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Abstract: Triple negative breast cancer (TNBC) is the most aggressive type of breast cancer,
which shows resistance to common breast cancer therapies, as it lacks the expression of the
most common breast cancer targets. Therefore, TNBC treatment remains a challenge. Targeting
programmed cell death-ligand 1 (PD-L1) by monoclonal antibodies (mAbs), for example, atezolizumab,
has revolutionized the treatment for various cancer types. However, the therapeutic efficacy of
targeting PD-L1 in TNBC is currently under investigation. In this study, we investigated the
molecular mechanisms by which the human TNBC cell line MDA-MB-231, expressing PD-L1,
responds to atezolizumab, using RNA-Seq. Transcriptome analysis revealed 388 upregulated and 362
downregulated genes in response to atezolizumab treatment. The expression of selected genes, from
RNA-Seq data, was subsequently validated using RT-qPCR in the MDA-MB-231 and MDA-MB-468
TNBC cells following atezolizumab treatment. Bioinformatics analysis revealed that atezolizumab
downregulates genes promoting cell migration/invasion and metastasis, epithelial-mesenchymal
transition (EMT), cell growth/proliferation/survival, and hypoxia. On the contrary, genes associated
with apoptosis and DNA repair were upregulated in response to atezolizumab treatment. Gene
set enrichment analyses revealed that a significant number of these genes are related to the NF-kB,
PI3K/Akt/mTOR, MAPK, and CD40 signaling pathways. Using functional assays, we confirmed that
atezolizumab increases MDA-MB-231 cell apoptosis/necrosis, and reduces their proliferation and
viability. Collectively, our findings provide novel insights into the molecular mechanisms/signaling
pathways by which atezolizumab exerts inhibitory effects on TNBC, thereby inhibiting EMT/metastasis,
tumor growth/survival, and the induction of hypoxia.
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1. Introduction

Breast cancer is one of the most common causes of cancer-related deaths among females around
the world [1]. Amongst breast cancer subtypes, triple negative breast cancer (TNBC) is the most
aggressive type of breast cancer, characterized by high grades, and high rates of distant metastasis and
poor survival [2]. It constitutes 10–20% of all breast cancer cases [2]. TNBC is resistant to common
breast cancer therapies, as it lacks the expression of the most common breast cancer targets, namely
estrogen receptor (ER), human epidermal growth factor receptor-2 (HER2), and progesterone receptor
(PR) [2,3].
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Immunotherapy in the form of monoclonal antibodies (mAbs) targeting the programmed cell
death 1 (PD-1)/programmed cell death-ligand 1 (PD-L1) axis have revolutionized the treatment for
various cancer types [4–8]. Unlike these cancer types, most breast tumors are less immunogenic and
exhibit low T cell infiltrate [9]. However, TNBC exhibits a high number of intratumoral and stromal
tumor-infiltrating lymphocytes (TILs), suggesting that immunotherapy could be beneficial [9].

PD-L1 is primarily expressed on tumor cells, and it can be expressed by some subsets of activated
myeloid cells [10]. It binds to the co-inhibitory receptor/immune checkpoint, PD-1, which is expressed
by activated T and B cells [10]. The interaction between PD-1 and PD-L1 halts the activation of
cytotoxic T cells, induces T cell apoptosis, and reduces the production of cytotoxic cytokines, thereby
suppressing anti-tumor immune responses [11]. Despite the fact that the therapeutic efficacy of
targeting the PD-1/PD-L1 axis has been shown in patients with melanoma, non-small cell lung cancer
(NSCLC), and renal cell carcinoma [12,13], there is accumulating evidence suggesting that PD-L1 can
facilitate tumor resistance, and promote tumor growth and survival against traditional cancer therapies
and immunotherapy [14,15]. Other studies reported that PD-L1 increases tumor cell resistance
to pro-apoptotic signals induced by cytotoxic T cells or chemotherapeutic and radiotherapeutic
agents [16,17]. In line with this, it has been demonstrated that upregulated expression of PD-L1 on
cancer cells, in response to DNA damage, is associated with the development of tumor resistance to
cell death [17,18]. Moreover, PD-L1 has been implicated in the induction of epithelial-mesenchymal
transition (EMT) in esophageal cancer [19], a process that is responsible for the conversion of a benign
tumor to a highly invasive metastatic tumor [20].

In breast cancer patients, the expression of PD-L1 shows a positive correlation with the number
of TILs, histological grades, and poor overall survival rates [21,22]. In addition, PD-L1 expression
has been detected in approximately 20–30% of TNBC cases [23–25]. These findings prompted the
evaluation of the clinical efficacy of targeting PD-L1 in breast cancer patients, including those with
TNBC [9,26]. However, the mechanisms by which anti-PD-L1 mAb exerts therapeutic effects on breast
cancer cells have not been fully elucidated. Therefore, it is important to identify the mechanisms and
signaling pathways affected by anti-PD-L1 mAb, and to understand how it alters the function and
molecular profile of breast cancer cells.

In this study, we sought to identify the mechanisms by which human TNBC cells expressing
PD-L1 are affected by anti-PD-L1 mAb treatment using atezolizumab. We utilized the TNBC cell line
MDA-MB-231, as it expresses high levels of PD-L1 [27,28]. We examined the effects of atezolizumab
on the expression of PD-L1 at the gene and protein levels. Next, we performed RNA-Seq analysis to
determine the effects of atezolizumab on the whole transcriptome of MDA-MB-231.

Our results show that atezolizumab blocks the surface expression of PD-L1 without altering
PD-L1 expression at the mRNA and protein levels. Moreover, we revealed some of the molecular
mechanisms/pathways by which atezolizumab induces anti-tumor effects and alters the function and
molecular profile of the highly aggressive TNBC cell line, MDA-MB-231. Using RNA-Seq analysis,
we found that atezolizumab negatively regulates tumor growth/metastasis, EMT, DNA damage,
and hypoxia. We also confirmed the RNA-Seq data by performing functional analyses and determined
the effect of atezolizumab on MDA-MB-231 cells using cell death/apoptosis, proliferation, and viability
assays. We showed that atezolizumab increases necrosis/apoptosis, and reduces the proliferation and
viability of MDA-MB-231 cells.

2. Results

2.1. Atezolizumab Blocks the Epitope of PD-L1 and Does Not Alter PD-L1 mRNA and Protein Expression

To address the mechanisms of the action of atezolizumab in MDA-MB-231, we first examined
the effect of atezolizumab on PD-L1 (protein and mRNA) expression. The surface expression of
PD-L1 was determined by flow cytometric analysis. Almost all MDA-MB-231 cells (non-treated or
treated with human IgG1 isotype control) were positive for PD-L1, however the detection of the
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PD-L1 epitope was blocked by the specific antibody, atezolizumab, after 24 h treatment (Figure 1A).
RT-qPCR gene expression analysis showed that the PD-L1 mRNA expression level was not affected
upon atezolizumab treatment, compared to non-treated cells and cells treated with isotype control
(Figure 1B). The expression of PD-L1 mRNA level in the isotype-treated cells was similar to that of
non-treated cells (Figure 1B). Additionally, data from western blots showed no difference in PD-L1
protein expression following atezolizumab treatment at 24 h (Figure 1C).
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Figure 1. Effect of atezolizumab on PD-L1 expression in MDA-MB-231 cells. MDA-MB-231 cells were
cultured without or with 0.5 µg/mL of human IgG1 (isotype control) or atezolizumab. The surface
expression of PD-L1 was determined at 24 h post treatment by flow cytometry. Representative
flow cytometric plots show the percentage of cells expressing PD-L1 in non-treated, IgG1- and
atezolizumab-treated cells (A). The expression of PD-L1 mRNA was determined by RT-qPCR (B).
The expression of PD-L1 protein was determined by western blot and densitometeric analysis (C).
More detailed western blot information can be found in Supplementary Materials (Figure S1).
The relative expression of mRNA and protein were normalized to β-actin. Results are from two
independent experiments, and expressed as the mean ± SEM.

