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PPP2R2B downregulation is associated
with immune evasion and predicts poor clinical
outcomes in triple‑negative breast cancer
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Abstract
Background: Although immune checkpoint blockade has emerged as a novel promising strategy for triplenegative breast cancer (TNBC), many patients fail response or acquire resistance to current agents. Consequently,
our focus need to shift toward alternative inhibitory targets, predictor for responsiveness, and immune suppressive
mechanisms.
Methods: In this study, we performed systematic bioinformatics analyses to identify PPP2R2B as a robust tumor suppressor in TNBC. Meanwhile, breast cancer progression cell line model was applied in our research. Quantitative realtime PCR assay (Q-PCR) was carried out to assess the role of PPP2R2B in the onset and progression of breast cancer.
Furthermore, we validated the effect of PPP2R2B on immune activity via in vitro experiments based on macrophages.
To further decipher the roles of PPP2R2B in TNBC, we investigated the transcriptome level, genomic profiles, and its
clinical prognostic value.
Results: In TNBC tissues, PPP2R2B expression was significantly downregulated compared to normal breast tissues.
Kaplan‐Meier survival analysis revealed that patients with low PPP2R2B expression had shorter survival time than
those with high PPP2R2B expression. Q-PCR analysis suggested that PPP2R2B downregulation could play a key role in
breast-cancer initiation and progression. Additionally, our findings showed that PPP2R2B was positively related with
CD8 T cells, CD4 Th1 helper cells, and M1 macrophages, but negatively related with M2 macrophages. Subsequent
results identified that PPP2R2B was strongly related with immune inhibitor genes (GZMA, PRF1, and IFNG), which
could improve T lymphocytes antitumor function and restrict immune evasion. Meanwhile, T cell receptor signaling
pathway and antigen processing and presentation signaling pathway were significantly suppressed in low PPP2R2B
expression group. Afterwards, distinct subgroups based on PPP2R2B expression exhibited several unique features in
somatic mutations, copy numbers alterations, extent of copy number burden, and promoter methylation level.
Conclusion: Our results indicated that PPP2R2B could serve as a promising biomarker for TNBC, and help predict
immunotherapeutic response and guide personalized strategies in TNBC treatment.
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Background
Breast cancer is regarded as a common malignant disease in women worldwide [1]. In breast cancer molecular
subtypes, triple-negative breast cancer (TNBC) carrying the worst prognosis is defined by the lack of estrogen
receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) [2]. Despite
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the adjuvant treatment has improved in recent years, the
treatment of TNBC is still up against several challenges
owing to the absent expression of targetable receptors and heterogeneous clinical behavior [3]. Currently,
immunotherapy have represented a promising therapeutic strategy for several cancer types, including breast
cancer [4–6]. Compared to other breast cancer subtypes,
TNBC could harbor greater potential in immunotherapy
due to higher levels of tumor infiltrating lymphocytes
(TILs), programmed death-ligand protein (PD-L1), and
nonsynonymous mutations [7, 8]. However, the recurrence and metastasis of TNBC are frequently facilitated
by immune evasion, which is partly due to the restriction
of anti-tumor immunity derived by T-lymphocyte in the
tumor microenvironment [9].
Cytotoxic T lymphocytes (CTLs) are considered as
major effectors of immunity, and play a pivotal role in
cancer immunotherapy [10]. Distinct subsets of tumor
infiltrating T cells hold diverse functional properties in
immune response. In tumor infiltrating T lymphocytes
cells, CD8 T and CD4 Th1 cells typically contribute to
immune-mediated tumor suppression [11]. In particular,
CD8 T cells are regarded as a central player in restraining
tumor progression [12, 13], which exert the role of tumor
suppression mainly by perforin-granzyme, Fas-FasL, ferroptosis, and pyroptosis [14]. Additionally, CD4 Th1 subsets could orchestrate anti-cancer immunity and enhance
the activation and development of tumor-specific CD8 T
cells by producing IFN-γ, TNF-α, and interleukin-2 [15].
Thus, it is a desirable approach for improving patients’
clinical outcomes to escalate the effector of T lymphocytes-mediated anti-tumor immunity.
Phosphatases involved in several biology process,
including immune response [16]. Previous reports
showed that PP2A could activate T cells response by
repressing CTLA-4 function or impairing expression of
PD-L1 [17]. Protein phosphatase 2A (PP2A) belongs to
the Ser/Thr protein phosphatase family, which is comprised by a scaffold A subunit, a highly conserved catalytic C subunit, and different regulatory B subunits [18].
Of note, distinct regulatory subunits but not the catalytic
subunit lead to special biological outcomes of PP2A [19].
PPP2R2B gene could encode regulatory subunit B55β
to form PP2A-B55β complex via binding to the scaffolding and catalytic subunits. Jing Tan et al. reported
that PPP2R2B inactivation could target PDK1/MYC
signaling to promote colorectal cancer cells growth and
contribute to rapamycin resistance [19]. Iris K MaderaSalcedo et al. [20] confirmed that PPP2R2B could prevent
organ damage from activated T cells in chronic inflammation derived from systematic autoimmune diseases.
Hyper-methylation of PPP2R2B induced acquired apoptosis deficiency and contribute to autoimmune diseases.
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Additionally, PPP2R2A gene was proved to produce
regulatory subunit B55 to synthesize PP2A-B55 complex,
and its deletion contributed to breast cancer cell proliferation via upregulating MASTL expression [21]. Moreover, PP2A was also found to promote ER re-expression in
the ER-negative cell lines, indicating its potential clinical value for reversing tamoxifen resistance in TNBC
patients [17]. However, the immune role of PP2A in
TNBC still remain largely unknown.
In this study, we identified PPP2R2B as a robust tumor
suppressor, and played an important role in anti-tumor
immune response, which dysregulation could contribute
to the onset and progression of breast cancer. Afterwards,
we evaluated the biological roles of PPP2R2B using systematic bioinformatics approaches and in vitro experiments. Finally, our results demonstrated that PPP2R2B
could provide potential clinical benefits for TNBC
patients treated with immunotherapy in the future.

