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Although the role of PD-L1 in suppressing the anti-tumor immne response is extensively
documented, recent discoveries indicate a distinct tumointrinsic role for PD-L1 in
modulating epithelial-to-mesenchymal transition (EMT)¢ancer stem cell (CSC)-like
phenotype, metastasis and resistance to therapy. In this rdew, we will focus on the
newly discovered functions of PD-L1 in the regulation of cater development, describe
underlying molecular mechanisms responsible for PD-L1 upgulation and discuss
current insights into novel components of PD-L1 signaling-urthermore, we summarize
our current understanding of the link between PD-L1 signailg and the EMT program as
well as the CSC state. Tumor cell-intrinsic PD-L1 clearly guributes to cancer stemness,
EMT, tumor invasion and chemoresistance in multiple tumoypes. Conversely, activation
of OCT4 signaling and upregulation of EMT inducer ZEB1 indecPD-L1 expression
in cancer cells, thereby suggesting a possible immune evasin mechanism employed
by cancer stem cells during metastasis. Our meta-analysisemonstrated that PD-L1 is

co-ampli ed along with MYC, SOX2, N-cadherinand SNAI1in the TCGA endometrial and
ovarian cancer datasets. Further identi cation of immuneéndependent PD-L1 functions
and characterization of crucial signaling events upstrearor downstream of PD-L1 in

diverse cancer types and speci ¢ cancer subtypes, would praide additional targets and
new therapeutic approaches.

Keywords: PD-L1, CD274, metastasis, EMT, cancer stem cells, microRNA

INTRODUCTION

In cancer, the epithelial-to-mesenchymal transition (EM3)ai phenotypic process that promotes
the acquisition of a mesenchymal features of epithelial tumells, reduces cell polarity and
cell-cell adhesion, and enables them to migrate and invadeene ciently, by switching o
the expression of epithelial markers, such as E-cadherintaming on mesenchymal markers,
including N-cadherin and Vimentin 1, 2). Epithelial tumor cells undergoing EMT are shown to
contribute to tumorigenesis, invasion, metastasis, arsistance to chemotherapy, radiation and
small-molecule-targeted therap$)(