Collectively, these data indicate that atezolizumab blocks the epitope of PD-L1 without altering
the expression of PD-L1 at both the mRNA and protein levels. It is most likely that atezolizumab
blocks the detection of PD-L1 by the anti-PD-L1-APC antibody used for flow cytometry. Atezolizumab
binding to PD-L1 at the cell surface would hamper the binding of the anti-PD-L1-APC antibody. It is
worth noting that the isotype control has no effect on the epitope of PD-L1, suggesting the specificity
of atezolizumab in blocking PD-L1 antigen.
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2.2. Atezolizumab Downregulates Genes Promoting Cell Migration/Metastasis and EMT

We then investigated the molecular mechanisms by which atezolizumab exerts its anti-tumor
effects on MDA-MB-231 cells. At 24 h, RNA from treated and non-treated cells was extracted,
and RNA-Seq was performed.

The hierarchal clustering shows a distinct cluster of genes which are differentially regulated in
the treated cells, compared with non-treated cells (Figure 2A). We found that atezolizumab treatment
upregulated 388 genes and downregulated 362 genes in MDA-MB-231 cells. Genes from RNA-Seq data
were identified and classified into categories using GeneCards, Uniprot gene, protein databases and the
literature. Heat maps for fold change in different genes expressed in two samples (S1 and S2) of either
non-treated cells or treated cells are shown in Figure 2B–D. The quality of data was confirmed using the
fold changes in housekeeping genes, including GAPDH, ACTB, TUBB, and B2M, which were similar in
non-treated and treated cells (Figure 2B). Interestingly, genes promoting cell migration/invasion and
metastasis, including MMP9, MMP19, CXCR4, METTL7A, ICAM3, LPPR3, S100A8, SUSD3, HVCN1,
GLIPR1L2, N4BP2L1 and CDHR2, were significantly downregulated in MDA-MB-231 cells treated with
atezolizumab, compared with non-treated cells (p < 0.05, Figure 2C). KISS1 gene, metastasis suppressor
gene, was upregulated in MDA-MB-231 cells treated with atezolizumab, compared with non-treated
cells (p < 0.05, Figure 2C). Additionally, genes favoring EMT were significantly downregulated upon
atezolizumab treatment, such as IL11RA, CSRP2, FOXQ1, KLF8, FGF11, CLDN1, and CLDN24 (p < 0.05,
Figure 2C). Genes that inhibit EMT were upregulated following atezolizumab treatment, such as
ESRP2, EID2, INHBB, and HTRA1 (p < 0.05, Figure 2C).

2.3. Atezolizumab Downregulates Anti-Apoptotic Genes, Upregulates Pro-Apoptotic Genes, and
Downregulates Genes Involved in Cell Growth and Proliferation

Our data from RNA-Seq analysis showed that anti-apoptotic genes, CARD16 and BCL2L15, were
significantly downregulated following atezolizumab treatment (p < 0.05, Figure 2D), while pro-apoptotic
genes, TNFRSF10C, RNF122, BEX5, SDCCAG3, were significantly upregulated in MDA-MB-231 cells
treated with atezolizumab (p < 0.05, Figure 2D). Genes favoring tumor growth and cell proliferation,
CD40 and CCNA1 were significantly downregulated in treated cells (p < 0.05, Figure 2D). On the other
hand, tumor suppressor genes and genes inhibiting cell growth, such as CHEK2, SPARCL1, DLX3,
RARRES1, NBL1, CCNB2, FGF18, HYAL3, BTG2, ZBTB48, and MEN1, were upregulated in treated cells
(p < 0.05, Figure 2D).

2.4. Atezolizumab Upregulates DNA Repair Genes and Downregulates Genes Related to Hypoxia

The involvement of PD-L1 with DNA repair, genomic instability, and hypoxia has not been
extensively investigated. Here, we show that genes associated with DNA repair, MEN1 [29],
and RNASEH1 [30], were upregulated following atezolizumab treatment (p < 0.05. Figure 2E).
Additionally, atezolizumab upregulated the PAM16 gene, which could act as a tumor suppressor gene
and a regulator of ATP synthesis (p < 0.01, Figure 2E). Notably, genes related to hypoxia/ATP synthesis
or genes encoding heat shock proteins, including NDUFS3, ATP6V1G2, HSP90AB2P, HSPA8P3,
HIGD1B, TK2, and ADCY1 (p < 0.05, Figure 2E), and also genes associated with the PI3K, MAPK,
and NF-kB signaling pathways, including RASD1, MAP2K6, TRAF5, PIK3R2, C9orf96, and TENM1,
were significantly downregulated in treated cells (p < 0.05, Figure 2F). In contrast, inhibitors for NF-kB
activation, NFKBIB and COMMD6, were significantly up-regulated upon atezolizumab treatment
(p < 0.05, Figure 2F).
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Figure 2. Differentially expressed genes in MDA-MB-231 cells following atezolizumab treatment.
Hierarchical clustering of two independent experiments on differentially expressed RNA transcripts
from RNA-Seq data. Each column represents a sample and each row represents a transcript. Expression
level of each gene in a single sample is depicted according to color scale (A). Heat maps show the fold
changes relative to the mean expression of housekeeping genes (B), cell migration/metastasis/adhesion
and EMT (C), anti-apoptosis, pro-apoptosis, and cell growth/proliferation (D), DNA repair and hypoxia
(E), and signaling transduction (F). Results are from two independent experiments. S1 = sample 1;
S2 = sample 2; NT = non-treated cells; T = treated cells with atezolizumab.

2.5. Atezolizumab Downregulates NF-kB, Akt, and CD40 Signaling Pathways

Next, we found that about 19% of the genes which were downregulated in atezolizumab-treated
cells are associated with EMT, 33% are related to cell migration/invasion and metastasis, 16% are
associated with signaling transduction, favoring cell proliferation and EMT, 5% are anti-apoptotic,
8% are related to cell growth and tumor cell proliferation, and 19% are associated with hypoxia
(Figure 3A). Selected genes from both upregulated and downregulated panels, including CD40, MMP9,
BCL2L15, and NDUFS3, are shown in Figure 3B—values below the linear regression line (as shown in
red) indicate a “downregulation” and above the line indicate an “upregulation”.

Based on the upstream regulator analysis (URA), the effect of atezolizumab on MDA-MB-231
cells is significantly related to several functional networks and signaling pathways (Figure 3C).
These pathways have been implicated either in cell proliferation/growth/migration and invasion,
metabolism, or apoptosis, such as AKT [31], BTK (Bruton’s tyrosine kinase) [32], CLDN7 (Cluadin-7) [33],
TGM2 (Tissue transglutaminase pathway) [34], and IL1β (Interleukin-1β) [35,36] (−0.5 < Z score < −2.5,
Figure 3C). Using ingenuity pathway analysis (IPA), we showed that atezolizumab regulates other
signaling pathways, such as peroxisome proliferator-activated receptor alpha (PPARa)/retinoid X
receptor a (RXRa) activation, the sirtuin signaling pathway, the endocannaboid cancer inhibition
pathway, the CD40 signaling pathway, the integrin pathway, the relaxin pathway, and the NF-kB and
adrenomedullin signaling pathways (1.5 < Z score < −2.0, Figure 3D).
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Figure 3. Multiple affected canonical and signaling pathways in MDA-MB-231 cells in response
to atezolizumab treatment. A pie-chart shows the proportion of genes that were downregulated
post atezolizumab treatment (A). RNA-Seq analyses in MDA-MB-231 are represented by scatter
plots. X and Y axes showing Log2 TPM (transcripts per million) of non-treated and treated cells (B).
Top significantly affected (−0.5 < Z score < −2.5) pathways based on the upstream regulator analysis
(URA). The horizontal bars denote the different pathways based on the Z-scores (C). Top significantly
affected (1.5 < Z score < −2.0) canonical pathways based on ingenuity pathway analysis (IPA).
The horizontal bars denote the different pathways based on the Z-scores (D). Results are from two
independent experiments.

Together, these data indicate that atezolizumab in MDA-MB-231 cells is able to downregulate genes
and signaling pathways, favoring cell migration/invasion/metastasis, EMT, tumor growth/survival,
and genes related to hypoxia. In addition, our data suggest that atezolizumab may modulate
functional regulatory networks related to several signaling pathways, such as the sirtuin, CD40,
and NF-kB pathways.

