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Tumor progression through immune evasion is a major challenge in cancer therapy. Recent studies revealed that enhanced PD-L1
expression in cancer stem cells is linked to immune evasion. Understanding the mechanisms behind this PD-L1 overexpression in
cancer stemcells is critical for developingmore effective strategies for preventing immune evasion and increasing the efficacyof anti-
PD-1/PD-L1 therapy. Tumorsphere formation in breast cancer cells enhanced epithelial to mesenchymal transition (EMT), which is
evident by increased expression ofmesenchymalmarkers. In this study, we analyzed CpGmethylation of PD-L1 promoter inMCF-7
and BT-549 breast cancer cells and tumorspheres derived from them. PD-L1 promoter was significantly hypomethylated in MCF-7
tumorspheres, but not from BT-549 tumorspheres, compared with their cell line counterparts. The active demethylation of PD-L1
promoter was confirmed by the increase in the distribution of 5hmC and decrease in 5mC levels and the upregulation of TET3 and
downregulation of DNMTs enzymes inMCF-7 tumorspheres, comparedwith the cell line. Additionally, we checked the distribution
of repressive histones H3K9me3, H3K27me3, and active histone H3K4me3 in the PD-L1 promoter. We found that distribution of
repressive histones to the PD-L1 promoter was lower in tumorspheres, compared with cell lines. Moreover, an overexpression of
histone acetylation enzymes was observed in tumorspheres suggesting the active involvement of histone modifications in EMT-
induced PD-L1 expression. In summary, EMT-associated overexpression of PD-L1 was partially independent of promoter CpG
methylation and more likely to be dependent on posttranslational histone modifications.

1. Introduction

Breast cancer is the most common cancer in women account-
ing for 30% of all new cases reported, and it is a major cause
of cancer-related death [1]. Recent advances in early detection
and therapeutic interventions reduced the mortality rate
remarkably [1]. Cancer immunotherapy has recently shown
promising results for treating different cancers. Immune
checkpoint inhibitors, as immunotherapeutic agents, showed
promising outcomes with higher overall survival rate and
progression-free survival, but unfortunately this has been
achieved in a small fraction of cancer patients [2]. Even
though therapy resistance, recurrence, andmetastasis are still
major challenges in breast cancer therapy and management,
it has been reported that the presence of a subset of cells
with unique features like self-renewal and differentiation

called cancer stem cells (CSCs) could be a major contributor
towards these challenges [3].

Numerous studies reported the overexpression of pro-
grammed death-ligand 1 (PD-L1) as a predictive biomarker
for differentiating responders and nonresponders undergo-
ing immune checkpoint inhibition (ICI) therapies targeting
programmed cell death-1 (PD-1)/PD-L1 [4–7].Moreover, PD-
L1 overexpression plays a critical role in immune evasion
through increase of T-cell apoptosis in many cancers [8].
The overexpression of PD-L1 can also act as a molecular
shield to protect tumor cells from T-cell mediated killing
[9]. Additionally, PD-L1 overexpression in MC38 murine
colon cancer cells showed a direct suppression of CD8+
TILs [10]. It has recently been reported that overexpression
of PD-L1 in CSCs contributes to immune evasion through
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EMT/𝛽-catenin/STT3/PD-L1 signaling axis [11]. The expres-
sion of PD-L1 is regulated through multiple signaling path-
ways and transcriptional control. The genetic modifications
for constitutive overexpression of PD-L1 in tumors could be
explained due to the copy number alterations and potential
oncogenic signaling pathways [12, 13]. We have recently
reported that PD-L1 is overexpressed in human tumor tissues
and dual inhibition of signal transducers and activator of
transcription 1 (STAT1) and STAT3 can downregulate PD-L1
expression [14–16]. However, epigenetic mechanisms behind
the regulation of PD-L1 are not fully disclosed.

Understanding the regulatory mechanisms involved in
PD-L1 expression may open possibilities for the development
of combination strategies to improve the efficacy of PD-1/PD-
L1 blockade therapies. DNA promoter methylation studies
in breast and colon cancer patients using paired normal
and tumor tissues showed hypomethylation irrespective of
their PD-L1 expression status [15, 16]. It has been reported
that treatment of breast cancer cells with demethylating
agent azacytidine induced an upregulation in PD-L1 expres-
sion [17]. These data collectively indicate that apart from
DNAmethylation, multiple regulatory mechanisms might be
involved in the expression of PD-L1.