Cancer stem cells (CSCs) represent a fraction of undi eréadiancer cells that are the seeds
of tumor recurrence, have the ability to self-renew and bitlsigni cant resistance to conventional
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chemo- and radiotherapy4j. Emerging evidence has revealedworse overall survival in cervical cancetS), non-small cell
an association between EMT and the acquisition of CSC-likking cancer 26), gastric cancerZ7), esophageal cance?d),
properties b). The induction of EMT program is a critical glioma 9, ovarian cancer 30), and other cancers 3().
regulator of the CSC phenotyp#, (7). On the other hand, tumors However, the prognostic value of PD-L1 for certain types
cells that exhibit the CSC phenotype also express genes asdociaf cancer is still controversial. Some studies reported that
with the EMT features and show enhanced metastatic abilitthigh PD-L1 could predict favorable prognosi82( 33). In
thus representing a novel mechanism contributing to cancecervical cancer, squamous cell carcinomas tended to express
metastasisq). more PD-L1 than adenocarcinoma34j. The possible reasons
The mutual interactions between tumor cells and thefor these inconsistent results might include cancer type (or
tumor microenvironment are essential for tumorigenesisnbr  subtypes), tumor heterogeneity, sample size, clinical stage,
progression, metastasis and resistance to drug the@py@mor  di erent intervention, the time point of PD-L1 measurement
microenvironment consists of extracellular matrix and eélise as well as the di erent methodology used in research (such as
cell populations such as T cells, NK cells, macrophages, dendridetection methods and procedures).
cells, broblasts, and endothelial cell&)j. Progression of cancer
to an advanced or metastatic disease usually suggestsii fail
or insu ciency of the ongoing immune response. Tumors not MECHANISMS OF PD-L1 ACTIVATION IN
only e ectively escape immune recognition, they also active\CANCER
inhibit T-cell-mediated normal anti-tumor activity to proote
further tumor growth and metastasis by modulating immune The tumor-intrinsic PD-L1 signaling pathway is inappropriatel
checkpoints, which mediate immune tolerance and inhibitactivated in many cancers. Mechanisms underlying aberrant
the anti-tumor immune responsel(). Multiple checkpoint PD-L1 activation mainly include genomic alterations (inting
molecules, such as PD-1/PD-L1, CTLA4, BTLA, B7H3, B7H40py number ampli cation and 3'-UTR disruption), constitutive
HHLA2, IDO1, Tim-3, CD28, CD40, CD47, CD70, CD137,0ncogenic signaling activation, extrinsic factors and epajic
VISTA, LAG-3, and TIGIT, have been reportedlj. Among mechanisms, such as upregulation of oncogenic microRNAs
them, B7H3 has been identi ed as a critical promoter of tumor(miRNAs), downregulation of tumor suppressor miRNAs,
cell proliferation, migration, invasion, EMT, cancer sterage aberrant DNA methylation, and histone modi cations
and drug resistancelp). (Figure 1).
PD-L1 (also known as CD274 or B7H1) is expressed in tumor
cells and plays a crucial role in tumor immune escape and th@opy Number Gain and 3 “UTR Disruption
formation of a permissive immune microenvironment, through g 4ii-cell lung cancer3f), squamous cell carcinoma of the
at least three mechanisms: (i) tolerizing or anergizing tsm .| cavity @6), cervical cancer 37), ovarian cancer 39,
reactive T cells by binding to its receptor PD-1; (ii) rendegri o qq¢ cancer39), melanoma, bladder cancer, head and neck
tumor cells resistant to CO8 T cell and Fas ligand-mediated cancer, soft tissue sarcoma and prostate candé) €xhibit
lysis; and (iii) tolerizing T cells by reverse signalingdiih  jycreased copy number of chromosome 9p24, on which CD274
T cell-expressed CD80LE 14). In addition, PD-L1 is also yagiges. Here, we investigated the frequency of elevated PD
expressed by tumor-associated myeloid-derived suppresBsr c§ 1 j, gyarian cancer and endometrial cancer in The Cancer
and macrophages, which are the major factors responsible fefcome Atlas (TCGA) data portal. Analysis of TCGA data
tumor-associated immune de ciencies). _ by cBioPortal ¢1) demonstrated that overall, PD-L1 was
Although PD-L1 is widely implicated in tumor immune pighy expressed in these two cancers, mainly including gene
evasion, the tumor-intrinsic roles of PD-L1 anq 'Fhe meclsmns ampli cation and mRNA up-regulation Figure 2A). Moreover,
by which PD-L1 regulates EMT, the acquisition of tumor-,na1qes of U133A and U133Plus? datasets in the GENT (gene
initiating potential and resistance to anti-tumor drugs,vasll as expression across normal and tumor tissue) databa&® (
the ability to disseminate and metastasi_ze in human calms revealed thaPD-L1was highly overexpressed in many tumor
currently less well de ned. As will be discussed in more deta jsq 65 figure 2B). Furthermore, analysis of the TCGA dataset
below, the identi cation of tumor-intrinsic PD-L1 signalg may 4o performed by using the MethHC browsef3, PD-L1
provide critical targets for the development of cancer thezapi . oNA expression was consistently upregulated across various
cancers [igure 20). In addition, disruption of the 3' region

of the PD-L1 increases mRNA stability, leading to a marked
PD-L1 DYSREGULATION AND PROGNOSIS elevation of aberrantPD-L1 transcripts in multiple cancers

IN CANCER s

An increasing number of studies suggested that PD-L1 is L . . .

highly expressed in solid tumors, including colorectal @anc CONStitutive Oncogenic Signaling

(16), lung cancer {7), pancreatic carcinomalg), hepatocellular Activation

carcinoma (9), gastric cancer 20), ovarian cancer A1), Loss of PTEN expression, activation of PI3K/AKT pathway,
endometrial cancer 22, 23), and cervical cancer2{, 25. activation of RAS/MAPK pathway, inhibition of p53 signaling,
High expression of PD-L1 was associated with signi cantlyupregulation of reprogramming factors (Oct4, Sox2, and c-Myc)
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Stem cell signaling Constitutive oncogenic signaling: Other mechanisms:
pathways: ¢ ZEB1M
*« OCT4nm *  NKX2-11

