter binding
site within the HPV11 gene, indicating a regulatory role of YY1 in HPV
disease types (Ralph et al., 2006; Wang et al., 2018b).

In lymphocytes, YY1 was stimulated by the addition of Morphine
and activated transcription of mu opioid receptor genes (Li et al., 2008;
Zaprazna et al., 2017), which are important in various immune func-
tions (Roy et al., 1998; Pentland et al., 2018). In a human CD4 T-cell
line, lysoPC, a lysolecithin involved in atherogenesis and inflammation
(Kume and Gimbrone, 1994; Heriansyah et al., 2019), also stimulated
the expression of YY1 in a concentration-dependent manner (Hara
et al., 2008; Yuan et al., 2017). Various factors stimulate YY1

Table 1
YY1 Expression in Cancer. The cancer YY1 is abnormally expressed in (first
column), high or low expression (second column), prognostic significance (third
column).

Cancer Type Level of YY1 expression
compared to normal tissues

Prognostic effect based on
expression level

Osteosarcoma High Poor
de Nigris et al., 2006 de Nigris et al., 2011

Cervical High Poor
Wang et al., 2018b Wang et al., 2018b

Follicular Lymphoma High Good
Naidoo et al., 2011 Naidoo et al., 2011

Pancreatic High Good
Liu et al., 2018 Zhang et al., 2014

Lung High Poor
Hou et al., 2010 Xu et al., 2013

Prostate High Poor
Seligson et al., 2005 Seligson et al., 2005

Ovarian High Good
Berchuck et al., 2005 Matsumura et al., 2009

Colon High Poor
Chinnappan et al., 2009 Zhang et al., 2013a

Gastric High Poor
Kang et al., 2014 Kang et al., 2014

Bladder High Poor
Sanchez-Carbayo et al., 2006 Sanchez-Carbayo et al.,

2006
Breast High None

Curtis et al., 2012 Curtis et al., 2012
Multiple Myeloma High Poor

Huerta-Yepez et al., 2014 Huerta-Yepez et al., 2008
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expression and, thus, provide insights as to how YY1 may be regulated.

2.4.2. Transcriptional and post-transcriptional regulators of YY1
Transcription of the YY1 protein is regulated by the transcription

factor NF-kB and auto-regulated by itself. In the regulation of skeletal
muscle differentiation, NF-κB directly binds to the YY1 promoter
through its p50/p65 heterodimer complex and stimulates YY1 gene
expression (Wang et al., 2007; Zhang et al., 2018c). In human B cell
lines, NF-kB also binds to YY1 through its Rel-B component at the hs4
enhancer region of the Igh gene, forming a complex that may play a role
in the anti-apoptotic response (Sepulveda et al., 2004; Morozzi et al.,
2017). RelB association with YY1 also promotes the regulation of IFN-β
expression, which is important in the anti-viral response (Siednienko
et al., 2011). YY1 is also auto-regulated through its own DNA-binding
sites within the first intron (Do Kim et al., 2009; Khachigian, 2018).
Once YY1 levels reach a certain threshold, the transcription factor be-
gins to negatively regulate its own locus.

Several types of post-transcriptional modifications of the mature
YY1 protein can result in the increase or decrease of its DNA-binding
capacity, stability, and transcriptional activity. These mechanisms in-
clude acetylation (Yao et al., 2001; Wang et al., 2016a), poly(ADP-ri-
bosyl)ation (Oei and Shi, 2001), O-linked N-acetylglucosaminylation
(O-GlcNAcylation) (Hiromura et al., 2003), S-nitrosation (Hongo et al.,
2005; Bonavida and Garban, 2015), methylation (Zhang et al., 2016b),
and sumoylation, which also stabilizes YY1 (Deng et al., 2007).

Translocation of transcription factors to the nucleus is essential for
transcriptional regulation. Several types of stimuli can induce YY1
translocation to the nucleus, such as the Toll Like Receptor 3 ligand,
polyriboinosinic:polyribocytidylic acid (TLR3 poly(I:C)) (Siednienko
et al., 2011), Fas, tumor necrosis factor, and etoposide treatment
(Krippner-Heidenreich et al., 2005), as well as actin polymerization in
pulmonary vascular smooth muscle cells (Favot et al., 2005). Sub-
cellular localization of YY1 is also dependent on the cell cycle and DNA
synthesis activity within the cell (Palko et al., 2004; Wu et al., 2018).
Thus, confinement of YY1 to the cytoplasm can be a modality of re-
pressive regulation of the transcription factor (Ficzycz et al., 2001; Wu
et al., 2018). The subcellular localization of YY1 is important in its
transcriptional regulation and is dependent on several signals and the
stage of the cell cycle.

2.4.3. Phosphorylation and activity
YY1 can be post-transcriptionally regulated by phosphorylation at

its tyrosine, threonine, and serine amino acid residues. Phosphorylation
is an important layer of regulation for the DNA-binding capacity of YY1
(Becker et al., 1994; Rizkallah and Hurt, 2009; Daraiseh et al., 2018;
Wang and Goff, 2015). Several kinases phosphorylate YY1, such as Plk1
(Sandison et al., 2013), TOPK/PBK (Rizkallah et al., 2015), c-Abl kinase
(Daraiseh et al., 2018), casein kinase II alpha (CK2α) (Riman et al.,
2012), Aurora kinase B (Kassardjian et al., 2012), and Aurora kinase A
(Alexander and Rizkallah, 2017). Phosphorylation of YY1 by a variety
of kinases regulates its transcriptional activity, influences its stability,
and thus serves as an additional level of post-transcriptional YY1 reg-
ulation.

2.4.4. Role of micro RNAs (miRs) in the regulation of YY1
There have been many micro RNAs (miRs) found to be involved in

the negative regulation of YY1. Many of the miRs regulate YY1 through
negative feedback loops. Some of these miRs and their effects on YY1
are summarized in Table 2A.

Studies are ongoing to find several more miRs involved in YY1 re-
pression and negative feedback. These mechanisms of regulation are
involved in many disease types. Therefore, more research on YY1 and
miRs may lead to new treatments and therapies. A summary of the
known YY1 regulatory activators and repressors is shown in Table 2B .