Materials and methods
Sample datasets

TCGA level3 RNA-seq dataset was obtained and integrated by TCGAbiolinks package [22] from The Cancer Genome Atlas data portal (https://portal.gdc.cance
r.gov/). METABRIC dataset was sourced from Molecular Taxonomy of Breast Cancer International Consortium (https://www.mbcproject.org/). GSE21653 and
GSE1456 datasets were obtained from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/gds/). The
inclusion criteria included survival time, survival status, age, TNBC patients (basal-like subtype or ER/PR/
HER2-negative), clinical stage (TCGA), follow-up time
not less than 1 month. As a result, 147 cases of TCGA,
297 cases of METABRIC, 74 cases of GSE21653, and
25 cases of GSE1456 were enrolled into this study. The
ids of included patients were listed in Additional file 1:
Table S1.
147 cases with copy number alterations and 141 cases
with somatic mutations were downloaded via TCGAbiolinks package, all of which were corresponded to the
TNBC cases with RNA-seq data. Copy number alterations were analyzed by GISTIC2.0 [23]. Somatic mutations analysis was performed by Maftools package [24].
DNA methylation data was derived from 450 K Methylation array data. CpG island probes located in gene promoter region was extracted via the ChAMP package [25].
Promoter methylation level was evaluated by MEXPRESS
(https://mexpress.be/).
Cell lines and cell culture

All cell lines used were obtained from the American
Type Culture Collection (Manassas, VA) and cultured
in a 5% CO2-humidified incubator at 37 °C following
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the manufacturer’s instructions. MDA-MB-231 and
MDA-MB-468 cells were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, USA). THP-1 cells
were cultured in RPMI 1640 medium. The medium
used above was supplemented with 10% fetal bovine
serum (Hyclone), 100 U/ml penicillin, and 100 μg/ml
streptomycin.
Macrophage polarization

Briefly, THP-1 monocytes were differentiated into M0
macrophages by treatment with 150 nM PMA for 24 h.
After 24 h, M0 macrophages were polarized into M1
macrophages by stimulation with LPS (100 ng/mL)
and IFN-γ (20 ng/mL) for 48 h. Conversely, M2 phenotype polarization was obtained by stimulation with IL-4
(20 ng/mL) and IL-13(20 ng/mL) for 72 h.
Weighted gene correlation network analysis (WGCNA)

First, TCGA level3 RNA-seq dataset was normalized by
DESeq2 [26] and preprocessCore packages. Additionally,
genes with zero variance between high- and low- groups
was removed, and the first 50% genes with median absolute deviation (MAD) value at least greater than 0.01
were retained. In this study, WGCNA package [27] was
used to define 8 as optimum soft threshold power and
construct a scale-free network and topological overlap
matrix (TOM). DeepSplit of 2 and minModuleSize of 30
was set as parameters of the Dynamic Tree Cut method
to avoid generating too many modules. Height cutoff value was identified as 0.25 to merge modules with
similarity > 0.75. Finally, the enrolled genes generated
13 modules (except the grey module) by cluster analysis. According to Pearson correlation analysis, we evaluated the association between module eigengenes(MEs)
and infiltrated T lymphocytes, and then identified blue
module as the highly related module. The key genes were
defined by module membership(MM) greater than 0.8
and gene significance(GS) greater than 0.5.
Primary identification of the hub prognostic genes
associated with lymphocytes infiltration

Based on the key genes screened by WGCNA, an
immune signature score was developed using single
sample Gene Set Enrichment Analysis (ssGSEA). Next,
Spearman correlation analysis was separately performed
to identify the genes highly correlated with the immune
signature score in TCGA and METABRIC datasets, of
which 883 were overlapped (Additional file 2: Table S2).
After primary filter, the 611 survival-related genes (Additional file 3: Table S3) were sent to Lasso penalized Cox
regression analysis. Across 1000 iterations analysis with
cross-validation, we finally screened out 4 hub prognostic
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genes. The analysis procedure was conducted by the previous study [28].
Gene ontology analysis (GO), Gene set variation analysis
(GSVA), and Gene set enrichment analysis (GSEA)

The clusterProfiler package [29] was performed to
investigate the biological process of the related genes.
GSEA was performed by the JAVA program using the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
gene sets obtained from MSigDB. And all genes were
ranked on the basis of differential significance between
the high- and low- level subgroups stratified by the
quartile of PPP2R2B expression. After performing
1000 permutations, gene sets enrichment with nominal
P < 0.05 and FDR < 0.25 were considered significant. In
Gene set variation analysis, GO gene sets were sourced
from AmiGO 2 Web portal (http://amigo.geneontolo
gy.org/amigo/landing). Spearman correlation analysis was carried out to assess the relationship between
PPP2R2B expression and specific immune gene sets.
RNA extraction, reverse transcription, and quantitative
real‑time PCR (Q‑PCR) assays

Total RNA from breast cancer cells was extracted
using The TRIzol reagent (Invitrogen). Complementary DNA (cDNA) of mRNA was reversely transcribed
using PrimeScript reverse transcriptase (RT) reagent
kit (TaKaRa, Shiga, Japan). Biosystems StepOne plus
System was employed to perform Q-PCR assay. Primers
used for Q-PCR in this study are listed in Additional
file 4: Table S4.
Immunohistochemistry(IHC)

Paraffin-embedded specimens were sliced into 4-μm
sections, followed by a 60 °C bake for 1 h. Then sections were deparaffinized with xylene, rehydrated via
a graded alcohol series, and retrieved in EDTA antigenic retrieval buffer using microwave heating. After a
20 min cooling at room temperature, the endogenous
peroxidase activity was quenched with 3% hydrogen
peroxide, and then nonspecific antigen binding was
blocked with normal serum at 37 °C for 1 h. The sections were incubated with rabbit anti-PPP2R2B (Proteintech, 1:100) at 4 °C overnight. After treatment with
biotinylated anti-rabbit secondary antibody at 37 °C
for 1 h, the sections were treated with horseradish peroxidase (HRP)-conjugated streptavidin, stained with
diaminobenzidine (DAB), and counterstained with
hematoxylin. Images were obtained using an Olympus
light microscope. In this study, formalin-fixed and paraffin-embedded human breast biopsy specimens were
sourced from the archives of the Department of Pathology at Qilu hospital of Shandong University.
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Immunofluorescence (IF)