Sox21m EGFR *  Cbl-b/c-Cbl{,

MST1/2 * ¢ * Tusc2d,
« LATS1/20 .+ CDK4/6
. TAZD ——>  MEK/ERK PI3K/AKT —  FOXO
. YAPD \ y 1

STAT3 NF-«B MYC <« MUC1
A | J
Genomic v
aberrations:
H i — miR- L

oy e — PD-L1 expression miR-34a, 200c <€ p53

¢ 3'-UTR disruption T T

Epigenetic alterations:

Extrinsic factors: Hypermethylation,

o IFN-yD + HDAC8Y

*  TGF-B11 * Oncogenic miRNAs (miR-18a, 20b, 21)

o 171 *  Tumor suppressor miRNAs (miR-15a, 16, 17-5p, 34a, 93,

¢ TNF-af HPV16E7 106b, 138, 140, 142, 152, 155, 193, 195, 197, 200c, 322, 324-
¢ HIFF-1la Estrogen 5p, 338, 340, 383, 424),

FIGURE 1 | Mechanisms of PD-L1 activation in cancer. The diagram illtiates the diverse mechanisms of PD-L1 activation in canceincluding genetic alterations to
PD-L1 (such as gene ampli cation, 3'-UTR disruption, or dysregulted transcription) and a wide range of epigenetic mechaniss(including upregulation of oncogenic
microRNAs, downregulation of tumor suppressor microRNAsaberrant DNA methylation and histone modi cations).

and upregulation of ZEB1 (an inducer of EMT) are clearly linkedand LATS1/2 suppress PD-L1 expression, while TAZ and
to the activation of PD-L1 signaling pathwad5 46) (Figure ).  YAP enhance PD-L1 levels in breast and lung cancer cells
PD-L1 expression could be regulated via the PI3K/AKT(60).
and/or RAS/MAPK pathways in di erent tumor cell typed Tumor cells undergoing EMT are shown to share a variety
49). PD-L1 expression is suppressed by the tumor suppressof capabilities with experimentally de ned CSE1j. In lung
gene PTEN. Deletion of PTEN gene results in elevated PD-Ldancer, PD-L1 expression was signi cantly higher in patients
expression at the translational level by activating the PA3KT  with EMT phenotypes (such as increased SNAI1 and Vimentin
signal pathway %0, 51). FOXOs inhibit the expression of PD- expression) compared with those with epithelial phenotypes
L1 through repressing Myc or Writtcatenin signaling pathways (62). siRNA-mediated ZEB1 knockdown suppressed PD-L1
in tumor cells 62). MUCL1 elevatesPD-L1 transcription by expression but promoted E-cadherin expression in esophageal
recruitment of MYC and NFkB (a downstream e ector of squamous cell carcinom&3). In agreement with these reports,
PISK/AKT pathway £3) to the PD-L1 promoter in breast cBioportal analysis of data on somatic copy number variation
cancer b4). Also, MUC1 was shown to increase PD-L1 leveland mRNA level using TCGA endometrial and ovarian cancer
via downregulation of miR-34a and miR-200c, two directdataset demonstrated th&D-L1is indeed co-ampli ed along
suppressors of PD-LBE-57). with MYC, SOX2 N-cadherinand SNAI1in both cancer types
Abnormal activation of stem cell signaling pathways(Figure 2A).
has been implicated in the regulation of PD-L1. OCT4 Another study reported that transcription factor NKX2-
is a key regulatory gene that maintains the self-renewd bound to the locus ofPD-L1 and induced its expression
properties of CSC and promotes tumorigenesis of cervicah mucinous lung cancer cells64). In non-small cell lung
cancer cells by miR-125b/BAK1pathwa$8(. We recently cancer cells, the ubiquitin ligases Cbl-b and c-Cbl inhibi2-
reported that, OCT4 promotes cervical cancer invasion andll expression by inactivating STAT, AKT, and ERK signaling
proliferation by enhancing PD-L1 expression through a miR-(65), and overexpression of tumor suppressor gene TUSC2
18a-dependent mechanism, by which miR-18a upregulatetownregulated PD-L1 expressiodd]. CDK4 and CDK6 kinase
PD-L1 by targetingPTEN WNK2 and SOX6 to activate destabilize PD-L1 protein via cullin 3—-SPOP, leading to the
the PI3K/AKT, MEK/ERK and Wnth-catenin pathways downregulation of PD-L1 in cancer cellgq).
and inhibit the p53 pathway 25). In addition, SOX2, a
transcription factor that controls tumor initiation and . )
cancer stem-cell functions, can directly bind to tiRD-L1 Regulation of PD-L1 Expression by
promoter and transactive its expression, contributing toEpigenetic Mechanisms
the increased proliferation of hepatocellular carcinomalscel The expression of cancer-associated genes can occur by
(59. The upstream kinases of the Hippo pathway MST1/Zepigenetic mechanisms, including DNA methylatior6g),
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FIGURE 2 | Ampli cation and upregulation of PD-L1 and genes co-ampli edwith PD-L1 in TCGA data.(A) The Cancer Genome Atlas (TCGA) datasets in the
cBioPortal database (www.chioportal.org) was used to invgtigate molecular alterations (RNA expression, copy numbevariation, and mutation). Shown are OncoPrint|
outputs where each bar represents a tumor that was found to catain an alteration (ampli cation, deletion, mutation, uprgulation, and downregulation, as indicated)
in PD-L1, MYC, SOX2, N-cadherin (CDH2), and SNAI1gene in samples of endometrial cancer (upper panel) and ovian cancer (lower panel) based on TCGA data.
(B) PD-L1 mRNA expression pattern was analyzed in a panel of cancer @ vs. normal (green) tissues from the GENT databaséC) PD-L1 expression pattern was
determined in multiple cancer microarray datasets availdb in the MethHC database. N, normal; C, cancer. P < 0.005.