In this study, we investigated epigenetic regulatory mech-
anisms involved in the PD-L1 expression associated with
epithelial tomesenchymal transitions (EMT) in humanbreast
cancer stem cells. We found that PD-L1 expression was sig-
nificantly upregulated in MCF-7 and BT-549 tumorspheres,
compared with cell lines, and this upregulation was partially
dependent on the PD-L1 promoter demethylation. Moreover,
our results showed that less distribution of repressive histones
in the PD-L1 promoter region and overexpression of histone
acetylation enzymes can also contribute to the PD-L1 upreg-
ulation in tumorspheres, compared with cell lines.These data
shed light on the possible epigenetic mechanisms involved in
the upregulation of PD-L1 in tumorspheres.

2. Materials and Methods

2.1. Cell and Tumorsphere Culture. MCF-7 and BT-549 breast
cancer cell lines (ATCC, USA) were maintained in RPMI-
1640 medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Sigma Aldrich, St.
Louis, USA) in a humidified incubator at 37∘C and 5% CO

2
.

For BT-549 cells, the cells were maintained in the media
supplemented with 0.023 IU/ml insulin (Sigma Aldrich).

For the generation of tumorspheres, 80-90% confluent
cell plates were trypsinized, washed, and resuspended in
Cancer Stem Premium� medium (ProMab Biotechnologies,
Richmond, CA, USA). 1x104 cells/ml were cultured in Cancer
Stem Premium� media in ultra-low attachment Nunclon
Sphera plate (Thermo Scientific, Nunclon Sphera, Roskilde,
Denmark). The cells were incubated for 5 to 10 days for
tumorsphere formation.Media changewas done by collecting
the tumorspheres in 15 ml falcon tubes and allowed to settle
by gravity. The pellets were washed with 1X PBS. Tumor-
spheres older than seven days were used for the subsequent
experiments.

2.2. Flowcytometry. MCF-7 and BT-549 cells were trypsi-
nized and washed with 1X PBS. The tumorspheres formed
from MCF-7 and BT-549 were collected and washed with
1X PBS following gravity sedimentation. Trypsinization was
done for five to sevenminutes with thoroughmixing on every
30 seconds. After trypsinization, the single cell suspension
wasmixed with an equal amount of complete media and cells
were collected by centrifuging at 1600 rpm for three minutes.
The cells were resuspended in complete RPMI-1640 media
and sieved using 40 𝜇m nylon cell strainers (STEMCELL
technologies, Vancouver, Canada). 1x105 cells were resus-
pended in 100 𝜇l staining buffer (phosphate-buffered saline
(PBS) with 2% FCS and 0.1% sodium azide) in FACS tube
and stained with PD-L1-APC (clone MIH1; eBioscience, San
Diego, USA). Data were acquired on BD LSRFortessa flow
cytometer using BD FACS Diva software (BD Biosciences,
Oxford, UK) and analyzed on FlowJo version 10 software
(Tree Star Inc., Oregon, USA).

2.3. Western Blotting. The expression levels of EMT markers
were measured using western blotting. Briefly, MCF-7 and
BT-549 cells and tumorspheres were lysed on ice using 1X
RIPA lysis buffer (ThermoFisher Scientific, Massachusetts,
USA) containing protease inhibitor cocktail (Sigma Aldrich)
and phosphatase inhibitors. Protein concentrations were
measured using the Pierce� BCA Protein Assay kit (Ther-
moFisher Scientific) according to the manufacturer's instruc-
tion. The absorbance was measured using the FLUOstar
Omega microplate reader at 660 nm (BMG LABTECH,
Ortenberg, Germany). Equal amounts of proteins were
resolved in 10% acrylamide gel and blotted on nitrocellulose
membrane (Amersham Biosciences, Little Chalfont, UK).
Membrane blocking was done by 5% skimmilk or 5% Bovine
serum albumin (BSA) in TBS-T. The membranes were then
incubated overnight at 4∘Cwith primary antibodies, 𝛽-actin,
E-Cadherin,N-Cadherin, Vimentin, Snail, HDAC1, andHAT
(p300/CBP). All primary antibodies were prepared at 1:1000
dilution in 5% skim milk or BSA in TBS-T. The membranes
were then incubated with HRP-conjugated donkey anti-
rabbit or Goat anti-mouse IgG (Invitrogen, California, USA)
secondary antibodies (Dilution 1:10000) at room tempera-
ture for 2 h. Detection was performed using SuperSignal�
West Pico PLUSChemiluminescent substrate (ThermoFisher
Scientific, Massachusetts, USA) and images acquired using
Molecular Imager� ChemiDoc� XRS+ with Image Lab�
Software (Bio-Rad, California, USA). The densitometric
analyses were performed using ImageJ software (National
Institute of Health, Maryland, USA).