2.5. YY1 as a transcription factor

Due to the ubiquitous nature of YY1, this transcription factor is
involved in many regulatory mechanisms in various processes and
pathways in the body. Thus, every factor influenced by YY1 cannot be
discussed in this review and has been reviewed elsewhere (Agarwal and
Theodorescu, 2017; Wang et al., 2006). However, a summary of some
of the factors and pathways influenced by YY1 are shown in Table 3.
The results of these interactions often have effects in both the patho-
genesis of cancer and modulation of the anti-cancer immune processes.

3. PD-L1: general properties

3.1. Gene structure

The PD-L1 protein is encoded by the CD274 gene and is expressed in
T-cells, B-cells and several types of tumor cells. PD-L1 is a transmem-
brane protein that interacts with the PD-1 receptor expressed on T-cells
in order to inhibit T-cell activation and cytokine production (Lin et al.,
2008; Kythreotou et al., 2018; Zak et al., 2017). The gene has 7 exons
and is located in the genome on chromosome 9 at location 9p24 (Shi
et al., 2013). It is part of the immunoglobulin superfamily and has an
Ig-like V-type domain and an Ig-like C2-type domain (Dong et al., 1999;
Berger and Pu, 2018). There are 3 main sections of the gene identified
through BLAST, which correspond to the extracellular domain, helical
domain, and cytoplasmic domain of the protein. The seven exons cor-
respond to the 5′ UTR, signal sequence, IgV-like domain, IgC-like do-
main, transmembrane domain, intracellular domain, and 3′ UTR, re-
spectively (Shi et al., 2013)

3.2. Amino acid sequence

The amino acid sequence is 290 amino acids in length. The Ig-like V-
type domain ranges from amino acids 26–131, while the Ig-like C2-type
domain ranges from amino acids 132–234 and the signal peptide ranges
from amino acids 1–22 (Dong et al., 1999). The extracellular domain
corresponds to amino acids 26–238, while the transmembrane domain
corresponds to amino acids 240–260 and the cytoplasmic domain cor-
responds to amino acids 261-290. The amino acid sequence is shown
below with the annotated domain locations (Fig. 2).

3.3. Expression and function

3.3.1. In tissues
PD-L1 is normally expressed in non-lymphoid tissues in the body. It

is highly expressed in the heart, skeletal muscle, placenta, and lung
(Dong et al., 1999; Torabi et al., 2017). PD-L1 is upregulated in the
target organs of tissue-specific autoimmune diseases, suggesting a role
for PD-L1 in tissue-directed inflammatory responses (Liang et al., 2003;
Lanzolla et al., 2019). Tissue-expressed PD-L1 mediates peripheral T-
cell tolerance and autoimmunity by binding to PD-1 on T-cells and
inhibiting pathogenic self-reactive CD4+ T-cells and the resulting cy-
tokine production (Keir et al., 2006; Bommarito et al., 2017). In addi-
tion to regulating effector T-cell responses, PD-1 and PD-L1 interaction
also plays a role in the early fate decisions of CD8 T-cells (Goldberg
et al., 2007; Sen et al., 2016).

3.3.2. In cancer
Several cancers exhibit an upregulation of PD-L1 expression to

provide protection from cell death by cytotoxic T-cells and to maintain
an immunosuppressive tumor microenvironment (Topalian et al.,
2012). By upregulating PD-L1, tumor cells block T-cell functions and
antitumor responses (Topalian et al., 2012). This leads to enhanced
tumorigenesis and invasiveness of cancer cells (Iwai et al., 2002;
Fabrizio et al., 2018). The presence of tumor cells with upregulated PD-
L1 correlates with poor prognosis in patients with several types of
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cancer, such as ovarian cancer (Hamanishi et al., 2007), urothelial cell
carcinoma of the bladder (Boorjian et al., 2008), hepatocellular carci-
noma (Gao et al., 2009), malignant melanoma (Spranger et al., 2013),
inflammatory and non-inflammatory breast cancers (Bertucci et al.,
2015), non-small-cell lung cancer (NSCLC) (D’incecco et al., 2015), and
renal cell carcinoma (RCC) (Iacovelli et al., 2016). There are currently
antibody therapies with both anti-PD-1 and anti-PD-L1 antibodies
available for cancer patients. In an analysis of 20 trials carried out in
metastatic melanoma (MM), NSCLC, and RCC patients receiving anti-
PD-1/PD-L1 antibodies, the summary objective response rates for MM
patients were 45% and 27% in PD-L1 positive and negative patients,

respectively (Gandini et al., 2016). In NSCLC patients, the summary
objective response rates were 29% and 11% in PD-L1 positive and ne-
gative patients, respectively. RCC patients did not show any significant
difference between PD-L1 positive and negative status. Overall, this
study concluded that PD-L1 expression is significantly associated with
mortality and response to antibody treatment in MM and NSCLC pa-
tients. In another study, NSCLC patients who expressed PD-L1 on at
least 50% of tumor cells treated with a monoclonal antibody against
PD-1 were compared to patients treated with chemotherapy (Reck
et al., 2016). Patients treated with the drug Pembrolizumab, an anti-PD-
1 antibody, had significantly longer progression-free survival and
overall survival and fewer adverse events than patients treated with
platinum-based chemotherapy. Therefore, antibodies against PD-1 can
be more effective than chemotherapy for NSCLC patients. Antibody
therapies against PD-1/PD-L1 have also been shown to be effective in
patients with gastric cancer (Muro et al., 2016), metastatic breast
cancer (Dirix et al., 2016), RCC (Motzer et al., 2015).