histone modi cation ©9), chromatin remodeling, and non- CKS1B/STAT3 axis8(). On the other hand, oncogenic miR-
coding RNAs (0. The anti-PD-1 therapy could induce PD- 20b and miR-21 inhibited PTEN expression, resulting in PD-
L1 promoter methylation and decrease PD-L1 levels in patientsl overexpression in colorectal cancé&2) Our recent data
with non-small cell lung cancer7(). The class | histone established that an oncogenic OCT4-miR-18a pathway serves
deacetylase HDAC8 acts as an epigenetic inhibitor of PDas the key upstream activator of PD-L1 in cervical cancer
L1 expression in melanoma cells via modulating HOXAX27).

and STAT3 (2. Numerous miRNAs, including miR-15a/miR-

16 (73, miR-17-5p {4), miR-93/106b 75), miR-138-5p {6, EXtrinsic Factors In uencing the
mMiR-140/miR-142/miR-340/miR-3832f), miR-152 {7), miR- Expression of PD-L1

155 (78, miR-193 (3, miR-195 (3, miR-324-5p/miR- The main regulators of PD-L1 are the interfergn<{(83),
338 (79 and miR-322/miR-424 §0), have been shown to in ammatory cytokines such as IL-178¢) and TNFa (84),
directly target and inhibit PD-L1 expression in tumor cells.TGFb1 (85, and HIF-la (86). Of note, overexpressing
In chemo-resistant non-small-cell lung cancer cells, MRHPV16E7 oncoprotein increased PD-L1 protein expression,
197 indirectly inhibits PD-L1 expression by regulating theand knockdown of HPV16E7 resulted in a reduction in
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FIGURE 3 | Tumor-intrinsic PD-L1 signaling in cancer initiation andel/elopment. The diagram illustrates signaling events dovetream of PD-L1 activation in cancer.
Although PD-L1 could serve as a tumor suppressor by inhibitg cancer stem cell properties in cholangiocarcinoma, it jplys a pivotal role in promoting cancer
stemness, EMT, tumor invasion, and chemoresistance in seval tumor types. Importantly, activation of OCT4 signalingrduces PD-L1 expression in cancer cells,
thereby suggesting a possible immune evasion mechanism enipyed by cancer stem cells during metastasis.