2.4. Quantitative Real-Time PCR. DNA and RNA were iso-
lated using RNA/DNA/Protein purification plus kit (Norgen
Bioteck Corp), as previously described [15]. 1𝜇g RNA from
each sample was reverse transcribed into cDNA using Quan-
tiTect Reverse Transcription Kit (Qiagen, Hilden, Germany).
PCR reactions were performed using QuantStudio 7 Flex
qPCR (Applied Biosystems, California, USA) using Fast
SYBER Green Master Mix (Applied Biosystems). Data were
analyzed as previously described [15].The absolute expression
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of DNMTs and TETs in both cell lines and tumorspheres was
checked by comparing the relative expression values of all
genes normalized to relative expression normalized with 𝛽-
actin. Primer sequences are provided in Table S1a.

2.5. CpG Methylation Analysis by Bisulfite Sequencing. The
genomic DNAwas extracted from tumorsphere and cell lines
and treated with bisulfite using the EZ DNAMethylation Kit
(Zymo Research, Irvine, CA, USA) as previously described
[15]. The sequences of M13-reverse primer used for sequenc-
ing are provided in Table S1c.

2.6. Chromatin Immunoprecipitation (ChIP) Assay. Cells and
tumorspheres were subjected to ChIP analysis using Magna
ChIP A/G chromatin immunoprecipitation kit (Merck Mil-
lipore, MA, USA) according to the manufacturer’s instruc-
tions. Briefly, nuclear extracts prepared and sonicated using
Covaris S2 system (Covaris, MA, USA) to obtain DNA frag-
ments ranging from 100 to 200 bp. The assay was performed
as previously described [15]. Primer sequences are provided
in Table S1d.

2.7. Methyl-DNA Immunoprecipitation (MeDIP) Assay.
Genomic DNA was prepared from the MCF-7 and BT-549
cells and tumorspheres. The DNA was sonicated using
Covaris S2 system (Covaris, MA, USA) to obtain DNA
fragments ranging from 200 to 400 bp. The sheared DNA
immunoprecipitated using the 5hmC and 5mC mAbs.
Isotype-matched control Ab was used to check nonspecific
bindings. The immune complexes were precipitated using
Dynabeads (Invitrogen). Relative enrichment of PD-L1
promoter region in the precipitated DNA fragments was
analyzed by qPCR. Primer sequences are provided in Table
S1d.

2.8. Statistical Analyses. The data were analyzed using the
Shapiro-Wilk normality test with paired t-test/Wilcoxon
matched-pairs signed rank test using GraphPad Prism 6.0
(GraphPad Software Inc., California, USA).The significances
were represented as ∗∗∗P<0.001,∗∗P<0.01,∗P<0.05, and ns
P>0.05. The data were represented as mean + standard error
of the mean (SEM).

3. Results

3.1. �e PD-L1 Expression Is Upregulated in Tumorspheres
Enriched with Cancer Stem Cells. It has been reported that
tumorsphere culture system provides a useful method for
maintaining a CSC microenvironment [18]. In this study,
we enriched the cells having stem cell property in MCF-7
and BT-549 cell lines using tumorsphere formation assay.
Both MCF-7 and BT-549 cells showed typical tumorsphere
formations (Figure 1(a)).Wemeasured differential expression
of the epithelial marker, E-Cadherin, and mesenchymal
markers including vimentin, N-Cadherin, and snail to check
the cancer stem cell properties of tumorspheres. Interestingly,
we found that the expression of mesenchymal markers
was upregulated, and epithelial marker E-Cadherin was

downregulated in both MCF-7 and BT-549 tumorspheres,
compared with cell lines (Figure 1(b)). The overexpression
of mesenchymal markers shows epithelial to mesenchymal
transition (EMT) happening in the tumorspheres. Moreover,
we measured the mean fluorescence intensity (MFI) of
immune checkpoint ligand, PD-L1, and found that PD-L1was
significantly upregulated in both tumorspheres, compared
with cell lines (Figures 1(c) and 1(d)). mRNA analysis on cell
lines and tumorspheres confirmed significant overexpression
of PD-L1 in tumorspheres, compared with their cell line
counterparts (Figure 1(e)).These data suggest that mesenchy-
mal cells overexpress PD-L1, which might play an important
role in immune evasion.