Although immune checkpoint antibodies have had positive re-
sponses in many PD-L1 positive patients, these antibodies are not al-
ways effective, as resistance was reported in up to 60% of patients
treated (O’Donnell et al., 2017). Thus, many new therapeutic targets
and combination therapies are being explored. Although PD-L1 ex-
pression on tumor cells is correlated with a better response to check-
point inhibitor antibodies, two recent studies have shown that PD-L1 on
host myeloid cells is the primary target for the PD-1/PD-L1 checkpoint
inhibitors and that tumor expression of PD-L1 is essentially irrelevant in
the checkpoint inhibitor mechanism (Lin et al., 2018b; Tang et al.,
2018). Thus, tumor expression of PD-L1 may only be a biomarker for
therapeutic responses to the PD-1/PD-L1 checkpoint blockade. In ad-
dition to the PD-1 and PD-L1 checkpoint inhibitors, other drugs that
may block regulatory pathways which enhance cytotoxic T-cell activity
are under development. Some of these drugs are aimed to block LAG3,
TIM3 or HAVCR2, VISTA or C10orf54, and TIGIT (Gotwals et al., 2017).
There are also new therapies that are engineered to up-regulate path-
ways that stimulate T-cell function and inhibit immunosuppressive
metabolites and cytokines (Gotwals et al., 2017). The combination of
different therapeutic approaches is highly needed to generate more
effective treatments for cancer patients.

3.4. Regulation of PD-L1 expression

PD-L1 is upregulated on dendritic cells, vascular endothelial cells,
and tumor cells in response to inflammatory cytokines, such as IFN-γ
(Wilke et al., 2011; Wang et al., 2017b). There are many signaling
pathways involved in the activation and regulation of PD-L1 expression
and are listed in Table 4. Also, there are many more miRs involved in

Table 2A
Role of MiRs in the Regulation of YY1. Name of the MiR (first column), effect on YY1 (second column), the disease or process which this interaction affects (third
column), reference (fourth column).

Micro RNA Effect on YY1 Involved Process Reference

MiR-29 Repression Skeletal myogenesis and rhabdomyosarcoma (Wang et al., 2008)
MiR-29a Repression AKT pathway in Adenocarcinoma (Zhang et al., 2018c)
MiR-7 Repression Colorectal cancer (Zhang et al., 2013a)
MiR-181 Repression Cervical cancer (Zhou et al., 2015)
MiR-381 Repression Ovarian cancer (Xia et al., 2016)
MiR-205 Repression Gastric cancer (Yin et al., 2014)
MiR-1 Repression Skeletal myogenesis (Lu et al., 2012)
MiR-141-3p Repression Papillary thyroid cancer (Fang et al., 2018)
MiR-186 Repression Prostate cancer (Lu et al., 2017)
MiR-34a Repression P53 network (Chen et al., 2010)
MiR-34c Repression Myoblast proliferation (Wang et al., 2017c)
MiR-34 family Repression Gastric carcinogenesis (Wang et al., 2014)
MiR-147b Repression Cardiovascular disease (Yue et al., 2018)
MiR-215 Repression Colon cancer (Chen et al., 2016)
MiR-584 Repression Gastric cancer (Zheng et al., 2017)
MiR-30a Repression Pancreatic cancer (Yang et al., 2017)

Table 2B
Regulators of YY1 Expression. The regulator of YY1 (first column), negative or
positive regulation (second column), reference (third column).

Regulatory Factor of YY1 Type of Regulation
on YY1

Reference

Fas Positive (Krippner-Heidenreich et al.,
2005)

TLR3 (Poly(I:C)) Positive (Siednienko et al., 2011)
O-GlcNAcylation Positive (Hiromura et al., 2003)
IGF-1 Positive (Flanagan, 1995; Baritaki

et al., 2009)
TNF-α Positive (Huerta-Yepez et al., 2006)
Morphine Positive (Li et al., 2008)
LysoPC Positive (Hara et al., 2008)
C/EBPBeta Positive (Ralph et al., 2006)
FGF-2 Positive (Santiago et al., 2001)
FGF-21 Positive (Ji et al., 2015)
NF-kB Positive (Wang et al., 2007;

Sepulveda et al., 2004)
Aurora kinases Negative (Kassardjian et al., 2012;

Alexander and Rizkallah,
2017)

TOPK/PBK Negative (Rizkallah et al., 2015)
Nitric Oxide Negative (Hongo et al., 2005)
YY1 Negative (Do Kim et al., 2009)
p300 Negative (Yao et al., 2001)
PCAF Negative (Yao et al., 2001)
HDAC1 Negative (Yao et al., 2001)
HDAC2 Negative (Yao et al., 2001)
Poly(ADP-ribose)

Polymerase
Negative (Oei and Shi, 2001)

Actin Polymerization Negative (Favot et al., 2005)
PIASy Negative (Deng et al., 2007)
SET7/9 Negative (Zhang et al., 2016b)
Plk1 Negative (Sandison et al., 2013)
c-Abl kinase Negative (Daraiseh et al., 2018)
CK2alpha Negative (Riman et al., 2012)
Prohibitin Negative (Joshi et al., 2007)
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Fig. 2. Annotated amino acid sequence of the PD-L1 gene with labeled domains. Signal peptide (1–22), Ig-like V-type domain (26–131), Ig-like C2-type domain
(132–234), extracellular domain (26–238), transmembrane domain (240–260), cytoplasmic domain (260–290) (Dong et al., 1999).

Table 4
Regulators of PD-L1 expression. The name of the factor that influences PD-L1 expression (left column), up-regulation or down-regulation on PD-L1 (second column),
type of regulation (third column), reference (fourth column).