For immunofluorescence, cells cultivated on glass
cover slides were rinsed in PBS three times, fixed
with 4% paraformaldehyde for 10 min, permeabilized
in 0.3%Triton X-100 for 20 min, and blocked in goat
serum solution (PBS containing 10% goat serum and
0.3% Triton X-100) for 1 h at room temperature. Following blocking, cells were incubated with rabbit antiPPP2R2B (Proteintech, 1:100) overnight at 4 °C. Then
secondary antibody (Invitrogen, Goat Anti-Rabbit IgG
Alexa Fluor 488,1:100) incubated for 2 h at room temperature. Lastly, the nucleic acid was counterstained
with DAPI, and fluorescent microscopy was used to
observe the treated cells.
Western blotting assay

Proteins were isolated from collected cells using western
lysis buffer containing protease inhibitors. After protein
concentration was quantified using the BCA method,
50 μg of proteins from each sample were loaded and
separated on 10% SDS-PAGE gels. Subsequently, proteins were electrotransferred onto a PVDF membrane
(Bio-Rad, Hercules, CA, USA) at 200 mA for 2 h. Then
5% non-fat milk was used to block non-specific binding sites for 1 h. After overnight incubation with specific
antibodies at 4 °C, the members were incubated with the
appropriate secondary antibodies for 2 h at room temperature. The protein bands were visualized by enhanced
chemiluminescence (ECL; Bio-Rad, USA). β-Actin protein expression was used as a loading control. The primary antibodies used in this study were purchased from
Proteintech Group.
Transwell assay

In vitro migration ability was assessed using a migration assay, which was performed using transwell inserts
(8-μm pore size, Corning Costar, USA) in 24-well plates
(Corning Costar, USA). 1 × 105 MDA-MB-231, 1.5 × 105
MDA-MB-468 or 1.5 × 105 macrophages were suspended
in 200μL serum-free medium and seeded into the inside
of each insert, while 700μL medium containing 20% FBS
was placed in the lower well. After incubation for 24-48 h,
the infiltrating cells, on the lower surface, were fixed with
methanol and stained with 0.1% crystal violet. Following
the infiltrating cells were photographed, ImageJ software
was used to count the number of cells.
Statistical analysis

CIBERSORT deconvolution method [30] with leukocyte signature matrix (LM22) and standard settings was
conducted to estimate the fraction of tumor infiltrating
immune cells in each tumor sample with TCGA RNA-seq
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data via voom transformation as input. In this analysis, breast cancer patients with P-values less than 0.05
were selected to further identify the immune landscape.
Kaplan-Meier survival curve based on log-rank test was
drawn by survminer package. Univariate Cox regression analysis was performed by Survival package. The
time‐dependent receiver operating characteristic (ROC)
analysis was conducted using the survivalROC package. Experiment data were presented as the mean ± SD
(standard deviation). Continuous data between two
groups were assessed using Student’s t-test or Wilcoxon
test, otherwise the one-way ANOVA or Kruskal–Wallis
test. A probability value (p) < 0.05 was considered as significant difference. In this study, R project (Version 3.6.1)
and GraphPad Prism 8 were used to perform the main
statistical analysis.

Results
Construction and evaluation of the immune signature
in TNBC

As shown in Fig. 1, a flowchart was used to depict our
study procedure. Figure 2a exhibited a comprehensive immune landscape of breast cancer, which mainly
described immune cell interactions, cell lineages, and
their effects on the overall survival of patients with breast
cancer. CD8 T cells and M2 Macrophages showed significant difference in the univariate Cox regression analysis.
Consistent with previous studies, CD8 T cells predicted
a good prognosis, whereas M2 Macrophages predicted a
poor prognosis. In this study, we focused on CD8 T cells
due to its central role in immune surveillance and immunotherapy. To better identify TNBC-specific biomarker
associated with CD8 T cells infiltration, we performed
WGCNA to obtain the crucial module highly related
to CD8 T cells infiltration (Fig. 2b–c; Additional file 6:
Figure S2a). Finally, we confirmed six crucial prognostic genes as CD8 T cells-related genes in TNBC, including CD3D, CD3E, CD247, GZMA, CRTAM, and SLA2
(Additional file 5: Figure S1a–f ). Subsequently, ssGSEA
was carried out to construct an immune signature on the
basis of the above genes, which performance was evaluated by Spearman correlation analysis (Fig. 2d). Interestingly, the immune signature not only had a significantly
positive relationship with CD8 T cells but also strongly
positive association with M1 macrophages, whereas it
was significantly negatively related to M0 macrophages
and M2 macrophages. Hence, we speculated that the
immune signature may reflect macrophage polarization
state within breast cancer microenvironment. Moreover,
the patients with high scores had longer survival time
than the patients with low scores in multiple TNBC datasets (Fig. 2e).
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Fig. 1 A flowchart depicting our study procedure

PPP2R2B was identified as a hub prognostic biomarker
and associated with malignant progression of breast
cancer