2.6. Functional and Network Analyses Identified Key Genes Associated with the Response of MDA-MB-231
to Atezolizumab

Next, we performed gene set enrichment analysis using the Ingenuity Pathway Analysis (IPA)
tool on the differentially-expressed genes in MDA-MB-231 cells in response to atezolizumab. Based on
our analysis, we identified several disease-associated or function-associated pathways (Figure 4A).
Importantly, we found that cellular movement and invasion (p < 0.01, Figure 4B), and cell-to-cell
signaling and interaction (p < 0.05, Figure 4C) are the most suppressed functional categories. Using the
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis of upregulated genes, we found
that the effect of atezolizumab treatment is associated with genes related to the P53 pathway, indicating
the potential functions of atezolizumab in MDA-MB-231 cells, including cell cycle arrest, apoptosis,
inhibition of angiogenesis and metastasis, DNA repair and damage prevention, and inhibition of the
mTOR signaling pathway (Figure S2). These KEGG pathway findings are in agreement with our data
from the RNA-Seq analysis.
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(IFITM10, ICAM3, and TRAF5) and unaffected (SNAI1, VIM, and CDH1) genes from the RNA-Seq 
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Figure 4. Ingenuity Pathways Analysis for differentially expressed genes in MDA-MB-231 cells
following atezolizumab treatment. Tree map (hierarchical heat map) depicting affected functional
categories based on differentially-expressed transcripts in response to atezolizumab treatment, where the
major boxes represent a category of disease and functions (A). Each individual colored rectangle is a
particular biological function and the color range indicates its predicted activation state: increasing
(orange), or decreasing (blue). In this default view, the size of the rectangle is correlated with increased
overlap significance. Tree map depicting affected functional categories based on the down-regulated
transcripts in cell movement and invasion (B), and cell-to cell signaling and interaction (C).

2.7. Validation of RNA-Seq Data by RT-qPCR

A select number of upregulated (NFKBIB, COMMD6, BTG2, RNF122, and NBL1), downregulated
(IFITM10, ICAM3, and TRAF5) and unaffected (SNAI1, VIM, and CDH1) genes from the RNA-Seq
data were subsequently validated using RT-qPCR. We also validated these genes in another TNBC cell
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line, MDA-MB-468, to determine whether atezolizumab affects the tested genes in the two TNBC cell
lines in a similar manner. We found that the results from RT-qPCR were consistent with RNA-Seq in
MDA-MB-231 cells (Figure 5A). The same genes showed a similar pattern of expression in MDA-MB-468
cells (Figure 5B).
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2.8. Atezolizumab Increases Necrosis/Apoptosis and Reduces Proliferation and Viability in MDA-MB-231 Cells

Next, we investigated the in vitro effect of atezolizumab on MDA-MB-231 cells using
death/apoptosis and cell proliferation assays. On day six following treatment, using Annexin V
and the 7-AAD detection kit, we found that atezolizumab increases the proportion of apoptotic
(Annexin V+) and necrotic cells (Annexin V+ 7-AAD+), compared to non-treated cells or those
treated with IgG1 (Figure 6A,B). We performed a BrdU (bromodeoxyuridine/5-bromo-2′-deoxyuridine)
assay to detect BrdU incorporation into cellular DNA during cell proliferation, and to determine the
effect of atezolizumab on MDA-MB-231 cell proliferation. On day six after treatment, results show
that atezolizumab reduced MDA-MB-231 proliferation, compared to no treatment or IgG1 controls
(Figure 6C). Additionally, we found that atezolizumab reduced MDA-MB-231 cell viability using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Figure 6D).
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Figure 6. Effect of atezolizumab on MDA-MB-231 cell death/apoptosis, proliferation, and viability.
MDA-MB-231 cells were cultured without or with 0.5 µg/mL of human IgG1 (isotype control) or
atezolizumab for five days. Representative flow cytometric plots show the percentage of apoptotic cells
and necrotic cells (A). Overall percentages of apoptotic and necrotic cells (non-treated (NT), IgG1- or
atezolizumab-treated cells (T)) (B). Percentage in cell proliferation using a BrdU assay (C). Absorbance
readings for MTT in MDA-MB-231 cells (D). Results are from two independent experiments (three–six
replicates), and they are expressed as the mean ± SEM. Paired t-test, * p < 0.05, ** p < 0.01.

3. Discussion

The efficacy of targeting PD-1/PD-L1 axis in TNBC is still under clinical investigation, however,
early phase clinical trials are showing some promising results (as reviewed in [9]). The positive
association between PD-L1 expression and EMT [20,37], in addition to cancer metastasis and resistance
to apoptosis [17,18,28], has been established. However, the effect of its blockade on TNBC is still to be
elucidated. Therefore, it is vital to understand the underlying mechanisms by which anti-PD-L1 mAb
exerts its effects, and the signaling pathways it regulates to induce anti-tumor responses in TNBC.

For a signal transduction, an interaction between ligand and receptor is usually required.
In this study, we suggest that atezolizumab can alter the transcription profile of TNBC cells,
MDA-MB-231, independently of the PD-1/PD-L1 interaction. Our findings could imply that the
changes in MDA-MB-231 transcriptome in response to atezolizumab treatment are not due to a change
in PD-L1 expression. However, this could occur as a result of an altered PD-L1 protein structure [38].
Consistent with this, our recent work showed that atezolizumab treatment alters the structure of PD-L1
on MDA-MB-231 cells by inducing a transition from a random coil and α-helical structure to β-sheet
conformation [39]. Independently of the PD-1/PD-L1 signaling pathway, the intracytoplasmic domain
of PD-L1 was shown to be functional [16,40,41], therefore, alterations in PD-L1 protein structure by
atezolizumab might have a negative impact on its function.

We showed that the blockade of PD-L1 in MDA-MB-231 downregulates genes and signaling
pathways associated with tumor aggressiveness, which is consistent with other findings demonstrating
the direct role of PD-L1 in promoting tumor cell proliferation and survival [42,43]. We found 62
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genes to be differentially regulated in MDA-MB-231 cells upon atezolizumab treatment. A large
proportion of the downregulated genes were related to EMT, cell migration/invasion and metastasis,
cell proliferation/growth, and anti-apoptosis. In support of this, the relationship between PD-L1
expression and EMT induction was previously shown in esophageal squamous cell carcinoma
(ESCC) [20] and in gastric and pancreatic cancer [21]. The knockdown of PD-L1, using short interfering
RNA, in esophageal cancer cell lines was shown to be effective in reducing EMT [20]. Unlike these cancer
cell lines [20], the inhibition of PD-L1 in MDA-MB-231 did not affect the snail/vimentin-induced EMT
pathway. This suggests that PD-L1 can regulate different pathways to induce EMT and tumor invasion
in a manner that could be specific to tumor type. Thar Min et al. showed that EMT-converted tumor
cells (esophageal cancer cell lines) expressing high levels of PD-L1 are able to induce T cell apoptosis
using co-culture systems [37]. Other studies showed that PD-L1 can act as a pro-survival factor for
tumor cells and protect tumor cells from apoptotic signals induced by T cells, cytokine-induced killer
cells (CIK) therapy, chemotherapy, or radiotherapy [6,16,43].

The increase in PD-L1 expression has been reported in various types of cancer cell lines in
response to DNA double-strand break (DBS) [44] or DNA damage induced by ionizing radiation and
cisplatin [18]. It was reported that PD-L1 expression is regulated by Rad3-related (ATR) kinase, and that
the inhibition of ATR downregulates PD-L1 and increases the sensitivity of MDA-MB-231 cells to
cytotoxic T cells, killing using co-culture systems [18]. Combining the latter finding with our RNA-Seq
data, which indicate that the blockade of PD-L1 upregulates genes associated with DNA repair, such as
MEN1 [29] and RNASEH1 [30], suggests the involvement of atezolizumab in regulating DNA damage
response/genomic instability and telomere integrity in cancer cells. In addition, MEN1 could act
as a tumor suppressor gene by regulating the mTOR signaling pathway (a pathway that has been
implicated in cancer progression [45]) to restore CD8+ T cell activity and function [46]. Our RNA-Seq
data analyses showed that atezolizumab significantly downregulates genes related to hypoxia. The role
of hypoxia or hypoxic stress within the tumor microenvironment (TME) has been established in cancer
progression—hypoxia leads to epigenetic modification, genomic instability, altered metabolism, tumor
plasticity/heterogeneity and metastasis, EMT, immunosuppression, and anti-tumor immune system
evasion [47]. In support of this, our IPA analysis showed that the sirtuin signaling pathway, a pathway
which has been implicated in metabolism, genomic instability, and epigenetic modification [48,49],
was downregulated upon atezolizumab treatment. On these bases, we conclude that the negative
regulation of hypoxia/hypoxic stress could be one of the mechanisms by which atezolizumab exerts
an anti-tumor effect in TNBC, suggesting a therapeutic potential for targeting PD-L1 in regulating
DNA damage.