Regulatory factor Effect on PD-L1 Type of Regulation Reference

LipopolysaccharideIFN-γ, Polyinosinic-polycytidylic acid Toll-like Receptor
4 STAT1 Th1 cells

Up-regulation Induces transcription factors of PD-L1 (Loke and Allison, 2003)

PI3K/Akt pathway Up-regulation Transcriptional, post-transcriptional, and post-
translational

(Song et al., 2013)

NF-kB Up-regulation Transcriptional (Gowrishankar et al., 2015)
HIF-1α Up-regulation Transcriptional (Noman et al., 2014)
STAT3 Up-regulation Transcriptional (Chen et al., 2015a)
IL-6 and IL-10 Up-regulation Transcriptional (Wölfle et al., 2011)
PTEN Down-regulation Post-transcriptional (Song et al., 2013)
MYC Up-regulation Transcriptional (Casey et al., 2016)
Cyclin D-CDK4 and Cullin 3-SPOP E3 ligase Down-regulation Post-translational (Proteasome-mediated

degradation)
(Zhang et al., 2018a)

miR-197 Down-regulation Transcriptional by targeting STAT3 (Fujita et al., 2015)
miR-34a Down-regulation Post-transcriptional (Wang et al., 2015b)
miR-200 Down-regulation Post-transcriptional (Noman et al., 2017)
miR-142-5p Down-regulation Post-transcriptional (Jia et al., 2017)
miR-140 Down-regulation Post-transcriptional (Ji et al., 2018)
miR-181a Down-regulation Reduces IFN-γ expression leading to PD-L1 down-

regulation
(Sang et al., 2015)

miR-424 Down-regulation Post-transcriptional (Xu et al., 2016)
miR-513 Down-regulation Translational (degrades PD-L1 mRNA directly) (Gong et al., 2009)
miR-570 Down-regulation Translational (degrades PD-L1 directly) (Wang et al., 2013)
miR20b, 21, and 130b Up-regulation Reduce PTEN expression leading to PD-L1

overexpression
(Zhu et al., 2014)
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the regulation of PD-L1 expression (Wang et al., 2017d). Several ex-
amples are shown in Table 4. Understanding how PD-L1 expression on
tumor cells is regulated through crosstalks with other signaling path-
ways may aid in developing new drug targets and combination thera-
pies to reverse the resistance of cancers to immunotherapies.

3.5. PD-1/PD-L1 interaction and cell signaling

PD-1 is expressed on activated T lymphocytes and plays a role in the
inactivation of T cells (Vibhakar et al., 1997; Hutten et al., 2018;
Brunner-Weinzierl and Rudd, 2018). The absence of PD-1 on T-cells
leads to enhanced generation of CD4/CD8 double-negative peripheral
T-cells, suggesting a role for PD-1 in thymic development (Blank et al.,
2003; Verstichel et al., 2017). PD-1 knockout mice develop lupus-like
proliferative arthritis and glomerulonephritis, while PD-1-mutated mice
develop a chronic and systemic graft-versus-host-like disease
(Nishimura et al., 1999; Cochain et al., 2014). This suggests that PD-1 is
essential in regulating peripheral self-tolerance. PD-1 has two ligands,
PD-L1 and PD-L2, which are found on antigen-presenting cells. When
PD-L1 binds to PD-1 on T-cells, the signal causes a decrease in T-cell
proliferation and cytokine synthesis (Mazanet and Hughes, 2002; Zou
et al., 2016; Arasanz et al., 2017). The binding causes T-cell apoptosis,
anergy, exhaustion, and interleukin-10 (IL-10) expression (Zou et al.,
2016). This type of signal has evolved to prevent autoimmune diseases
resulting from self-reactive T-cells. However, some cancerous tumor
cells also express PD-L1 upon stimulation by IFN-γ, which allows for
immune evasion and tumor progression (Iwai et al., 2002; Garcia-Diaz
et al., 2017; Mandai et al., 2016). Following PD-1/PD-L1 binding, Ca2+

flux is inhibited, which alters T-cell’s sensitivity to TCR signals and
inhibits production of cytokines (Wei et al., 2013). The interaction of
PD-L1 with the PD-1 receptor inhibits IFN-γ production in the liver after
antigen recognition (Maier et al., 2007). It also inhibits interleukin-2
(Keir et al., 2006) and TNF-α (Wei et al., 2013) production during T-cell
activation. The cytoplasmic tail of PD-1 contains an immunoreceptor
tyrosine-based switch motif (ITSM) at the C-terminus and an im-
munoreceptor tyrosine-based inhibition motif (ITIM) at the N-terminus,
which recruits src homology-2 (SH2) domain containing phosphatases
(Boussiotis et al., 2014). The ITSM tyrosine (Y248) associates with SHP-
2, which is essential for PD-1 inhibition of the PI3K/Akt pathway and
blockade of T-cell activation (Boussiotis et al., 2014). The mechanism
by which PD-1 inhibits the activation of the PI3K/Akt pathway is via

reduction of casein kinase 2 (CK2) expression, which decreases PTEN’s
stability and increases phosphatase activity (Patsoukis et al., 2013). The
association between the ITSM Y248 and SHP-2 also inhibits phos-
phorylation of Igβ, Syk, PLC-γ2 and Erk1/2 (Boussiotis et al., 2014).
These molecular signals lead to the inhibition of T-cell growth and
survival. PD-L1 expression also increases the immunosuppressive T-reg
cell population by down-regulating phospho-Akt, mTOR, S6, and ERK2
and up-regulating PTEN (Francisco et al., 2009; Tripathi and Guleria,
2015). The regulation of these signaling molecules promotes the in-
duction and maintenance of T-reg cells and inhibits T-cell responses.
PD-1 ligation has also been shown to inhibit glycolysis in T-cells, which
is essential during differentiation to effector T-cells and, instead, pro-
motes fatty acid oxidation (Patsoukis et al., 2015). Thus, through many
mechanisms, PD-1 ligation promotes the inactivation of T-cells.
Therefore, by up-regulating PD-L1, cancer cells increase their ability to
inactivate T-cells and host immune responses.

4. Crosstalks between YY1 and PD-L1 signaling pathways

As discussed in previous sections, both YY1 and PD-L1 are im-
plicated in various cancer-related mechanisms and pathways. In the
following section, the molecular relationship between the expression of
YY1 and PD-L1 and how it may affect cancer progression will be ex-
plored.