To further explore robust biomarkers for predicting survival and immune infiltration status, the highly
related genes with immune signature score in TCGA
and METABRIC datasets were sent to the following
analysis (Additional file 6: Figure S2b, c). After the primary filter, Lasso penalized Cox regression analysis
was conducted to assess optimal predictive signature
on the filtered dataset. The 4 genes signature with optimal AUC value was confirmed after 1000 iterations
analyses (Fig. 3a). Our finding revealed that PPP2R2B
appeared more frequently than other genes across iterations analysis (Additional file 6: Figure S2d). In TCGA,
PPP2R2B expression showed significant downregulation in TNBC samples compared to normal breast samples (Fig. 3b). We then used IHC to examine PPP2R2B
expression in normal breast tissues and TNBC tissues
(Fig. 3c). Indeed, the staining intensity of PPP2R2B was

observed to be significantly decreased in TNBC tissues
compared to normal breast tissues. Meanwhile, the
staining distribution showed that most of the PPP2R2B
was located in cytoplasm in normal breast tissues and
TNBC tissues. To investigate the roles of PPP2R2B in
breast cancer, breast cancer progression cell line model
(MCF10A\MCF10AT\ MCF10CA1A) was applied
in this research. Q-PCR assay demonstrated that
PPP2R2B gene expression exhibited a trend of gradient downregulation from MCF10A to MCF10AT and
MCF10CA1A cells (Fig. 3d). Moreover, compared with
parental TNBC cell line (MDA-MB-231), PPP2R2B
downregulation was detected in doxorubicin-resistant
TNBC cell line (231DOX) and bone metastatic TNBC
cell line (SCP2) (Fig. 3d). Based on the Q-PCR assay, we
speculated that PPP2R2B may participate in the development and progression of breast cancer. Additionally,
decreased PPP2R2B expression was associated with
poor survival time, which was validated in multiple
TNBC datasets (Fig. 3e).
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Fig. 2 Construction and evaluation of the immune signature in TNBC. a The immune landscape of breast cancer. b Module‐trait associations were
evaluated by correlations between MEs and clinical traits. c A scatter plot of GS for infiltration signature vs MM in blue module. red line represents
the screening criteria: MM value greater than 0.8 and GS value greater than 0.5. d The relationship between immune cell populations and immune
signature. e Kaplan‐Meier survival analysis in multiple TNBC datasets

The relationship between PPP2R2B expression
and infiltrated immune cell populations

The previous immune infiltration dataset [31] was
employed to assess the relationship between PPP2R2B
expression and infiltrated immune cell populations.
TNBC patients derived from TCGA were stratified into
two subgroups based on PPP2R2B median expression
value. Infiltrated immune cells with significant difference were confirmed by Wilcoxon test (Fig. 4a). The
results showed that CD4 Th1 cells, M1 macrophages
and CD8 T cells were significantly enriched in high
expression group, while M2 macrophages infiltration
was activated in low expression group. Spearman correlation analysis was conducted to verify the above

relationship, which revealed that PPP2R2B expression
was positively associated with CD4 Th1 cells, M1 macrophages, and CD8 T cells, and negatively associated
with M2 macrophages infiltration (Fig. 4b–e).
The immune functions of PPP2R2B in TNBC

The heat maps (Fig. 5a, b) exhibited the genes with
Spearman |R|> 0.3 in TCGA and METABRIC datasets,
respectively. To further elucidate the biologic functions
of PPP2R2B in TNBC, genes correlated with PPP2R2B
expression (Spearman R > 0.3) in TCGA (821genes; Additional file 7: Table S5) and METABRIC (779genes; Additional file 7: Table S5) were submitted to GO analysis.
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Fig. 3 PPP2R2B was identified as a hub prognostic biomarker and associated with malignant progression of breast cancer. a Through Lasso
penalized Cox regression analysis with 1000 iterations, a signature containing 4 genes was identified as an optimal signature with maximum 5 year
AUC value. b The expression difference of 4 signature genes between breast normal tissues and TNBC tissues in TCGA. c Immunohistochemistry
staining of PPP2R2B expression in breast normal tissues and TNBC tissues. d Quantitative real-time PCR analysis. e Kaplan‐Meier survival analysis of
PPP2R2B in multiple TNBC datasets. ns Not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001

Our findings revealed that the most genes were associated with T cell activation and regulation, inflammation
response and antigen processing and presentation in
TCGA dataset (Fig. 5c). Importantly, the similar result
was observed in METABRIC dataset (Fig. 5d). To clarify
the association between PPP2R2B expression and tumor
immune response, we performed GSVA. As shown in
Fig. 7a, b, a significant difference was observed in each
dataset, including antigen processing and presentation, T
cell activation, alpha–beta T cell activation, and positive
regulation of T-helper 1 cell cytokine production.
PPP2R2B was associated with immune checkpoint
members and antigen presentation family genes

Here, GSEA was conducted to determine that the genes
in antigen processing and presentation pathway and T

cell receptor signaling pathway were enriched in the
high expression group of PPP2R2B (Fig. 6a, b). Subsequently, we further investigated the relationship of
genes related with immune checkpoints and antigen
presentation in two subgroups. As presented in Fig. 6c,
d, immune checkpoint inhibitor genes were highly
enriched in the high expression group. Moreover, most
genes (except for HLA-C and MICA) related with antigen presentation were strikingly activated in the high
expression group. Of note, we focused on three strongly
positively related genes in TCGA and METABRIC datasets, including GZMA, IFNG, and PRF1, which played
a crucial role in anti-tumor immune of T lymphocytes
(Fig. 7c–h). These findings suggested that PPP2R2B
upregulation may associate with improved anti-tumor
immune response of T-lymphocyte, whereas PPP2R2B
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Fig. 4 The relationship between PPP2R2B expression and infiltrated immune cell populations. a The infiltration levels of immune cell populations
in TNBC patients with different PPP2R2B expression. b–e Spearman correlation analysis. CD4 Th1 cells, CD8 T cells, M1 macrophages, and M2
macrophages, respectively. ns Not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001

downregulation could contribute to tumor immune
evasion.
PPP2R2B downregulation promoted M1 phenotype
polarization and migration capability

To further validate the effect of PPP2R2B on immune
activity, we performed in vitro experiments based on
macrophages. Immunofluorescence assay showed that
PPP2R2B protein was predominantly located in the
cytoplasm of MDA-MB-231 and MDA-MB-468 cells
(Fig. 8a). THP-1 monotypes treated with PMA were
differentiated to M1 or M2 macrophages by treatment
with LPS/INF-γ or IL-4/IL13, respectively. As shown in
Fig. 8b Q-PCR assay validated that the THP-1 monotypes were successfully polarized into M1 or M2 macrophages. Subsequently, we observed that PPP2R2B
was significantly upregulated in M1 macrophages
compared with M2 macrophages (Fig. 8c). Following
empty or PPP2R2B overexpressing vector was transfected into MDA-MB-231 and MDA-MB-468 cells for
48 h, the efficacy of PPP2R2B expression was evaluated
via western blotting in two TNBC cell lines (Fig. 8d).