3.2. Tumorspheres Showed Distinct DNA Methylation Pattern
for PD-L1 Promoter. The epigenetic changes involved in the
PD-L1 expression during the EMT process were examined
through PD-L1 promoter CpG methylation. CpG methyla-
tion plays a pivotal role in cancer initiation and progression
[19]. This report prompted us to investigate the impact
of DNA methylation on PD-L1 overexpression observed
in tumorspheres. We analyzed 24 CpGs from the PD-L1
promoter to detect the CpG methylation landscape. Interest-
ingly, we found that the PD-L1 promoter DNA methylation
profile is different betweenMCF-7 andBT-549 tumorspheres.
Tumorspheres fromMCF-7 showed significant hypomethyla-
tion, compared with their cell line counterpart (Figures 2(a)
and 2(c)), but there was no significant difference observed in
between BT-549 cell line and tumorspheres (Figures 2(b) and
2(c)). PD-L1 promoter region was completely demethylated
in both BT-549 cell line and tumorsphere (Figure 2(b)).These
data suggest that overexpression of PD-L1 in tumorspheres is
partially dependent on DNAmethylation.

3.3. DNMTs Are Downregulated and TET3 Is Upregulated
in MCF-7 Tumorspheres. The de novo DNMTs, DNMT3a,
and DNMT3b are involved in the establishment of DNA
methylation, whereas the TET proteins oxidize 5mC to
generate 5hmC through active demethylation involving DNA
repair machinery [20]. The balance between DNMTs and
TETs can influence the gene expression through directly
regulating the DNA methylation status [21]. The methyla-
tion/demethylation cycle was assessed in the breast can-
cer cells and tumorspheres through mRNA expression of
DNMT3a, 3b, and TET1,2,3. Interestingly we found that,
out of all three TETs, TET3 was increased in tumorspheres
derived from both cell lines. The MCF-7 derived tumor-
spheres showed a decrease in DNMT3a and 3b suggests
the involvement of DNA methylation-dependent epigenetic
regulatory mechanism. Additionally, the increased levels of
TET3 showed that a TET3 dependent active demethylation
is active in MCF-7 tumorspheres (Figure 2(d)). The tumor-
spheres from BT-549 showed that both TETs and DNMTs
were upregulated compared with the cell line. These data
suggest that all cells were not following similar expression
level of methylation/demethylation enzymes and promoter
demethylation status for the upregulation of PD-L1 (Fig-
ure 2(e)). Moreover, the results were confirmed by evaluating
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Figure 1: EMT markers and PD-L1 expression in MCF-7 and BT-549 breast cancer cells and tumorspheres. MCF-7 and BT-549 cells were
cultured in Cancer Stem Premium� media for 5-10 days. Representative image shows the tumorspheres formed from MCF-7 and BT-549
cell lines (a). Western blots show the expression of stemness markers in MCF-7 and BT-549 cell lines and tumorspheres (b). Representative
flow cytometric plots show the expression of PD-L1 in MCF-7 and BT-549 cell lines and tumorspheres (c). Bar plots show the PD-L1 mean
fluorescence intensity in MCF-7 and BT-549 cell lines and tumorspheres (d). Bar plots showing the relative expression of PD-L1 in MCF-7
and BT-549 cell lines and tumorspheres (e). All data were normalized to 𝛽-actin.

5hmC and 5mC levels in both cell lines and tumorspheres
and found that MCF-7 derived tumorspheres enriched with
cancer stem cells showed an increased 5hmC and decreased
5mC level, compared with cell line (Figure 2(f)), whereas
tumorspheres from BT-549 show a significant decrease in
both 5hmC and 5mC level, compared with the cell line.These
data strongly recommend that active demethylation machin-
ery is active in MCF-7 tumorspheres for the upregulation of
PD-L1 expression but not in BT-549 tumorspheres.