4.1. YY1 Regulation of PD-L1 expression via p53 and miR34a

It is known that YY1 inhibits the activation of the p53 tumor sup-
pressor (Sui et al., 2004). Specifically, YY1 regulates the transcriptional
activity, acetylation, ubiquitination and stability of p53 by blocking its
interaction with p300 and enhancing its interaction with Mdm2
(Grönroos et al., 2004; Khachigian, 2018). p53 has been found to ne-
gatively regulate PD-L1 expression via miR-34a (Cortez et al., 2016).
p53 transcriptionally induces miR-34a, which then directly binds to the
PD-L1 mRNA 3′ untranslated region in models of NSCLC (Cortez et al.,
2016). Additionally, PD-L1 and miR-34a expressions are inversely
correlated in acute myeloid leukemia and miR-34a reduces PD-L1
specific T-cell apoptosis (Wang et al., 2015b). Because p53 promotes
down-regulation of PD-L1 and YY1 inhibits p53, YY1 may have an up-
regulating effect on PD-L1. A schematic diagram of this regulatory in-
teraction is illustrated in Fig. 3.

Fig. 3. YY1 Regulation of PD-L1 via p53 and miR-34a. A.
Degradation of PD-L1. p53 transcriptionally induces miR-34a,
which directly binds to, and degrades PD-L1 mRNA. B. Induction
of PD-L1. The regulatory effect of YY1 on PD-L1 is shown via p53
and miR-34a. YY1 down-regulates p53 by inhibiting its interac-
tion with p300 and enhancing the interaction with Mdm2, which
ubiquitinates and represses p53. When p53 is repressed, it can no
longer transcriptionally induce miR-34a and miR-34a can no
longer degrade PD-L1. Through down-regulation of p53 activity,
YY1 may have an enhancing effect on PD-L1 expression.
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4.2. YY1 regulation of PD-L1 via cytokines: IL6, IL17, TGFβ, and IFNγ

YY1 is involved in the regulation of PD-L1 via several cytokines.
YY1 has been shown to directly regulate the transcription of inter-
leukin-6 (IL-6) by binding to the promoter region in rheumatoid ar-
thritis (Lin et al., 2017). High levels of IL-6 have been shown to increase
STAT-3, which directly binds to and activates the transcription of PD-L1
(Wölfle et al., 2011). Thus, YY1 may lead to the up-regulation of PD-L1
by activating IL-6 transcription and STAT-3. YY1 has also been shown
to induce IL-17 production in murine CD4+ T-cells (Kwon et al., 2018).
IL-17 has been shown to induce PD-L1 protein expression in prostate
and colon cancer cells (Wang et al., 2017b). The mechanism of IL-17-
mediated activation involves the activation of the transcription factor
NF-κB (Wang et al., 2017b). NF-κB positively regulates the transcription
of YY1 by directly binding to the YY1 promoter via a p50/p65 het-
erodimer complex (Wang et al., 2007; Zhang et al., 2018b). Thus, YY1
may have an inducing effect on PD-L1 via IL-17 and NF-κB and may be
further involved in a positive feedback loop, resulting in an increase in
PD-L1 expression (Fig. 5).

YY1 has been shown to have both negative and positive regulatory
effects on TGF-β. In HaCaT keratinocytes, YY1 inhibits TGF-β by re-
pressing the transcriptional activity of Smad (Kurisaki et al., 2003;
AlHossiny et al., 2016). However, in human brain gliomas and me-
ningiomas, YY1 overexpression correlates with TGF-β mRNA levels
(Baritaki et al., 2009). TGF-β has been shown to induce PD-L1 ex-
pression on dendritic cells via STAT-3 signaling in cancer cells (Song
et al., 2013). Thus, upregulation of TGF-β by YY1 may result in up-
regulation of PD-L1 expression. Consistent with these findings, the
upregulation of PD-L1 in gliomas was reported to correlate with poor
survival (Wang et al., 2016b). YY1 also has a dual activator/repressor
role on IFNγ (Weill et al., 2003; Sun et al., 2017). IFNγ has been shown
to induce PD-L1 expression and promote progression of ovarian cancer
(Abiko et al., 2015) and colorectal cancer (Song et al., 2013). Fur-
thermore, IFN-γ-dependent up-regulation of PD-L1 expression has been
shown to be mediated by the activation of JAK1, JAK2, and STAT1
(Bellucci et al., 2015). Thus, YY1 may lead to either up-regulation or
the down-regulation of PD-L1 via differential regulation by IFNγ. A
diagram of the potential crosstalks between YY1 and PD-L1 via cyto-
kines is shown in Fig. 4.

4.3. YY1 regulation of PD-L1 via the PTEN/PI3K/Akt/mTOR pathway

PTEN is a phosphatase that inhibits the phosphoinositide 3-kinase
(PI3K)/AKT pathway to regulate cell growth and survival (Georgescu,
2010). Loss-of-function PTEN mutations result in the consistent acti-
vation of PI3K/Akt pathways that are commonly observed in many
human cancers and that lead to enhanced cell proliferation, survival,
and chemoresistance (Mayer and Arteaga, 2016). YY1 has also been
shown to activate the PI3K/Akt signaling pathway. The phosphoryla-
tion of PI3K and Akt proteins was significantly decreased following the
blocking of YY1 in peripheral blood mononuclear cells, indicating a role
for YY1 in the activation of this pathway (Lin et al., 2018a). PI3K ac-
tivation phosphorylates Akt, which in turn activates mTOR. The acti-
vation of the Akt/mTOR pathway promotes PD-L1 expression, which
was confirmed in mouse models of NSCLC (Lastwika et al., 2016).
Therefore, YY1 may be able to drive PD-L1 expression by activating the
PI3K/Akt/mTOR pathway, leading to increased T-cell exhaustion and
immune escape. Another mechanism by which YY1 activates the PI3K/
Akt pathway is by regulating PTEN. YY1 is a suppressor of p53 (Sui
et al., 2004); the latter is a tumor suppressor which transcriptionally
induces PTEN gene expression and PTEN further stabilizes p53 and
protects it from MDM2-dependent degradation (Nakanishi et al., 2014).
PTEN is a phosphatase that inhibits the PI3K/Akt pathway (Carnero and
Paramio, 2014) and loss of PTEN increases PD-L1 expression in cancer
(Song et al., 2013). Thus, by downregulation of PTEN via p53 and ac-
tivation of the PI3K/Akt/mTOR pathway, YY1 enhances PD-L1

expression and cancer growth (Fig. 5).