PD-L1 protein expression in cancer cell§7(. Consistent PD-L1 promotes OCT4 and Nanog expression in breast CSCs
with this data, PD-L1 protein expression was signi cantlythrough the activation of PI3K/AKT pathway§).

higher in the normal cervical tissues with HPV infection tha Moreover, PD-L1 overexpression promotes EMT and invasion
those normal cervical tissues without HPV infectio®3). in glioblastoma multiforme via RAS/ERK/EMT activatiofid).
Estrogen is a well-known oncogenic driver of endometriaRNA-sequencing analysis of glioblastoma multiforme revealed
and breast cancer, and it upregulates PD-L1 proteirthat PD-L1 signi cantly altered the expression of genes,clvhi
expression in ER-positive endometrial and breast cancer cellsvere enriched in cell growth/migration/invasion pathways
(89). (99. PD-L1 induced EMT via activating SREBP-1c in renal
cell carcinoma 100. CRISPR/Cas9 system-mediat&iD-L1
disruption increased drug sensitivities for doxorubicin and
THE ROLE OF PD-L1 IN STIMULATING OR paclitaxel 0. The interaction of PD-L1 with PD-1 induced
INHIBITING CANCER phosphorylation of AKT and ERK, resulting in the activation

o . ) o of PIBK/AKT and MAPK/ERK pathways and increased MDR1
A tumor-intrinsic role for PD-L1 in promoting cancer initiabn, expression in breast cancer cell§{).

m(_atastasis, deve_lopment, and resistance to therapy is enrggrgi However, depletion of PD-L1 expression by ShRNA in
(Figure 3. For instance, knockdown of PD-L1 expressioncnojangiocarcinoma cells enhances their tumorigenicid a

in gastric cancer cells could signicantly suppress cellcreases ALDH activity, and patients with lower PD-L1
proliferation, migration and invasion 9. Also, knockout = gypression shows poorer prognosis when compared with those
of PD-L1 expression by CRISPR/Cas9 inhibits the spheroig;h higher PD-L1 expressiori (2, indicating that PD-L1 may

formation of osteosarcoma cell®(). PD-L1 was shown 10 554 have anti-tumor e ects by inhibiting cancer stemnesdem
promote EMT in esophageal cancéxl). Knockdown of PD-L1  .artain circumstances.

expression signi cantly suppressed tumor growth in nude mice
in gastric cancerq?) and cervical cancer modet ().

Interestingly, a link between PD-L1 expression andCONCLUSIONS
EMT/CSC-like phenotypes has been reported. For example,
bladder cancer cells with surface expression of PD-L1 eedibi It is becoming clear that, although PD-L1 could serve as a
signatures of immune evasion as well as increased stemnésmor suppressor by inhibiting cancer stem cell properties in
(93. PD-L1 has been shown to be preferentially expressed arholangiocarcinoma, tumor cell-intrinsic PD-L1 plays a p&lot
CD44"d" CSCs in lung cancer cell94). Selective expression role in promoting cancer stemness, EMT, tumor invasion,
of PD-L1 was observed on CD%ead and neck tumor cells and chemoresistance in several tumor types. Importantly,
compared with CD44 tumor cells @5. CD13%/PD-L1C  activation of OCT4 signaling and upregulation of EMT
colorectal CSC cells showed the characteristic of EM8).( inducer ZEB1 induce PD-L1 expression in cancer cells,
Tumor cell-intrinsic PD-L1 promotes tumor-initiating cell thereby suggesting a possible immune evasion mechanism
generation in melanoma and ovarian cancé?)( Similarly, employed by cancer stem cells during metastasis. The continued
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characterization of immune-independent PD-L1 functionsthe manuscript. All authors read and approved the nal
and identi cation of crucial signaling events upstream ormanuscript.

downstream of PD-L1 in diverse cancer types (or speci ¢ cancer
subtypes), would provide additional targets and new therapeut FUNDING
approaches.
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