As depicted in Fig. 8e, co-culture assay was carried out
after PMA treated TPH-1 cells for 24 h. Through 72 h
of co-culture, macrophages cultured with PPP2R2Boverexpressing TNBC cells exhibited significantly
increased PPP2R2B expression compared to those
cultured with TNBC cells transfected with empty vector ( 8f ). Meanwhile, mRNA expression of M1-related
genes such as CD80 and MCP-1was significantly upregulated in macrophages cultured with PPP2R2B-overexpressing group compared to the control group (Fig. 8g).
In contrast, M2-specific marker CD206 expression was
reduced in PPP2R2B-overexpressing group (Fig. 8g),
which was previously identified as a suppressor for
function of cytotoxic CD8 T cells [32]. Then cocultured
macrophages were selected to perform the transwell
assay (Fig. 8h, i). Compared with the control group,
macrophages cocultured with PPP2R2B-overexpressing
TNBC cells presented an increased migration capability, indicating that PPP2R2B could promote M1 phenotype polarization, and enhance its migration capability.
To further investigate whether PPP2R2B-induced M1
macrophages exhibited anti-tumorigenic features, we
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Fig. 5 Gene ontology analysis for PPP2R2B in TNBC. a, b Heat maps showed that the most related genes with PPP2R2B expression in TCGA and
METABRIC, respectively. c, d Biological processes of positively related genes with PPP2R2B expression in TCGA and METABRIC, respectively

firstly cultured macrophages with medium supplemented with supernatants collected from PPP2R2Boverexpressing or control TNBC cells. Conditioned
medium (CM) from educated macrophages was harvested 72 h later, and then used to treat TNBC cells.
Subsequent transwell assay identified that PPP2R2Beducated macrophages could significantly suppress
TNBC cells migration (Fig. 8j, k). Moreover, we examined whether PPP2R2B could directly suppress TNBC
malignant features in ways independent of the immune
system. Our results demonstrated that PPP2R2B
upregulation could remarkably reduce resistance to

doxorubicin and migration capability of TNBC cells
(Additional file 8: Figure S3a–d).
Dysregulation of PPP2R2B exhibits distinct phenotype
characters in genomic level

To further uncover its anti-tumor molecular mechanism in TNBC, we analyzed somatic mutations and
copy number alterations (CNAs) sourced from TCGA
dataset. We firstly analyzed the CNAs data at the arm
level. A frequent chromosome 5 deletion event (5q
deletions) was observed in Fig. 9a. According to previous studies, 5q deletion event is specific trans module
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Fig. 6 PPP2R2B was associated with immune checkpoint members and antigen presentation family genes. a, b Gene set enrichment analysis
in TCGA and METABRIC, respectively. c, d The difference levels of the genes associated with antigens presentation and immune checkpoint
members in TNBC and METABRIC patients with different PPP2R2B expression, respectively. ns Not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and
****p < 0.0001

of basal-like subtype, which transcriptional alterations
were mainly involved in cell cycle, DNA damage repair,
and apoptosis [33]. Intriguingly, 5q deletion signal was
strongly enriched in low PPP2R2B expression group, and
increasing along with decreasing of PPP2R2B expression
(Fig. 9a). This finding could well explain why PPP2R2B
downregulation was more likely to associate with phenotype characters of basal-like subtype. Moreover, a trend
towards a higher burden of 1q and 8q gain was observed
in low PPP2R2B expression compared to high PPP2R2B
expression (Fig. 9a). According to previous reports,
1q and 8q gain was frequently associated with tumor

initiation and progression in several cancer types, containing breast cancer [34, 35].
To assess CNAs at focal genomic level, we stratified
TNBC patients into three subgroups according to quartile of PPP2R2B expression. In high-level group, CD247
(1q23.3) represented significant amplification peaks
accompanied by PD-1 (2q37.3) and LAG3 (12p13.31)
deletion peaks (Fig. 9b; Additional file 9: Table S6). In
low-level group, PD-L1(9p24.1) and CD274 (9p24.1)
amplification peaks were observed (Fig. 9c; Additional
file 9: Table S6). Of note, copy number aberrations of
these genes could contribute to tumor immune escapes.
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Fig. 7 Further evaluation of PPP2R2B related immunity functions in TNBC. a, b The relationship between PPP2R2B expression and T cell immunity in
TCGA and METABRIC, respectively. c–e The most related immune checkpoint family genes with PPP2R2B expression in TCGA. f–h The most related
immune checkpoint family genes with PPP2R2B expression in METABRIC. GO:0002842 positive regulation of T cell mediated immune response to
tumor cell; GO:0019882 antigen processing and presentation; GO:0042110 T cell activation; GO:0046631 alpha–beta T cell activation; GO:0046632
alpha–beta T cell differentiation; GO:2000553 positive regulation of T-helper 2 cell cytokine production; GO:2000556 positive regulation of T-helper 1
cell cytokine production. ns (Not significant), *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001