4.4. YY1 Regulation of PD-L1 via c-Myc

YY1 may also negatively regulate the expression of PD-L1 in certain
cancers. YY1 has been shown to repress the proto-oncoprotein, c-Myc,
by forming a complex with p300 and HDAC3. This complex binds to the
Myc promoter upstream of the YY1-binding site, resulting in the dea-
cetylation and repression of c-Myc (Sankar et al., 2008; Li et al., 2019)
(Fig. 6B). Myc expression levels have been shown to correlate with both
high PD-L1 expression and poor clinical outcomes in NSCLC patients
(Kim et al., 2017). C-Myc is also deregulated in most forms of cancer
(Dang, 1999). C-Myc binds directly to the PD-L1 gene promoter to
promote gene expression (Casey et al., 2016) (Fig. 6A). Thus, YY1 may
have a suppressing role on PD-L1 through the repression of c-Myc.
Consistent with this finding, YY1 overexpression is correlated with c-
Myc inhibition and positive survival prognosis in nasopharyngeal car-
cinoma (Li et al., 2019).

4.5. YY1 regulation of PD-L1 via COX-2

COX-2 (cyclooxygenase-2) is an enzyme involved in the production
of prostaglandins, is associated with inflammation of the intestine and
colorectal cancer (CRC) and is correlated with dismal outcome in CRC
patients, which has made it a target for cancer therapies (Wang and
DuBois, 2010). YY1 binds to the COX-2 promoter, induces gene ex-
pression, and increases COX-2 transcriptional activity during in-
flammation (Joo et al., 2007). COX-2 expression has been shown to be
positively correlated with tumor progression in several types of cancers,
including melanoma (Botti et al., 2017). It has also been identified as a
resistance factor against antigen-specific T-cell cytotoxicity and con-
tributes to immune evasion (Göbel et al., 2014). COX-2 is positively
correlated and co-localizes with PD-L1 expression in human melanoma
cells (Botti et al., 2017). COX-2 catalyzes the formation of prostaglandin
E2 (PGE2) which is involved in cancer progression. Overexpression of
an enzyme that degrades PGE2 reduces PD-L1 expression, instigating a
role for PGE2 and COX-2 in the up-regulation of PD-L1 (Fig. 7A) (Prima
et al., 2017).

In addition to being stimulated by YY1, COX-2 and PGE2 are sti-
mulated by TGF-β and go on to activate the PI3K/Akt pathway by in-
ducing the phosphorylation of AKT in prostate cancer cells (Vo et al.,
2013). As previously discussed, PI3K activation phosphorylates Akt,
which activates mTOR. The activation of the Akt/mTOR pathway
promotes PD-L1 expression in mouse models of NSCLC (Lastwika et al.,
2016). YY1 has been shown to have inhibitory effects on TGF-β in
normal HaCaT keratinocytes by inhibiting Smad transcriptional activity
(Kurisaki et al., 2003). However, in brain gliomas, YY1expression is
positively correlated with TGF-β levels (Baritaki et al., 2009). Hence,
YY1 correlates with TGF-β in gliomas, which stimulates COX-2, PGE-2,
and PI3K/Akt activation, leading to increased expression of PD-L1
(Fig. 7B). Consistent with these findings, PD-L1 is upregulated in
gliomas and correlates with a significantly shorter survival, especially
in glioblastoma (Wang et al., 2016b). In agreement, a recent report
found that inhibition of COX-2 and the epidermal growth factor re-
ceptor (EGFR) led to a decrease in PD-L1, TGF-β expression as well as
decreased PI3K/Akt activity in lung cancer cells (Tang et al., 2019).
When YY1 represses TGF-β in non-cancerous cells, this leads to in-
hibition of COX-2, PGE2, the PI3K/Akt pathway, and PD-L1 expression
(Fig. 7C). Thus, by inducing COX-2 transcriptionally and stimulating
TGF-β in gliomas, YY1 has both a direct and indirect enhancing effect
on PD-L1 expression via COX-2 and PGE-2.

5. Discussion

Immunotherapy with checkpoint inhibitors has resulted in sig-
nificant clinical responses in subsets of patients with several cancers

E. Hays and B. Bonavida Drug Resistance Updates 43 (2019) 10–28

19



that were resistant to prior therapies. Therefore, several attempts have
been made to circumvent the resistance to checkpoint inhibitors, in-
cluding modulation of the expression of PD-L1 on cancer cells. To ad-
dress the regulation of PD-L1 expression on cancer cells, we have ex-
amined the role of the transcription factor, YY1, that was reported to
regulate tumor cell resistance to cytotoxic T-cell-mediated im-
munotherapies. In our analyses, we have found several crosstalk path-
ways between YY1 and PD-L1 and, thus, highlighted potential novel
strategies to downregulate the expression of PD-L1 by several inter-
ventions of these crosstalks. Below, we discuss the various findings and
provide several examples of current therapeutics that target several
factors in the crosstalk pathways that were designed independently of
PD-L1 expression. Therefore, these drugs may now be used in combi-
nation with immunotherapies to reverse immune resistance.

Our findings have revealed the presence of correlations between the
regulation of PD-L1 and YY1 expressions and, primarily, the role of YY1
in regulating PD-L1 expression. Prior reports have demonstrated that
most cancers overexpress YY1, which is intimately involved in the
regulation of cell proliferation, cell survival, and resistance to both
chemotherapy and immunotherapy (Cho and Bonavida, 2017). Briefly,
the various crosstalks that were delineated herein and their targeting by
therapeutic drugs are discussed below.

p53 has been shown to negatively regulate the transcription of PD-
L1 via activation of miR-34a transcription (Cortez et al., 2016). YY1
inhibits the activation of the p53 tumor suppressor (Sui et al., 2004;
Khachigian, 2018), thus, preventing its negative regulation of PD-L1.
This suggests that YY1 can contribute to the upregulation of PD-L1 by
inhibiting its regulator proteins.