Data from our URA analyses pointed out that PD-L1 function is related to several functional
regulatory networks and signaling pathways. Of interest, our analyses indicated that Akt signaling
could act upstream of MMP9 gene expression, and that the IL1β signaling pathway could act upstream
of the CD40 and NF-kB signaling pathways. The association between the CD40 and NF-kB signaling
pathways and PD-L1 function was highlighted by the downregulation of genes encoding components
of CD40 and NF-kB signaling pathways following atezolizumab treatment. The functions of these
genes, namely CD40 [50], MAP2K6 [51], TRAF5 [52], PI3K2R [53], have been reported in enhancing
cell proliferation and tumor growth/metastasis. Therefore, these findings highlight the relationship
between PD-L1 and the NF-kB, PI3K/Akt, MAPK and CD40 signaling pathways. These pathways
are interrelated and share common downstream mediators, for example, the cross-talk between
the PI3K/Akt and NF-kB signaling pathways has been implicated in lymphoma progression by
enhancing anti-apoptosis and promoting tumor growth and cell proliferation [54,55]. In addition,
the role of the MAPK signaling pathway in promoting EMT, cancer cell growth and migration,
and anti-apoptosis is well-established [51,56]. Collectively, these data show the involvement of
PD-L1 in regulating these signaling pathways and their associated cellular and molecular events.
In addition, our functional results confirm the RNA-Seq data and showed that atezolizumab increases
necrosis/apoptosis, and reduces the proliferation and viability of MDA-MB-231 cells.
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4. Materials and Methods

4.1. Cell Culture

Human TNBC cell lines, MDA-MB-231 and MDA-MB-468, from American Type Culture Collection
(ATCC, Gaithersburg, MD, USA) were authenticated by Short Tandem Repeat (STR) Fingerprinting
at the Regional Facility for DNA Fingerprinting, Rajiv Gandhi Centre for Biotechnology, India.
Cells were maintained in RPMI-1640 medium (Life Technologies, New York, NY, USA), supplemented
with 10% fetal calf serum (FCS) (Hyclone, GE Healthcare Life Sciences, Logan, UT, USA) and 1%
Penicillin/Streptomycin (Hyclone) in a humidified incubator at 37 ◦C in 5% CO2. A total of 1 × 106 cells
per well were plated in a 12-well tissue culture-treated plate. Cells were cultured untreated or treated
with 0.5 µg/mL of human IgG1 (isotype control, Sigma-Aldrich, St. Louis, MO, USA) or anti-PD-L1
mAb (atezolizumab, BioVision Inc., Milpitas, CA, USA). Cells were harvested at 24 h post-treatment
for cell surface staining, and for RNA and protein extraction.

4.2. Flow Cytometry

Flow cytometric analysis was used to determine the cell surface expression of PD-L1 on the
MDA-MB-231 cell line following atezolizumab treatment. Cells were trypsinized with 0.25% trypsin
(Life Technologies) and collected in a complete medium. Cells were washed in phosphate-buffered
saline (PBS), re-suspended, and stained with anti-PD-L1-Allophycocyanin (APC) (Clone MIH1;
BD Pharmingen, San Diego, CA, USA) and cell viability dye 7-AAD (BioLegend, San Diego, CA,
USA) for 30 min. Cells were washed in staining buffer (PBS with 2% FCS and 0.1% sodium azide),
and re-suspended in flow cytometry (FACS) staining buffer (eBioscience, San Diego, CA, USA).
Data were acquired by a BD LSRFortessa X-20 flow cytometer (BD Biosciences, San Jose, CA, USA),
and analyzed by FlowJo v.10.0 software (Tree Star, Ashland, OR, USA).

4.3. Western Blot

MDA-MB-231 cells, non-treated or treated with atezolizumab, were lysed with 1× RIPA lysis
buffer (Thermo Fisher Scientific, Waltham, MA, USA) containing proteinase inhibitor (Sigma-Aldrich)
for 1 h on ice, with a vigorous vortexing every 10 min. Lysates were then centrifuged at 14,000 rpm at
4 ◦C for 15 min. Supernatant was collected and protein concentration was quantified using the PierceTM

BCA Protein Assay Kit (Thermo Fisher Scientific). An equal amount of protein sample was loaded
into NuPAGE 4–12% of Bis-Tris gel (Life Technologies Corporation, Carlsbad, CA, USA), separated
by SDS-PAGE at 110 V for 1 h, and transferred onto nitrocellulose membranes (0.45 µm; Amersham
Biosciences, Little Chalfont, UK). Membranes were blocked in 5% skim dry milk (Sigma-Aldrich)
in 1× Tris-buffered saline with 0.1% Tween 20 detergent (TBST) buffer (Sigma-Aldrich) for 1 h at
room temperature. Following three washes with 1× TBST, membranes were incubated with primary
antibodies (1:1000 dilution), including anti-β-actin and anti-PD-L1 (Cell Signaling Technology, Danvers,
MA, USA), in 5% skim dry milk with 1× TBST buffer for overnight at 4 ◦C. Following three washes
with 1× TBST, membranes were incubated with an HRP-conjugated anti-rabbit secondary antibody
(Abcam, 1:15,000 dilution) for 1 h at room temperature. Bands were visualized using the SuperSignalTM

West Pico PLUS Chemiluminescent Substrate Kit (Thermo Fisher Scientific). Blot images were
acquired by Molecular Imager® ChemiDocTM XRS+ with image LabTM Software (Bio-rad, Hercules,
CA, USA). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used for the
densitometric analysis.

4.4. RNA Extraction and Reverse Transcription

Total RNA was extracted and purified from MDA-MB-231 cells, non-treated and treated, using
the Monrach Total RNA Miniprep Kit (New England Biolabs, Ipswich, MA, USA). RNA concentration
and purity were determined by NanoDrop 2000c spectrometer (Thermo Fisher Scientific). RNA was
reverse transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany).
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4.5. Real-Time Quantitative Reverse Transcriptase Polymerase Chain Reaction

The real-time RT-qPCR was performed using QuantStudio 6/7 Flex Real-time PCR system (Applied
Biosystems, California, USA) for β-ACTIN, PD-L1, NFKBIB, COMMD6, BTG2, RNF122, NBL1, ICAM3,
TRAF5, SNAI1, VIM, and CDH1 (Integrated DNA Technologies, Inc., Coralville, IA, USA) with PowerUp
SYBR Green Master Mix (Applied Biosystems). All samples were assayed in duplicate. Quantification
of relative gene expression was determined, using 2−∆∆CT, and normalized to β-actin. Sequences for
the primers are shown in Table 1.

Table 1. Primer sequences for the RT-qPCR.