Additionally, driver oncogenes such as MYC (8q24.21),
CCND1(11q13.3), and JAK2(9p24.3) in low-level group
exhibited more significant amplification peak than highlevel group (Fig. 9b, c; Additional file 9: Table S6). By
contrast, amplification peaks of tumor suppressor genes
(NF1,17p11.2; MAP2K4, 17p11.2) were detected in highlevel group (Fig. 9b; Additional file 9: Table S6).
Previous study reported that the burden of copy
number loss was associated with poor response to
anti-CTLA-4 blockade [36]. We then explored the

relationship between copy number gain or loss status and
PPP2R2B expression (Fig. 9d, e). Our results showed that
the high-level group have a lower CNAs burden (gain
or loss) compared with the low-level group. Meanwhile,
low CNAs burden (high PPP2R2B expression) was significantly related with increased lymphocytes infiltration
and T-cell receptor (TCR) richness (Fig. 9f ). TCR was
previously reported to enhance the abundance of T cells
and initiate anti-tumor immune response via recognizing cancerous cells [37]. In general, increased richness
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Fig. 8 PPP2R2B downregulation promoted M1 phenotype polarization and migration capability. a Immunofluorescence assay. b Q-PCR assay
validated whether the THP-1 monocytes had been successfully polarized into M1 or M2 macrophages. c Q-PCR assay identified that PPP2R2B was
significantly upregulated in M1 macrophages compared with M2 macrophages. d Western blotting evaluated the efficacy of PPP2R2B expression.
e The schematic diagram of co-culture system. f Cocultured macrophages exhibited different PPP2R2B expression. g Altered expression of
polarization-specific genes in macrophages cocultured with TNBC cells transfected with empty or PPP2R2B overexpressing vector, respectively.
upper panel: Cocultured with MDA-MB-231 cells; lower panel: Cocultured with MDA-MB-468 cells. h, i Cocultured macrophage was selected to
perform the transwell assay. j, k Transwell assay identified that PPP2R2B-educated macrophages could significantly suppress TNBC cells migration.
ns (Not significant), *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001

of TCR in tumor region is associated with an improved
immunotherapeutic response [38]. Taken together,
PPP2R2B can act as a promising biomarker for predicting which patients will response to immune checkpoint
blockade, and further guide personalized immunotherapeutic strategy for TNBC patients.
Given that tumor-specific antigens generated by
somatic mutation could drive T cell infiltration and influence immunotherapeutic clinical outcomes [39, 40], we
investigated TNBC somatic mutations sourced from
TCGA. Figure 10a revealed that basal-like subtype had
higher tumor mutation burden (TMB), which could initiate tumorigenesis and, conversely, activate CD8 T cells to
improve anti-tumor responses [41–43] .In this analysis,

TNBC patients were classified into two subgroups based
on PPP2R2B median expression. Subsequent analysis
indicated that high expression group appeared higher
mutation frequency than low expression group (98.55 vs
93.06%) (Fig. 10b, c). Moreover, we focused on a significant difference associated with TTN mutation between
two subgroups, 30% in high group and 19% in low group
(Fig. 10b, c).
PPP2R2B downregulation was associated with promoter
hypermethylation

To explore the mechanism of PPP2R2B downregulation
in TNBC, we assess the relationship between PPP2R2B
expression and methylation of PPP2R2B promoter
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Fig. 9 Distinct genomic profiles of copy number alterations (CNAs). a CNAs at arm level. b CNAs of high level group at focal level. c CNAs of low
level group at focal level. d Burden of copy number gain at arm or focal level. e Burden of copy number loss at arm or focal level. f The relationship
between PPP2R2B expression and lymphocytes infiltration or T cell receptor (TCR) richness. ns (Not significant), *p < 0.05, **p < 0.01, ***p < 0.001 and
**** p < 0.0001

region. As shown in Fig. 11a, methylation level of CpG
island (cg25149751) located in PPP2R2B promoter had
significantly negative correlation with PPP2R2B expression. Wilcoxon test further demonstrated that difference between high- and low-level subgroups of PPP2R2B
expression was statistically significant (Fig. 11b). Moreover, high level of cg25149751 methylation predicted
shorter overall survival in TNBC patients (Fig. 11c).
These findings suggested that promoter region methylation may silence PPP2R2B promoter to downregulate
PPP2R2B expression.

Discussion
Immune evasion is regarded as an important hallmark of
cancer, and play a crucial role in tumor initiation and progression [44, 45]. Previous studies revealed that immune
evasion is mainly resulted from immunosuppression

microenvironment and tumor immunoediting, which
make tumor cells to escape from immune destruction of
CD8 cytotoxic T lymphocytes (CTLs), CD4 Th1 helper T
cells or natural killer (NK) cells [45, 46]. With the depth
understanding of cancer immune evasion, immunotherapy have represented a promising therapeutic avenue for
patients with cancer [7, 47]. Due to higher levels of PD-L1
expression, more numbers of TILs, and greater rates of
nonsynonymous mutations, TNBC patients show greater
immunotherapeutic potential than other molecular subtypes [8]. To date, various immunotherapeutic agents
have been developed and improved in TNBC patients.
Of which, immune checkpoint inhibitors represent particularly attractive, but anti-PD-1 or anti-PD-L1 antibody
alone remains low response rate among TNBC patients
[9]. This was partially attributed to immune suppression
of anti-tumor T lymphocytes [9]. Additionally, previous
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Fig. 10 Distinct genomic profiles of somatic mutation. a TMB difference among distinct breast cancer subtypes. b Mutation profiles in high
PPP2R2B expression group. c Mutation profiles in low PPP2R2B expression group

reports indicated that elevated TILs levels are frequently
associated with a lower risk of relapse and improved
survival time in TNBC patients [3, 6]. Therefore, it is
essential to further investigate molecular biomarkers
associated with anti-tumor T lymphocytes, which could
help develop novel therapeutic targets, predict immunotherapy response, and guide personalized strategies in
TNBC treatment.
Of infiltrating immune cells, CD8 T cells function as
a central player in mediating tumor specific immune
response [12, 13]. In this study, we applied integrated
bioinformatics analysis to develop CD8 T related signature score in TNBC. Finally, PPP2R2B was identified as
a hub tumor suppressor that was frequently downregulated in TNBC tissues compared with normal breast tissues. Kaplan–Meier survival analysis revealed that the
increased expression of PPP2R2B was related with TNBC
patients’ improved survival time. Moreover, our results
indicated that PPP2R2B expression was significantly positively correlated with the infiltration of CD8 T cells, CD4