YY1 can also transcriptionally activate the cytokines IL-6 and IL-17,
leading to increased expression of PD-L1 transcription factors, STAT-3
and NF-κB (Lin et al., 2017; Kwon et al., 2018). YY1 can also have
positive or inhibitory effects on TGF-β and IFN-γ (Kurisaki et al., 2003;
Abiko et al., 2015), which can lead to either an increase or decrease in
PD-L1 expression via regulation of STAT-3 and JAK1, JAK2, and STAT1,

respectively (Wolfe et al., 2011; Bellucci et al., 2015). This suggests that
YY1′s transcriptional role in the network of immune cytokines plays a
role in cancer cell immune resistance via regulation of PD-L1. Inhibition
of tumor-promoting factors is another approach to prevent tumor
growth. An miR inhibitor of TGFβ, miR-202, has been shown to block
EMT characteristics and tumor metastasis in mouse models of pan-
creatic cancer (Mody et al., 2017). Additionally, a current two-year
study is evaluating whether or not TGFβ inhibition during radiation
therapy, inhibits tumor metabolism, growth and promotes T-cell acti-
vation in a murine model of breast cancer brain metastases (Franc,
2018).

YY1 also regulates PD-L1 via its influence in pathways necessary for
cell growth and survival. YY1 can promote the activation of PI3K/Akt
signaling pathway by repressing the p53 tumor suppressor, which re-
duces PTEN and subsequent inhibition of the PI3K/Akt pathway.
Activation of the PI3K/Akt pathways has been shown to promote PD-L1
expression in mouse models of NSCLC (Lastwika et al., 2016). Thus,
YY1 plays a role in regulating cell growth pathways, which can influ-
ence PD-L1 expression and immune resistance in cancer cells. In
agreement, targeting the PI3K-Akt-mTOR pathway has been shown to
impact not only cancer cells, but also host immunity.

In rare cases, YY1 may not only induce PD-L1 expression, but also
repress its expression. YY1 can transcriptionally repress c-Myc, which is
a proto-oncoprotein that transcriptionally promotes PD-L1 expression
(Sankar et al., 2008). Thus, by inhibiting a transcriptional activator of
PD-L1, YY1 may contribute to negatively regulating tumor cell immune
resistance.

YY1 transcriptionally induces COX-2 (Joo et al., 2007), leading to
increased PGE-2 and PD-L1 expression. YY1 can also regulate COX-2
indirectly through regulation of TGF-β. TGF-β has been shown to sti-
mulate COX-2 and PGE-2, leading to activation of the PI3K/Akt
pathway (Vo et al., 2013). Since YY1 correlates with TGF-β expression
in gliomas (Baritaki et al., 2009), COX-2 and PGE-2 are stimulated and
induce PD-L1 expression via activation of the PI3K/Akt pathway.

Fig. 4. YY1 Regulation of PD-L1 via cytokines. A. Expression of PD-L1. This diagram shows the enhancing effect of YY1 on PD-L1 expression via promoting IFN-γ,
TGF-β, IL-6, and IL-17. IFN-γ activates JAK1, JAK2, and STAT1, which increase PD-L1 expression. TGF-β increases PD-L1 via STAT3 signaling. IL-6 activates STAT-3,
which induces the transcription of PD-L1. IL-17 activates NF-κB which increases PD-L1 transcription and promotes YY1 expression, forming a positive feedback loop
that leads to more PD-L1 expression. B. This diagram shows the alternate regulation of PD-L1 by YY1 in some cancers when TGF-β and IFN-γ are inhibited by YY1.
TGF-β would then decrease STAT3 leading to less PD-L1 expression. A decrease in IFN-γ expression would lead to less activation of JAK1, JAK2, and STAT1 and thus,
less PD-L1 expression.
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Indeed, PD-L1 is overexpressed and correlates with glioma development
and poor survival, supporting these findings. In agreement with our
findings, a recent study assessed whether dual inhibition of COX2 and
EGFR could lead to the inhibition of PD-L1 expression in lung cancer
cells.

In addition to the various therapeutic targets described above that
interfere with the crosstalk pathways that regulate PD-L1 expression,
there are also potential therapeutic interventions that aim to inhibit PD-
L1 expression in cancer cells and PD-1 in cytotoxic T-cells. We and
others have previously reported that the inhibition of YY1 reverses

Fig. 5. YY1 regulation of PD-L1 via PI3K/Akt/mTOR and p53/PTEN. A. Absence of YY1. This diagram shows how PD-L1 is regulated by p53, PTEN, and the PI3K/
Akt/mTOR pathway in the absence of YY1. p53 inhibits PD-L1 expression by transcriptionally inducing PTEN, which inhibits the PI3K/Akt pathway via depho-
sphorylation of PIP3 by PTEN. B. Presence of YY1. This diagram shows how YY1 inhibits p53 and the negative regulation of PD-L1, leading to up-regulation of PD-L1.
Additionally, YY1 promotes PI3K/Akt phosphorylation which activates the pathway and leads to an increase in PD-L1 expression and cell proliferation.

Fig. 6. YY1 Regulation of PD-L1 via C-Myc. A.
Absence of YY1. C-Myc is transcribed and di-
rectly binds to the PD-L1 promoter to activate
transcription. B. Presence of YY1. YY1 forms a
complex with HDAC3 and p300, which binds
to the upstream region of the c-Myc promoter
and inhibits c-Myc transcription and sub-
sequent PD-L1 transcription.
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tumor cell resistance to chemotherapy and immunotherapies as well as
metastasis (Cho and Bonavida, 2017). Most of these inhibitory activities
were primarily established in laboratory and animal models. Those
include inhibition of YY1 by siRNAs (Baritaki et al., 2007), nitric oxide
(NO) donors (Bonavida, 2010; Huerta-Yepez et al., 2013; Baritaki and
Bonavida, 2019), and more recently, small peptides (Qi et al., 2018).
Inhibition of YY1 via siRNAs has been shown to increase the sensiti-
zation of human prostate carcinoma cells to chemotherapeutic drugs
and to both FasL and TRAIL-mediated apoptosis (Garbán and Bonavida,
2001; Baritaki et al., 2007). Using siRNAs for cancer therapy has been
shown to be ineffective due to their rapid degradation by RNases and
filtration by the kidneys. However, various delivery methods are still
being developed to carry siRNAs to solid tumors, such as cationic lipids,
polymers, and inorganic nanoparticles (Kim et al., 2016). NO has also
been shown to increase TRAIL-mediated apoptosis in human prostate
carcinoma cells via inhibition of YY1 DNA-binding and transcriptional
function (Huerta-Yepez et al., 2013). Recently, small peptides targeting
YY1 interactions have been developed to inhibit cancer cell prolifera-
tion. The oncoprotein binding domain (OPB) of YY1, which mediates its
interaction with oncogenes such as MDM2 and AKT, was mutated and
expressed in breast cancer cells. Expression of the OPB was able to
increase p53 expression, reduce AKT phosphorylation, and inhibit cell
proliferation (Qi et al., 2018). The above findings related to the in-
hibition of YY1 and sensitization to cytotoxic T-cells may be explained,
in part, by the inhibition of PD-L1 expression, as reported here. These
various potential therapeutic interventions clearly await their valida-
tion in dedicated clinical studies.