Primer Sequence

PD-L1
Forward, 5′- TGGCATTTGCTGAACGCATTT -3′

Reverse, 5′- TGCAGCCAGGTCTAATTGTTTT -3′

NFKBIB
Forward, 5′- CGACACCTACCTCGCTCAG -3′

Reverse, 5′- GTCGGAATCGGGGTACAAGG -3′

COMMD6
Forward, 5′- GGAAACTGGGTATGGCTGTGA -3′

Reverse, 5′- TGTGGAATCGTCATTTCAAAGCA -3′

BTG2
Forward, 5′- ACGGGAAGGGAACCGACAT-3′

Reverse, 5′- CAGTGGTGTTTGTAGTGCTCTG -3′

RNF122
Forward, 5′- ATTCCAGTGGTGTAACGGGTG -3′

Reverse, 5′- CCTGTGCCGAAGATGACCATA -3′

NBL1
Forward, 5′- CATGTGGGAGATTGTGACGCT-3′

Reverse, 5′- CCTCGTGACTAGGCTCCTTG -3′

ICAM3
Forward, 5′- GGAGTTCCTTTTGCGGGTG -3′

Reverse, 5′- TCAGAGCTGGGACAATCAGTA -3′

TRAF5
Forward, 5′- CCACTCGGTGCTTCACAAC -3′

Reverse, 5′- GTACCGGCCCAGAATAACCT -3′

SNAI1
Forward, 5′-TCGGAAGCCTAACTACAGCGA -3′

Reverse, 5′- AGATGAGCATTGGCAGCGAG -3′

VIM
Forward, 5′- GACGCCATCAACACCGAGTT-3′

Reverse, 5′- CTTTGTCGTTGGTTAGCTGGT-3′

CDH1
Forward, 5′- CGAGAGCTACACGTTCACGG -3′

Reverse, 5′- GGGTGTCGAGGGAAAAATAGG -3′

β-ACTIN
Forward, 5′- AGAGCTACGAGCTGCCTGAC -3′

Reverse, 5′- AGCACTGTGTTGGCGTACAG -3′

4.6. RNA Library Preparation and RNA-Seq

The quality of RNA was evaluated by the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA) with the RNA 6000 Nano LabChip Kit. Samples with RNA integrity number (RIN)
greater than 7 were used for library preparation. RNA was quantified by Qubit fluorometer and the
Qubit RNA broad range (BR) assay Kit (Thermo Fisher Scientific). For library preparation, 100 ng
of RNA and Illumina® TruSeq Stranded RNA Library Preparation Kit (Illumina, Foster City, CA,
USA) were used. Briefly, RNA was purified using poly-oligo beads, and fragmented into small pieces
under high temperature by divalent cation. Using random hexamers, fragments of RNA were reverse
transcribed to first-stranded cDNA. The second strand of cDNA was synthesized by incorporating
dUTP instead of dTTP. The adaptors were then ligated to the double-stranded cDNA, followed by a
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single “A” nucleotide adenylation at 3′ end of blunt fragments. The Qubit dsDNA high sensitivity
(HS) assay kit (Thermo Fisher Scientific) was used to determine the yield of DNA libraries, and Agilent
2100 Bioanalyzer DNA1000 chip (Agilent Technologies) was used to determine the size distribution of
the DNA libraries. The clusters were generated by cBot, and sequencing was done on a HiSeq 4000
system with 300 bp paired-end, using the HiSeq 3000/4000 SBS Kit (Illumina).

4.7. RNA-Seq Analysis

Paired-end reads were aligned to the hg19 human reference genome in CLC Genomics Workbench
12 (Qiagen). The abundance of transcripts was expressed as a score of TPM (transcripts per million),
and mapped reads in CLC Genomics Workbench 12. Abundance data were subsequently subjected to
differential gene expression and clustering analyses using 2.0-fold change and a <0.05 p-value cut-off.

4.8. Gene Set Enrichment Analyses and Modeling of Gene Interaction

Differentially-expressed genes were imported into the Ingenuity Pathways Analysis (IPA) Software
(Ingenuity Systems Inc., New York, NY, USA). Functional regulatory networks and canonical pathways
were determined using upstream regulator analysis (URA), downstream effects analysis (DEA),
mechanistic networks (MN), and casual network analysis (CNA) prediction algorithms. IPA uses
precise database to paradigm functional regulatory networks from a list of individual genes and
determines a statistical score, the Z-score, for each network, according to the fit of the network to the
set of focus genes. The biological functions assigned to each network are ranked according to the
significance of that biological function to the network [57,58].

4.9. Death/Apoptosis Assay

MDA-MB-231 cells, non-treated and treated with 0.5 µg/mL of human IgG1 isotype control or
atezolizumab, were cultured in 48-well tissue culture-treated plates (0.25 × 106 cells per well) for five
days. Cells were collected and washed in cold staining buffer, and stained with Annexin V- Fluorescein
isothiocyanate (FITC)and 7-AAD according to the manufacturer’s protocol (Biolegend). Apoptotic and
necrotic cells were determined by flow cytometry. Data were acquired by BD LSRFortessa X-20 flow
cytometer (BD Biosciences), and analyzed by FlowJo v.10.0 software (Tree Star).

4.10. BrdU Cell Proliferation Assay

To examine the effect of atezolizumab on MDA-MB-231 cell proliferation, a BrdU cell proliferation
chemiluminescent assay kit was utilized (Cell Signaling Technology). This assay detects BrdU
incorporation into cellular DNA during cell proliferation. On day 0, MDA-MB-231 cells, non-treated
and treated with 0.5 µg/mL of human IgG1 isotype control or atezolizumab, were cultured for five days
in a black 96-well tissue culture-treated plate (3000 cells per well). Then BrdU assay was performed
according to the manufacture’s protocol. The quantity of BrdU incorporation into cellular DNA was
determined by a plate-based luminometer to measure the relative light units (RLU) at 425 nM (Promega
Corporation, Madison, WI, USA). Results are expressed as a fold of change in BrdU incorporation.

4.11. MTT Cell Viability Assay

The MTT assay was used to examine the cytotoxic effect of atezolizumab on MDA-MB-231 cells.
On day 1, MDA-MB-231 cells were plated at a concentration of 0.1× 105 in a 96-well plate and incubated
at 37 ◦C overnight to allow cell adherence. The following day (day 0), MDA-MB-231 cells were treated
with or without 0.5 µg/mL of human IgG1 isotype control or atezolizumab. MTT absorbance was
measured on day 0 (before treatment), day 1 (after one dose of Ab), and day 3 (after three doses of
Ab). At each time point, 10 µL of MTT (Sigma-Aldrich) per well was added to 100 µL of cell culture
medium, followed by a 3 h incubation period. The culture medium was removed and 100 µL of
dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added per well. MTT absorbance was measured by a
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NanoQuant Plate™ reader (TECAN, Männedorf, Switzerland) at 565 nM, using the Microplate reader
software i-control™ (TECAN). High absorbance values are positively correlated with cell viability.

4.12. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 8.0 software (GraphPad
Software, Inc., San Diego, CA, USA). Normality was checked using the Shapiro–Wilk normality test,
and a paired t-test was used to determine statistical significance. The p-values are represented as the
following: ** p < 0.01, * p < 0.05. A p-value of >0.05 was considered statistically non-significant. Data
are represented as mean ± standard error of the mean (SEM).

5. Conclusions

We elucidated some interesting molecular mechanisms and signaling pathways regulated by
atezolizumab in the highly aggressive TNBC cell line. We showed that atezolizumab alters the function
and expression profile for MDA-MB-231 cells to limit their proliferative capacity, restrict EMT/metastasis,
reduce the induction of hypoxia, and promote DNA repair. Using functional assays, we confirmed that
atezolizumab induces cell death/apoptosis and reduces the proliferation of MDA-MB-231 cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1050/s1,
Figure S1: Detailed information of protein expression analysis by Western blot, Figure S2: KEGG pathway analysis
of upregulated genes in MDA-MB-231 treated cells showing the effect of atezolizumab on genes involved in
P53 pathway.

Author Contributions: R.S.; Methodology, Formal analysis, Investigation, Writing the original draft. R.Z.T.;
Methodology, Investigation, Formal analysis, Validation. V.S.N.; Methodology, Investigation, Validation,
Reviewing & editing. N.M.A.; Methodology, Formal analysis, Reviewing & editing. E.E.; Conceptualization,
Project administration, Supervision, Funding acquisition, Visualization, Reviewing & editing.

Funding: This research was funded by Qatar Biomedical Research Institute, Qatar Foundation, grant number: VR04.