Th1 cells, and M1 macrophages, and negatively associated with the infiltration of M0 and M2 macrophages.
Q-PCR assays showed that PPP2R2B could associate
with the early-onset of breast cancer, and the malignant
progression of TNBC. Thus, dysregulation of PPP2R2B
expression could serve as a pathologic driver of breast
cancer, implicating its potential value as a candidate predictive biomarker and therapeutic target.
Phosphatases are previously reported to participate in
several biology process, including immune response [16].
More specifically, phosphatases could directly or indirectly correlate with anti-tumor T cell response. In our
study, the gene ontology analysis of biological functions
was performed to identify that PPP2R2B could play a crucial role in tumor immune response. Subsequent GSEA
and GSVA confirmed that PPP2R2B had strongly positive correlation with antigen processing and presentation
and T cells activation. Since immunotherapy associated
with immune checkpoints have provided clinical benefits
for several patients with cancer [48, 49], we analyzed the
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Fig. 11 PPP2R2B downregulation was associated with promoter hypermethylation. a DNA methylation level in PPP2R2B promoter region. b
Methylation difference between high- and low- subgroups. c Kaplan‐Meier survival analysis associated with methylation level

relationship between PPP2R2B expression and immune
checkpoints family members. Notably, our results suggested that PPP2R2B expression exhibited strongly positive correlation with GZMA, PRF1, and IFNG compared
to other members. GZMA, PRF1, and IFNG were previously determined as immune checkpoint inhibitor genes
[31]. Thereby, downregulation of their expression could
restrict immune surveillance and facilitate tumor malignant progression. Besides, we observed most genes associated with antigen presentation were activated in high
expression group of PPP2R2B.These findings suggested
that PPP2R2B downregulation was also likely to contribute to tumor immune evasion through suppressing antigen presentation pathway.
Interestingly, PPP2R2B represented significantly positive correlation with favorable prognostic M1 macrophages, and negative correlation with unfavorable

prognostic M2 macrophages. In solid tumors, tumorassociated macrophages(TAM) is one of the most
abundant immune cell types, of which M2 TAM (M2
macrophages) serve as a suppressor of CTLs function [50, 51]. M2 phenotype could directly suppress full
activation and recruitment of CD8 T cells, and restrain
response to anti-PD-1 treatment. Conversely, M1 phenotype displays antitumor characters [52, 53]. Therefore, we
conjectured that PPP2R2B may be a key regulator of macrophage polarization. Afterwards, we further validate the
effect of PPP2R2B on immune activity via in vitro experiments based on macrophages. Our results showed that
PPP2R2B could drive macrophage polarization towards
M1 phenotype, and promote the migration capability of
M1 phenotype macrophages. By contrast, M1 phenotype
macrophages derived by PPP2R2B could significantly
impair TNBC cells migration. Consequently, we consider
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that PPP2R2B downregulation may help TNBC cells to
evade immune surveillance partly via regulating macrophages polarization towards an M2 phenotype.
Genomic alterations and heterogeneity have been demonstrated to contribute to resistance to immune checkpoint blockade [36, 54]. Through the further analysis of
copy number alterations at genomic level, we observed
that three heterogeneous alterations (5q deletion
event,1q and 8q amplification events) were increasing
along with decreasing of PPP2R2B expression. In particular, the increasing of 5q deletion event made patients
with low level of PPP2R2B expression more inclined to
heterogeneous clinical features of TNBC. In addition, the
amplification peaks of oncogenes such as MYC, JAK2,
and CCND1 were more significant in patients with low
level of PPP2R2B expression. Meanwhile, the amplification peaks of cancer suppressors containing NF1 and
MAP2K4 were detected in patients with high level of
PPP2R2B expression. Besides, aberrant amplification or
deletion event associated with immune checkpoint stimulator genes (CD247, CD274, PD-1, PD-L1, and LAG3)
was observed in distinct subgroups, upregulation of
which expression could restrict anti-tumor response and
facilitate immune escapes.
According to previous reports, neoantigens derived
from somatic mutation were considered as important
immunotherapeutic antigens [55], and higher mutation
burden could produce more clinical benefits for patients
treated with immune checkpoints blockade [56].Somatic
mutation analysis was performed to demonstrate that
PPP2R2B upregulation was associated with higher mutation frequency in TNBC patients. More importantly,
in the group with high level of PPP2R2B expression,
we observed greater frequent TTN mutation. Notably,
mutated TTN was previously reported as an indicator
associated with a good response to immune checkpoint
blockade and longer survival time in patients with solid
tumors [57].
Emerging evidence has shown that methylation within
the gene promoter region could contribute to tumorigenesis by silencing tumor suppressor genes [58]. Hence, we
further investigate whether PPP2R2B downregulation
in TNBC was associated with promoter region methylation. Consistent with previous studies [19, 20, 59], CpG
island methylation located in PPP2R2B promoter was
also detected in TNBC samples. Meanwhile, the level of
methylation was negatively related with PPP2R2B expression, and high methylation level was associated with poor
survival time in TNBC patients.
This study provided a basis for the understanding of the
complex interaction between PPP2R2B and tumor immunity. However, some statements such as promoter region
methylation were mainly based on publicly available
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datasets. Given that the public sample size is limited, further experimental evidence and prospective studies with
more sufficient sample size are warranted.