Whereas our findings in this review have primarily focused on PD-
L1, YY1 has also been identified as a transcription factor of the
checkpoint receptor PD-1 and was confirmed as an elevated protein in
melanoma exhausted PD1+ T-cells (Balkhi et al., 2018). Therefore, any
inhibitory activity directed against YY1 in tumor cells will also inhibit
PD-1 expression in lymphocytes and altogether, amplify the sensitivity
of tumor cells to cytotoxic T-cells.

Based on these findings, the combination of drugs that target YY1
and the crosstalks identified herein and immunotherapies are potential
approaches to enhance the cytotoxic T-cell response and reversing
cancer cell immune resistance. While our current findings have focused
on the relationship between YY1 and PD-L1, future studies should de-
lineate whether YY1 also regulates other checkpoint ligands and

receptors.

6. Future perspectives

Since the successful introduction of the treatment of a subset of
cancer patients with checkpoint inhibitors to enhance cell-mediated
anti-tumor immunotherapy in a variety of cancers, a new therapeutic
strategy is warranted to treat the unresponsive patients. One approach
is to deregulate the overexpression of the inhibitory ligands on tumor
cells that are, in large part, responsible in inhibiting the cytotoxic
CD8+T cells in killing the tumor cells. Various crosstalk pathways
have been identified by which the overexpressed oncogenic tumor
suppressor YY1 was involved in the regulation of PD-L1 expression in
cancer cells, both directly and indirectly. Therefore, targeting YY1 di-
rectly or targeting the various crosstalk pathways should result in the
downregulation of PD-L1 expression on tumor cells; thus, allowing the
resistant tumor cells to respond to the combination of checkpoint in-
hibitors and CD8+T cell anti-tumor response. Several examples of
clinical and pre-clinical drugs have been reported to target the above
crosstalk pathways and are good examples for their use to deregulate
PD-L1 expression. For instance, strategies have been developed to block
p53 inhibition and restore its tumor suppressor activity such as by the
small peptide, ReACp53 (Soragni et al., 2016). Blocking the inhibition
of p53 by YY1 in cancer cells may be an additional strategy to decrease
PD-L1 expression and reverse the resistance to cytotoxic T cells. Fur-
ther, multiple inhibitors of STAT3 have also been developed, such as
the antisense oligonucleotide, AZD9150, which targets the STAT3 DNA-
binding domain and also inhibit PD-L1 expression (Hong et al., 2015;
Reilley et al., 2018). Likewise, inhibitors of the PI3K-AKT-mTOR
pathway are under development and some have already been shown to
be effective in subsets of hormone receptor (HR)-positive and human
epidermal growth factor receptor 2 (HER2)-negative metastatic breast
cancer in phase I to III clinical trials (Lee et al., 2015). Additionally,
mTOR inhibitors and Streptozotocin-based chemotherapy were shown
to synergistically inhibit liver tumor growth in mouse models (Bollard
et al., 2018). These findings demonstrate that inhibitors of the PI3K-
AKT-mTOR pathway, which will also inhibit PD-L1 expression, can be
used in combination with cytotoxic immune therapy. Small inhibitory
molecules of c-Myc have been shown to induce cell arrest, apoptosis,
and differentiation of human acute myeloid leukemia cells (Huang

Fig. 7. YY1 Regulation of PD-L1 via COX-2. A. Induction of PD-L1 via PGE-2. YY1 induces COX-2 expression and activity, which then generates PGE-2 and induces
PD-L1 expression. B. Induction of PD-L1 via TGF-β. YY1 stimulates TGF-β in gliomas, which induces COX-2 and PGE-2 expression, thus activating the PI3K/Akt
pathway and inducing PD-L1 expression. C. Inhibition of PD-L1 via TGF-β. YY1 represses TGF-β which leads to repression of PD-L1 expression by reversing the
mechanism illustrated in B.
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et al., 2006; Delmore et al., 2011; Oronsky et al., 2018). One of these c-
Myc inhibitors, RRx-001, has been shown to stimulate macrophages
and exhibit antitumor activity in multiple tumor types in phase II
clinical trials (Oronsky et al., 2017) and may be implicated in the in-
hibition of PD-L1. The dual inhibition of COX-2 and EGFR by Melafo-
lone led to the downregulation of PD-L1, TGF-β, VEGF, and the PI3K/
AKT pathway (Tang et al., 2019). This inhibition decreased cancer cell
proliferation, enhanced the proliferation of CD8+ T-cells (presumably
via inhibition of PD-L1 expression) and improved the checkpoint
blockade therapy (Tang et al., 2019).

While the above findings have focused on the regulation of PD-L1
expression by YY1, additional studies should be examined for the reg-
ulation of other inhibitory ligands by YY1 or by other gene products.

The above examples with clinical drugs are good candidates to be
used in combination with checkpoint inhibitors and immunotherapies
to augment the anti-tumor response and to enhance the killing of tumor
cells that were resistant to checkpoint inhibitors alone. The present
findings also suggest the exploration of other clinical drugs for their
potential effects in the regulation of the overexpression of inhibitory
ligands on tumor cells or cells in the TME and their use in combination
with immunotherapy.
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