Acknowledgments: This work was supported by a start-up grant [VR04] for Eyad Elkord from Qatar Biomedical
Research Institute, Qatar Foundation. We would like to thank the Genomics Core Facility, Qatar Biomedical
Research Institute for performing the RNA-Seq.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
[PubMed]

2. Dent, R.; Trudeau, M.; Pritchard, K.I.; Hanna, W.M.; Kahn, H.K.; Sawka, C.A.; Lickley, L.A.; Rawlinson, E.;
Sun, P.; Narod, S.A. Triple-negative breast cancer: Clinical features and patterns of recurrence. Clin. Cancer
Res. 2007, 13, 4429–4434. [CrossRef] [PubMed]

3. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification
of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies.
J. Clin. Investig. 2011, 121, 2750–2767. [CrossRef]

4. Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.;
Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer.
N. Engl. J. Med. 2015, 373, 1627–1639. [CrossRef]

5. Choueiri, T.K.; Fishman, M.N.; Escudier, B.; McDermott, D.F.; Drake, C.G.; Kluger, H.; Stadler, W.M.;
Perez-Gracia, J.L.; McNeel, D.G.; Curti, B.; et al. Immunomodulatory Activity of Nivolumab in Metastatic
Renal Cell Carcinoma. Clin. Cancer Res. 2016, 22, 5461–5471. [CrossRef] [PubMed]

6. Huang, R.; Cui, Y.; Guo, Y. Programmed Cell Death Protein-1 Predicts the Recurrence of Breast Cancer in
Patients Subjected to Radiotherapy After Breast-Preserving Surgery. Technol. Cancer Res. Treat. 2018, 17,
1533033818793425. [CrossRef]

7. Seidel, J.A.; Otsuka, A.; Kabashima, K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of
Action, Efficacy, and Limitations. Front. Oncol. 2018, 8, 86. [CrossRef]

http://www.mdpi.com/2072-6694/11/8/1050/s1
http://dx.doi.org/10.3322/caac.21551
http://www.ncbi.nlm.nih.gov/pubmed/30620402
http://dx.doi.org/10.1158/1078-0432.CCR-06-3045
http://www.ncbi.nlm.nih.gov/pubmed/17671126
http://dx.doi.org/10.1172/JCI45014
http://dx.doi.org/10.1056/NEJMoa1507643
http://dx.doi.org/10.1158/1078-0432.CCR-15-2839
http://www.ncbi.nlm.nih.gov/pubmed/27169994
http://dx.doi.org/10.1177/1533033818793425
http://dx.doi.org/10.3389/fonc.2018.00086


Cancers 2019, 11, 1050 15 of 17

8. Wang, W.; Lau, R.; Yu, D.; Zhu, W.; Korman, A.; Weber, J. PD1 blockade reverses the suppression of melanoma
antigen-specific CTL by CD4+ CD25(Hi) regulatory T cells. Int. Immunol. 2009, 21, 1065–1077. [CrossRef]
[PubMed]

9. Vikas, P.; Borcherding, N.; Zhang, W. The clinical promise of immunotherapy in triple-negative breast cancer.
Cancer Manag. Res. 2018, 10, 6823–6833. [CrossRef]

10. Sasidharan Nair, V.; Elkord, E. Immune checkpoint inhibitors in cancer therapy: A focus on T-regulatory
cells. Immunol. Cell Biol. 2018, 96, 21–33. [CrossRef]

11. Iwai, Y.; Ishida, M.; Tanaka, Y.; Okazaki, T.; Honjo, T.; Minato, N. Involvement of PD-L1 on tumor cells in the
escape from host immune system and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. USA
2002, 99, 12293–12297. [CrossRef] [PubMed]

12. Huang, G.; Sun, X.; Liu, D.; Zhang, Y.; Zhang, B.; Xiao, G.; Li, X.; Gao, X.; Hu, C.; Wang, M.; et al. The
efficacy and safety of anti-PD-1/PD-L1 antibody therapy versus docetaxel for pretreated advanced NSCLC:
A meta-analysis. Oncotarget 2018, 9, 4239–4248. [CrossRef] [PubMed]

13. Kothapalli, A.; Khattak, M.A. Safety and efficacy of anti-PD-1 therapy for metastatic melanoma and
non-small-cell lung cancer in patients with viral hepatitis: A case series. Melanoma Res. 2018, 28, 155–158.
[CrossRef]

14. Chen, G.; Huang, A.C.; Zhang, W.; Zhang, G.; Wu, M.; Xu, W.; Yu, Z.; Yang, J.; Wang, B.; Sun, H.; et al.
Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature 2018,
560, 382–386. [CrossRef] [PubMed]

15. Dosset, M.; Vargas, T.R.; Lagrange, A.; Boidot, R.; Vegran, F.; Roussey, A.; Chalmin, F.; Dondaine, L.;
Paul, C.; Lauret Marie-Joseph, E.; et al. PD-1/PD-L1 pathway: An adaptive immune resistance mechanism to
immunogenic chemotherapy in colorectal cancer. Oncoimmunology 2018, 7, e1433981. [CrossRef]

16. Azuma, T.; Yao, S.; Zhu, G.; Flies, A.S.; Flies, S.J.; Chen, L. B7-H1 is a ubiquitous antiapoptotic receptor on
cancer cells. Blood 2008, 111, 3635–3643. [CrossRef]

17. Black, M.; Barsoum, I.B.; Truesdell, P.; Cotechini, T.; Macdonald-Goodfellow, S.K.; Petroff, M.; Siemens, D.R.;
Koti, M.; Craig, A.W.; Graham, C.H. Activation of the PD-1/PD-L1 immune checkpoint confers tumor cell
chemoresistance associated with increased metastasis. Oncotarget 2016, 7, 10557–10567. [CrossRef] [PubMed]

18. Sun, L.L.; Yang, R.Y.; Li, C.W.; Chen, M.K.; Shao, B.; Hsu, J.M.; Chan, L.C.; Yang, Y.; Hsu, J.L.; Lai, Y.J.; et al.
Inhibition of ATR downregulates PD-L1 and sensitizes tumor cells to T cell-mediated killing. Am. J. Cancer
Res. 2018, 8, 1307–1316.

19. Darvin, P.; Sasidharan Nair, V.; Elkord, E. PD-L1 Expression in Human Breast Cancer Stem Cells Is
Epigenetically Regulated through Posttranslational Histone Modifications. J. Oncol. 2019, 2019, 3958908.
[CrossRef]

20. Chen, L.; Xiong, Y.; Li, J.; Zheng, X.; Zhou, Q.; Turner, A.; Wu, C.; Lu, B.; Jiang, J. PD-L1 Expression
Promotes Epithelial to Mesenchymal Transition in Human Esophageal Cancer. Cell Physiol. Biochem. 2017,
42, 2267–2280. [CrossRef]

21. Wang, X.; Teng, F.; Kong, L.; Yu, J. PD-L1 expression in human cancers and its association with clinical
outcomes. Onco. Targets Ther. 2016, 9, 5023–5039. [CrossRef] [PubMed]

22. Muenst, S.; Schaerli, A.R.; Gao, F.; Daster, S.; Trella, E.; Droeser, R.A.; Muraro, M.G.; Zajac, P.; Zanetti, R.;
Gillanders, W.E.; et al. Expression of programmed death ligand 1 (PD-L1) is associated with poor prognosis
in human breast cancer. Breast Cancer Res. Treat. 2014, 146, 15–24. [CrossRef] [PubMed]

23. Mittendorf, E.A.; Philips, A.V.; Meric-Bernstam, F.; Qiao, N.; Wu, Y.; Harrington, S.; Su, X.; Wang, Y.;
Gonzalez-Angulo, A.M.; Akcakanat, A.; et al. PD-L1 expression in triple-negative breast cancer. Cancer
Immunol. Res. 2014, 2, 361–370. [CrossRef] [PubMed]

24. Barrett, M.T.; Lenkiewicz, E.; Malasi, S.; Basu, A.; Yearley, J.H.; Annamalai, L.; McCullough, A.E.;
Kosiorek, H.E.; Narang, P.; Wilson Sayres, M.A.; et al. The association of genomic lesions and PD-1/PD-L1
expression in resected triple-negative breast cancers. Breast Cancer Res. 2018, 20, 71. [CrossRef] [PubMed]

25. Dill, E.A.; Gru, A.A.; Atkins, K.A.; Friedman, L.A.; Moore, M.E.; Bullock, T.N.; Cross, J.V.; Dillon, P.M.;
Mills, A.M. PD-L1 Expression and Intratumoral Heterogeneity Across Breast Cancer Subtypes and Stages:
An Assessment of 245 Primary and 40 Metastatic Tumors. Am. J. Surg. Pathol. 2017, 41, 334–342. [CrossRef]
[PubMed]