3.4. Repressive Histones Regulate the Expression of PD-L1 in
Tumorspheres. The epigenetic regulation of gene expression
is not restricted to CpG hypomethylation but also depends
on posttranslational modifications of histones. Histonemod-
ifications like methylation and acetylation are another epige-
netic mechanism, which can regulate the chromatin organi-
zation [22]. To detect the role of histones in the regulation of
PD-L1 expression, we checked the binding intensity of both
repressive and active histone marks, including H3K9me3,
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Figure 2: Analysis of CpG methylation status and expression of methylation/demethylation enzymes in MCF-7 and BT-549 cell lines and
tumorspheres. Representative plots of PD-L1 promoter CpGmethylation status analyzed by bisulfite sequencing of the genomic DNA isolated
fromMCF-7 (a) and BT-549 (b) cell lines and tumorspheres. Methylation status of individual CpG motif is shown by white (demethylation)
or gray (methylation) colors. Bar plots show the methylation percentage of PD-L1 (c). Bar plots show the relative expression of DNMT3a,
DNMT3b, TET1, TET2, and TET3 in MCF-7 (d) and BT-549 (e) cell lines and tumorspheres. All data were normalized to 𝛽-actin. Bar plots
show the relative enrichment of 5-mC and 5-hmC in the PD-L1 promoter of MCF-7 (upper) and BT-549 (lower) cell lines and tumorspheres
(f). Data are representative of two independent experiments.

H3K27me3, and H3K4me3 by keeping H3 as a positive
control in the promoter region of PD-L1 in both breast
cancer cells and tumorspheres. Despite the discrepancies
in PD-L1 promoter CpG methylation and 5hmC pattern in
tumorsphere-forming cancer stem cells, the histone modifi-
cation showed a similar pattern in both cell lines. In both
MCF-7 and BT-549 tumorspheres, the repressive histones
H3K9me3 andH3K27me3were significantly boundweakly to
PD-L1 promoter, compared with their cell line counterparts
(Figures 3(a) and 3(b)), whereas compared with repressive
histones, positive regulatory histone H3K4me3 significantly
binds more intensively to PD-L1 promoter in both tumor-
spheres and cell lines (Figure 3). These data suggest that, in
tumorsphere-forming cells, the increase in PD-L1 expression

is typically modulated through H3K9me3 and H3K27me3.
Next, we checked histone acetylation machinery, as it is
also an important regulator of chromatin anatomy. It has
been reported that there is a dysregulation of HATs and
HDACs involved in tumorigenesis [23]. HDAC1 is reported
to be active under hypoxic conditions and in stem cells
supporting their self-renewal [24]. We also observed a con-
sistent overexpression of HDAC1 in tumorspheres derived
from MCF-7 and BT-549 cells (Figures 3(c) and 3(d)). HAT
(p300/CBP) is a transcriptional coactivator of histone acetyl-
transferase enzyme family that are responsible for epigenetic
activation of EMT transcription factors, promoting breast
cancer aggressiveness [25]. HAT was constitutively increased
in the tumorspheres, comparedwith the cell line counterparts
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Figure 3:Analysis ofH3K9me3,H3K27me3, andH3K4me3 distribution in the PD-L1 promoter ofMCF-7 andBT-549 cell lines and tumorspheres.
Chromatin prepared from MCF-7 and BT-549 cell lines and tumorspheres were precipitated using H3K9me3, H3K27me3, and H3K4me3
antibodies and IgG as negative control. qPCR was performed on the precipitated DNA using the PD-L1 primer and data were normalized to
input. Bar plots show the H3K9me3, H3K27me3, and H3K4me3 distribution in MCF-7 (a) and BT-549 (b) PD-L1 promoters. Representative
Western blots show the expression of HAT andHDAC in MCF-7 and BT-549 cell lines and tumorspheres (c). Bar plots show the HDAC1 and
HAT in MCF-7 (d) and BT-549 (e) cell lines and tumorspheres. Data are representative of two independent experiments.

(Figures 3(c) and 3(e)). Altogether, our data suggest that both
active histone acetylation and methylation play roles in the
upregulation of PD-L1 in breast cancer stem cells.