26. Solinas, C.; Gombos, A.; Latifyan, S.; Piccart-Gebhart, M.; Kok, M.; Buisseret, L. Targeting immune checkpoints
in breast cancer: An update of early results. ESMO Open 2017, 2, e000255. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/intimm/dxp072
http://www.ncbi.nlm.nih.gov/pubmed/19651643
http://dx.doi.org/10.2147/CMAR.S185176
http://dx.doi.org/10.1111/imcb.1003
http://dx.doi.org/10.1073/pnas.192461099
http://www.ncbi.nlm.nih.gov/pubmed/12218188
http://dx.doi.org/10.18632/oncotarget.23279
http://www.ncbi.nlm.nih.gov/pubmed/29423118
http://dx.doi.org/10.1097/CMR.0000000000000434
http://dx.doi.org/10.1038/s41586-018-0392-8
http://www.ncbi.nlm.nih.gov/pubmed/30089911
http://dx.doi.org/10.1080/2162402X.2018.1433981
http://dx.doi.org/10.1182/blood-2007-11-123141
http://dx.doi.org/10.18632/oncotarget.7235
http://www.ncbi.nlm.nih.gov/pubmed/26859684
http://dx.doi.org/10.1155/2019/3958908
http://dx.doi.org/10.1159/000480000
http://dx.doi.org/10.2147/OTT.S105862
http://www.ncbi.nlm.nih.gov/pubmed/27574444
http://dx.doi.org/10.1007/s10549-014-2988-5
http://www.ncbi.nlm.nih.gov/pubmed/24842267
http://dx.doi.org/10.1158/2326-6066.CIR-13-0127
http://www.ncbi.nlm.nih.gov/pubmed/24764583
http://dx.doi.org/10.1186/s13058-018-1004-0
http://www.ncbi.nlm.nih.gov/pubmed/29996881
http://dx.doi.org/10.1097/PAS.0000000000000780
http://www.ncbi.nlm.nih.gov/pubmed/28195880
http://dx.doi.org/10.1136/esmoopen-2017-000255
http://www.ncbi.nlm.nih.gov/pubmed/29177095


Cancers 2019, 11, 1050 16 of 17

27. Sasidharan Nair, V.; Toor, S.M.; Ali, B.R.; Elkord, E. Dual inhibition of STAT1 and STAT3 activation
downregulates expression of PD-L1 in human breast cancer cells. Expert Opin. Ther. Targets 2018, 22, 547–557.
[CrossRef] [PubMed]

28. Soliman, H.; Khalil, F.; Antonia, S. PD-L1 expression is increased in a subset of basal type breast cancer cells.
PLoS ONE 2014, 9, e88557. [CrossRef]

29. Francis, J.; Lin, W.; Rozenblatt-Rosen, O.; Meyerson, M. The menin tumor suppressor protein is
phosphorylated in response to DNA damage. PLoS ONE 2011, 6, e16119. [CrossRef]

30. Arora, R.; Lee, Y.; Wischnewski, H.; Brun, C.M.; Schwarz, T.; Azzalin, C.M. RNaseH1 regulates
TERRA-telomeric DNA hybrids and telomere maintenance in ALT tumour cells. Nat. Commun. 2014, 5, 5220.
[CrossRef]

31. Nitulescu, G.M.; Van De Venter, M.; Nitulescu, G.; Ungurianu, A.; Juzenas, P.; Peng, Q.; Olaru, O.T.;
Gradinaru, D.; Tsatsakis, A.; Tsoukalas, D.; et al. The Akt pathway in oncology therapy and beyond (Review).
Int. J. Oncol. 2018, 53, 2319–2331. [CrossRef] [PubMed]

32. Molina-Cerrillo, J.; Alonso-Gordoa, T.; Gajate, P.; Grande, E. Bruton’s tyrosine kinase (BTK) as a promising
target in solid tumors. Cancer Treat. Rev. 2017, 58, 41–50. [CrossRef] [PubMed]

33. Dahiya, N.; Becker, K.G.; Wood, W.H.; Zhang, Y.; Morin, P.J. Claudin-7 is frequently overexpressed in ovarian
cancer and promotes invasion. PLoS ONE 2011, 6, e22119. [CrossRef] [PubMed]

34. Li, Z.; Xu, X.; Bai, L.; Chen, W.; Lin, Y. Epidermal growth factor receptor-mediated tissue transglutaminase
overexpression couples acquired tumor necrosis factor-related apoptosis-inducing ligand resistance and
migration through c-FLIP and MMP-9 proteins in lung cancer cells. J. Biol. Chem. 2011, 286, 21164–21172.
[CrossRef] [PubMed]

35. Mon, N.N.; Senga, T.; Ito, S. Interleukin-1beta activates focal adhesion kinase and Src to induce matrix
metalloproteinase-9 production and invasion of MCF-7 breast cancer cells. Oncol. Lett. 2017, 13, 955–960.
[CrossRef]

36. Tulotta, C.; Ottewell, P. The role of IL-1B in breast cancer bone metastasis. Endocr. Relat. Cancer 2018, 25,
421–434. [CrossRef] [PubMed]

37. Thar Min, A.K.; Okayama, H.; Saito, M.; Ashizawa, M.; Aoto, K.; Nakajima, T.; Saito, K.; Hayase, S.;
Sakamoto, W.; Tada, T.; et al. Epithelial-mesenchymal transition-converted tumor cells can induce T-cell
apoptosis through upregulation of programmed death ligand 1 expression in esophageal squamous cell
carcinoma. Cancer Med. 2018. [CrossRef]

38. Lee, H.T.; Lee, J.Y.; Lim, H.; Lee, S.H.; Moon, Y.J.; Pyo, H.J.; Ryu, S.E.; Shin, W.; Heo, Y.S. Molecular mechanism
of PD-1/PD-L1 blockade via anti-PD-L1 antibodies atezolizumab and durvalumab. Sci. Rep. 2017, 7, 5532.
[CrossRef]

39. Ali, M.H.M.; Toor, S.M.; Rakib, F.; Mall, R.; Mroue, K.; Ullah, E.; Al-Saad, K.; Kolatkar, P.R.; Elkord, E.
Investigation of the effect of PD-L1 blockade on triple negative breast cancer cells using Fourier Transform
Infrared Spectroscopy. In Vaccines 2019. (under review).

40. Clark, C.A.; Gupta, H.B.; Sareddy, G.; Pandeswara, S.; Lao, S.; Yuan, B.; Drerup, J.M.; Padron, A.;
Conejo-Garcia, J.; Murthy, K.; et al. Tumor-Intrinsic PD-L1 Signals Regulate Cell Growth, Pathogenesis, and
Autophagy in Ovarian Cancer and Melanoma. Cancer Res. 2016, 76, 6964–6974. [CrossRef]

41. Palmer, C.S.; Ostrowski, M.; Balderson, B.; Christian, N.; Crowe, S.M. Glucose metabolism regulates T cell
activation, differentiation, and functions. Front. Immunol. 2015, 6, 1. [CrossRef] [PubMed]

42. Escors, D.; Gato-Canas, M.; Zuazo, M.; Arasanz, H.; Garcia-Granda, M.J.; Vera, R.; Kochan, G. The intracellular
signalosome of PD-L1 in cancer cells. Signal Transduct. Target. Ther. 2018, 3, 26. [CrossRef] [PubMed]

43. Li, J.; Chen, L.; Xiong, Y.; Zheng, X.; Xie, Q.; Zhou, Q.; Shi, L.; Wu, C.; Jiang, J.; Wang, H. Knockdown of
PD-L1 in Human Gastric Cancer Cells Inhibits Tumor Progression and Improves the Cytotoxic Sensitivity to
CIK Therapy. Cell Physiol. Biochem. 2017, 41, 907–920. [CrossRef] [PubMed]

44. Sato, H.; Niimi, A.; Yasuhara, T.; Permata, T.B.M.; Hagiwara, Y.; Isono, M.; Nuryadi, E.; Sekine, R.; Oike, T.;
Kakoti, S.; et al. DNA double-strand break repair pathway regulates PD-L1 expression in cancer cells. Nat.
Commun. 2017, 8, 1751. [CrossRef] [PubMed]

45. Conciatori, F.; Bazzichetto, C.; Falcone, I.; Pilotto, S.; Bria, E.; Cognetti, F.; Milella, M.; Ciuffreda, L. Role of
mTOR Signaling in Tumor Microenvironment: An Overview. Int. J. Mol. Sci. 2018, 19, 2453. [CrossRef]
[PubMed]

http://dx.doi.org/10.1080/14728222.2018.1471137
http://www.ncbi.nlm.nih.gov/pubmed/29702007
http://dx.doi.org/10.1371/journal.pone.0088557
http://dx.doi.org/10.1371/journal.pone.0016119
http://dx.doi.org/10.1038/ncomms6220
http://dx.doi.org/10.3892/ijo.2018.4597
http://www.ncbi.nlm.nih.gov/pubmed/30334567
http://dx.doi.org/10.1016/j.ctrv.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28641100
http://dx.doi.org/10.1371/journal.pone.0022119
http://www.ncbi.nlm.nih.gov/pubmed/21789222
http://dx.doi.org/10.1074/jbc.M110.207571
http://www.ncbi.nlm.nih.gov/pubmed/21525012
http://dx.doi.org/10.3892/ol.2016.5521
http://dx.doi.org/10.1530/ERC-17-0309
http://www.ncbi.nlm.nih.gov/pubmed/29760166
http://dx.doi.org/10.1002/cam4.1564
http://dx.doi.org/10.1038/s41598-017-06002-8
http://dx.doi.org/10.1158/0008-5472.CAN-16-0258
http://dx.doi.org/10.3389/fimmu.2015.00001
http://www.ncbi.nlm.nih.gov/pubmed/25657648
http://dx.doi.org/10.1038/s41392-018-0022-9
http://www.ncbi.nlm.nih.gov/pubmed/30275987
http://dx.doi.org/10.1159/000460504
http://www.ncbi.nlm.nih.gov/pubmed/28222426
http://dx.doi.org/10.1038/s41467-017-01883-9
http://www.ncbi.nlm.nih.gov/pubmed/29170499
http://dx.doi.org/10.3390/ijms19082453
http://www.ncbi.nlm.nih.gov/pubmed/30126252


Cancers 2019, 11, 1050 17 of 17

46. Suzuki, J.; Yamada, T.; Inoue, K.; Nabe, S.; Kuwahara, M.; Takemori, N.; Takemori, A.; Matsuda, S.;
Kanoh, M.; Imai, Y.; et al. The tumor suppressor menin prevents effector CD8 T-cell dysfunction by targeting
mTORC1-dependent metabolic activation. Nat. Commun. 2018, 9, 3296. [CrossRef] [PubMed]

47. Terry, S.; Faouzi Zaarour, R.; Hassan Venkatesh, G.; Francis, A.; El-Sayed, W.; Buart, S.; Bravo, P.; Thiery, J.;
Chouaib, S. Role of Hypoxic Stress in Regulating Tumor Immunogenicity, Resistance and Plasticity. Int. J.
Mol. Sci. 2018, 19, 3044. [CrossRef] [PubMed]

48. Verdin, E.; Hirschey, M.D.; Finley, L.W.; Haigis, M.C. Sirtuin regulation of mitochondria: Energy production,
apoptosis, and signaling. Trends Biochem. Sci. 2010, 35, 669–675. [CrossRef] [PubMed]

49. Bonda, D.J.; Lee, H.G.; Camins, A.; Pallas, M.; Casadesus, G.; Smith, M.A.; Zhu, X. The sirtuin pathway in
ageing and Alzheimer disease: Mechanistic and therapeutic considerations. Lancet Neurol. 2011, 10, 275–279.
[CrossRef]

50. Kim, H.; Kim, Y.; Bae, S.; Kong, J.M.; Choi, J.; Jang, M.; Choi, J.; Hong, J.M.; Hwang, Y.I.; Kang, J.S.; et al.
Direct Interaction of CD40 on Tumor Cells with CD40L on T Cells Increases the Proliferation of Tumor Cells
by Enhancing TGF-beta Production and Th17 Differentiation. PLoS ONE 2015, 10, e0125742. [CrossRef]

51. Mao, L.; Yuan, L.; Slakey, L.M.; Jones, F.E.; Burow, M.E.; Hill, S.M. Inhibition of breast cancer cell invasion by
melatonin is mediated through regulation of the p38 mitogen-activated protein kinase signaling pathway.
Breast Cancer Res. 2010, 12, R107. [CrossRef] [PubMed]

52. Liu, X.; Zhou, M.; Mei, L.; Ruan, J.; Hu, Q.; Peng, J.; Su, H.; Liao, H.; Liu, S.; Liu, W.; et al. Key roles of
necroptotic factors in promoting tumor growth. Oncotarget 2016, 7, 22219–22233. [CrossRef] [PubMed]

53. Bullock, M. FOXO factors and breast cancer: Outfoxing endocrine resistance. Endocr. Relat. Cancer 2016, 23,
R113–R130. [CrossRef] [PubMed]

54. Hussain, A.R.; Ahmed, S.O.; Ahmed, M.; Khan, O.S.; Al Abdulmohsen, S.; Platanias, L.C.; Al-Kuraya, K.S.;
Uddin, S. Cross-talk between NFkB and the PI3-kinase/AKT pathway can be targeted in primary effusion
lymphoma (PEL) cell lines for efficient apoptosis. PLoS ONE 2012, 7, e39945. [CrossRef] [PubMed]

55. Jin, H.Y.; Lai, M.; Shephard, J.; Xiao, C. Concurrent PI3K and NF-kappaB activation drives B-cell
lymphomagenesis. Leukemia 2016, 30, 2267–2270. [CrossRef]

56. Dhillon, A.S.; Hagan, S.; Rath, O.; Kolch, W. MAP kinase signalling pathways in cancer. Oncogene 2007, 26,
3279–3290. [CrossRef] [PubMed]

57. Bredel, M.; Scholtens, D.M.; Harsh, G.R.; Bredel, C.; Chandler, J.P.; Renfrow, J.J.; Yadav, A.K.; Vogel, H.;
Scheck, A.C.; Tibshirani, R.; et al. A network model of a cooperative genetic landscape in brain tumors.
JAMA 2009, 302, 261–275. [CrossRef]

58. Kramer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal analysis approaches in Ingenuity Pathway
Analysis. Bioinformatics 2014, 30, 523–530. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41467-018-05854-6
http://www.ncbi.nlm.nih.gov/pubmed/30120246
http://dx.doi.org/10.3390/ijms19103044
http://www.ncbi.nlm.nih.gov/pubmed/30301213
http://dx.doi.org/10.1016/j.tibs.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20863707
http://dx.doi.org/10.1016/S1474-4422(11)70013-8
http://dx.doi.org/10.1371/journal.pone.0125742
http://dx.doi.org/10.1186/bcr2794
http://www.ncbi.nlm.nih.gov/pubmed/21167057
http://dx.doi.org/10.18632/oncotarget.7924
http://www.ncbi.nlm.nih.gov/pubmed/26959742
http://dx.doi.org/10.1530/ERC-15-0461
http://www.ncbi.nlm.nih.gov/pubmed/26612860
http://dx.doi.org/10.1371/journal.pone.0039945
http://www.ncbi.nlm.nih.gov/pubmed/22768179
http://dx.doi.org/10.1038/leu.2016.204
http://dx.doi.org/10.1038/sj.onc.1210421
http://www.ncbi.nlm.nih.gov/pubmed/17496922
http://dx.doi.org/10.1001/jama.2009.997
http://dx.doi.org/10.1093/bioinformatics/btt703
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Atezolizumab Blocks the Epitope of PD-L1 and Does Not Alter PD-L1 mRNA and Protein Expression 
	Atezolizumab Downregulates Genes Promoting Cell Migration/Metastasis and EMT 
	Atezolizumab Downregulates Anti-Apoptotic Genes, Upregulates Pro-Apoptotic Genes, and Downregulates Genes Involved in Cell Growth and Proliferation 
	Atezolizumab Upregulates DNA Repair Genes and Downregulates Genes Related to Hypoxia 
	Atezolizumab Downregulates NF-kB, Akt, and CD40 Signaling Pathways 
	Functional and Network Analyses Identified Key Genes Associated with the Response of MDA-MB-231 to Atezolizumab 
	Validation of RNA-Seq Data by RT-qPCR 
	Atezolizumab Increases Necrosis/Apoptosis and Reduces Proliferation and Viability in MDA-MB-231 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Flow Cytometry 
	Western Blot 
	RNA Extraction and Reverse Transcription 
	Real-Time Quantitative Reverse Transcriptase Polymerase Chain Reaction 
	RNA Library Preparation and RNA-Seq 
	RNA-Seq Analysis 
	Gene Set Enrichment Analyses and Modeling of Gene Interaction 
	Death/Apoptosis Assay 
	BrdU Cell Proliferation Assay 
	MTT Cell Viability Assay 
	Statistical Analysis 

	Conclusions 
	References