4. Discussion

Cancer stem cells are the rare population of cells present in
most of tumors, and these cells play critical roles in drug
resistance, metastasis, recurrence, and immune evasion [26].
It has been reported that epigenetic silencing of antigen
peptide transporter 1 (TAP1) gene in breast cancer stem cells
promotes immune evasion [27]. Recent studies reported that
expression of PD-L1 in the cancer cells is one of the major
regulating factors for immune evasion [10, 28]. Also, EMT
mediates immune evasion through the upregulation of mul-
tiple transcription factors and effector proteins. Moreover,
upregulation of PD-L1 expression in CSCs made them resis-
tant to peripheral blood mononuclear cells-mediated cancer

cell killing in vitro [11]. Detailed mechanistic knowledge
about the regulation of PD-L1 expression should help to
avoid immune evasion as well as immunotherapy resistance.
With this goal, we enriched the cancer stem cells through
tumorsphere formation and the epigenetic regulatory mech-
anisms involved in the PD-L1 expression were investigated.
We selected MCF-7 (luminal A subtype) and BT-549 (triple
negative breast cancer, TNBC), which are known to maintain
high degree of genetic mutations and epigenetic regulatory
mechanisms [29]. However, role of tumormicroenvironment
in these epigenetic regulatorymechanisms and the expression
of multiple proteins are the limiting factor of using cell lines.

PD-L1 expressions in cancer cells are regulated through
multiple signaling cascades and mechanisms. We have
recently reported that dual inhibitions of STAT1 and STAT3
constitutively inhibit PD-L1 expression in human breast can-
cer cells [14]. In addition to the Jak/STAT pathway, multiple
other signaling cascades such as RAS/RAF/MEK/MAPK-
ERK [30, 31], PI3K/PTEN/Akt/mTOR [32], EML4-ALK [33,
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Figure 4: A schematic diagram summarizing the epigenetic events involved in the regulation of PD-L1 expression in MCF-7 and BT-549 cell lines
and tumorspheres. The PD-L1 promoter CpG is hypomethylated in tumorspheres. Moreover, distribution of repressive histones (H3K27me3
and H3K9me3) in the PD-L1 promoter is decreased along with an upregulation of histone acetylation enzymes in tumorspheres, compared
with cell lines.

34], and EGFR signaling pathways [35–37] were shown to
have regulatory effects on PD-L1 expression in multiple
malignancies [38].

Recently, we have reported that the overexpression of
PD-L1 in breast and colon cancer tissues is independent
of promoter CpG methylation and repressor histone tri-
methylation [15, 16].The promoter CpGmethylation analysis
of TNBC cell line BT-549 and the CSC enriched tumorsphere
revealed similar methylation profile. This result suggests that
there could be an additional epigenetic/transcription factor-
mediated regulation for PD-L1 expression. The involvement
ofmultiple regulatorymechanisms in the expression of PD-L1
during the EMT is also reported in nonsmall cell lung carci-
noma [39]. In this study, we showed that theCpGmethylation
patterns in MCF-7 cell line and tumorsphere were different
from BT-549. In MCF-7, a significant difference in DNA
methylation pattern was detected with more hypomethyla-
tion in tumorspheres than the cell line. In addition to the
CpGmethylation, the expressions of DNMTs and TETs were
also different between the two cell lines. Similar results were

observed in the 5hmC and 5mC distribution. These indicate
that cancer stem cells have different epigenetic regulatory
mechanisms depending on the physiological and molecular
status of cancer.

The posttranslational methylation of histones at the N-
terminal tail has high importance in the protein expres-
sion. Histone 3 lysine 9 and 27 tri-methylation (H3K9me3,
H3K27me3) leads to the inhibition of gene expressions [40].
ChIP-qPCR analysis on the PD-L1 promoter in both MCF-
7 and BT-549 cell lines showed significantly decreased levels
of H3K9me3 and H3K27me3 in tumorspheres, compared
with the cell lines (Figures 3(a) and 3(b)). Interestingly, the
H3K4me3 did not show significant change between cell lines
and tumorspheres.This indicates that the upregulation of PD-
L1 expression in cancer stem cells could be controlled through
histone modifications. In addition to histone methylation,
histone acetylation through HAT and HDAC has a major
role in the gene expression throughmodulation of chromatin
structure and enabling transcription factor binding, leading
to the increased gene expression.
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5. Conclusions

In this study, we report that epigenetic modifications includ-
ing DNA methylation and posttranslational histone modifi-
cations (methylation and acetylation) regulated the expres-
sion of PD-L1 in breast cancer stem cells. Alterations in
expression of methylation and demethylation enzymes were
detected in the cell lines and tumorspheres.Moreover, histone
modifications such as lysine tri-methylation and acetylation
play significant roles in the upregulation of PD-L1 expression
in CSC. The overall conclusion is graphically represented in
Figure 4. Further studies are needed to validate the impact of
DNA copy number variations in epigenetic regulations.
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