Conclusion
In this study, we identified PPP2R2B as a robust tumor
suppressor in TNBC by systemic bioinformatics analyses. Evidences sourced from the genome, transcriptome,
and in vitro experiments supported that PPP2R2B downregulation could help TNBC cells to evade immune surveillance via suppressing anti-tumor immune response.
Overall, PPP2R2B could act as a promising biomarker for
TNBC, and help predict immunotherapeutic response
and guide personalized strategies in TNBC treatment.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12935-020-01707-9.
Additional file 1: Table S1. The inclusion patient ids.
Additional file 2: Table S2. Overlapping genes inTCGA and METABRIC.
Additional file 3: TableS3. Primary filter via univariate Cox regression
analysis based on TCGA dataset.
Additional file 4: Table S4. Primers used for Q-PCR.
Additional file 5: Figure S1. a, b Kaplan‐Meier survival analysis for six
immune signature genes.
Additional file 6: Figure S2. a Clustering dendrogram of mRNAs. b, c The
highly related genes with immune signature score in TCGA and METABRIC,
respectively. d PPP2R2B appeared more frequently than other genes
across iterations analysis.
Additional file 7: TableS5. Spearman correlation in TCGA and METABRIC
(R>0.3).
Additional file 8: Figure S3. a, b IC50 value for doxorubicin in TNBC cells
transfected by empty or PPP2R2B overexpressing vector. c, d Transwell
assay showed that PPP2R2B remarkably inhibited TNBC cells migration.
Additional file 9: Table S6. The alteration peaks of CNAs in breast cancer
with different PPP2R2B expression.
Acknowledgements
Not applicable.
Authors’ contributions
QFY conceived and directed the project. ZL designed and performed the study. ZL wrote the manuscript. YML and XLW contributed to the
literature search and data collection. QFY and ZL proofread the manuscript.
QFY and ZL reviewed the data. All authors read and approved the final
manuscript.
Funding
This work was supported by the National Natural Science Foundation of China
(No. 81672613; No. 81874119; No. 82072912), Special Foundation for Taishan
Scholars (No. ts20190971), Special Support Plan for National High Level Talents
(Ten Thousand Talents Program W01020103), National Key Research and
Development Program (No. 2018YFC0114705), Funded by Clinical Research
Center of Shandong University (No.2020SDUCRCA015), Qilu Hospital Clinical
New Technology Developing Foundation (No. 2018-7; No. 2019-3).

Li et al. Cancer Cell Int

(2021) 21:13

Ethics approval and consent to participate
This study was approved by the Ethics Committee on Scientific Research of
Qilu Hospital, Shandong University.
Consent for publication
Not applicable.
Competing interests
No potential conflict of interest was reported by the authors.
Author details
1
Department of Breast Surgery, General Surgery, Qilu Hospital of Shandong
University, Jinan, China. 2 Pathology Tissue Bank, Qilu Hospital of Shandong
University, Jinan, China. 3 Research Institute of Breast Cancer, Shandong University, Jinan, Shandong, China.
Received: 29 August 2020 Accepted: 7 December 2020

References
1. Acharyya S, Oskarsson T, Vanharanta S, Malladi S, Kim J, Morris PG,
Manova-Todorova K, Leversha M, Hogg N, Seshan VE, et al. A CXCL1
paracrine network links cancer chemoresistance and metastasis. Cell.
2012;150(1):165–78.
2. Keren L, Bosse M, Marquez D, Angoshtari R, Jain S, Varma S, Yang SR,
Kurian A, Van Valen D, West R, et al. A structured tumor-immune microenvironment in triple negative breast cancer revealed by multiplexed ion
beam imaging. Cell. 2018;174(6):1373-1387.e1319.
3. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative
breast cancer: challenges and opportunities of a heterogeneous disease.
Nat Rev Clin Oncol. 2016;13(11):674–90.
4. Stevanović S, Draper LM, Langhan MM, Campbell TE, Kwong ML,
Wunderlich JR, Dudley ME, Yang JC, Sherry RM, Kammula US, et al.
Complete regression of metastatic cervical cancer after treatment with
human papillomavirus-targeted tumor-infiltrating T cells. J Clin Oncol.
2015;33(14):1543–50.
5. Morrison AH, Byrne KT, Vonderheide RH. Immunotherapy and prevention
of pancreatic cancer. Trends Cancer. 2018;4(6):418–28.
6. Emens LA. Breast cancer immunotherapy: facts and hopes. Clin Cancer
Res. 2018;24(3):511–20.
7. Jia H, Truica CI, Wang B, Wang Y, Ren X, Harvey HA, Song J, Yang JM.
Immunotherapy for triple-negative breast cancer: Existing challenges and
exciting prospects. Drug Resist Updat. 2017;32:1–15.
8. Keenan TE, Tolaney SM. Role of immunotherapy in triple-negative breast
cancer. J Natl Compr Cancer Netw. 2020;18(4):479–89.
9. Li ZL, Zhang HL, Huang Y, Huang JH, Sun P, Zhou NN, Chen YH, Mai J,
Wang Y, Yu Y, et al. Autophagy deficiency promotes triple-negative breast
cancer resistance to T cell-mediated cytotoxicity by blocking tenascin-C
degradation. Nat Commun . 2020;11(1):3806.
10. Shifrut E, Carnevale J, Tobin V, Roth TL, Woo JM, Bui CT, Li PJ, Diolaiti ME,
Ashworth A, Marson A. Genome-wide CRISPR screens in primary human
T cells reveal key regulators of immune function. Cell. 2018;175(7):19581971.e1915.
11. de la Rojo Vega M, Chapman E, Zhang DD. NRF2 and the hallmarks of
cancer. Cancer Cell. 2018;34(1):21–43.
12. Zhang L, Romero P. Metabolic control of CD8(+) T cell fate decisions and
antitumor immunity. Trends Mol Med. 2018;24(1):30–48.
13. Hashimoto M, Kamphorst AO, Im SJ, Kissick HT, Pillai RN, Ramalingam SS,
Araki K, Ahmed R. CD8 T cell exhaustion in chronic infection and cancer:
opportunities for interventions. Annu Rev Med. 2018;69:301–18.
14. Tang R, Xu J, Zhang B, Liu J, Liang C, Hua J, Meng Q, Yu X, Shi S. Ferroptosis, necroptosis, and pyroptosis in anticancer immunity. J Hematol Oncol.
2020;13(1):110.
15. Laheurte C, Dosset M, Vernerey D, Boullerot L, Gaugler B, Gravelin E,
Kaulek V, Jacquin M, Cuche L, Eberst G, et al. Distinct prognostic value
of circulating anti-telomerase CD4(+) Th1 immunity and exhausted
PD-1(+)/TIM-3(+) T cells in lung cancer. Br J Cancer. 2019;121(5):405–16.

Page 17 of 18

16. Ran H, Tsutsumi R, Araki T, Neel BJCC. Sticking it to cancer with molecular
glue for SHP2. Cancer Cell. 2016;30(2):194–6.
17. Zhao H, Li D, Zhang B, Qi Y, Diao Y, Zhen Y, Shu X. PP2A as the main node
of therapeutic strategies and resistance reversal in triple-negative breast
cancer. Molecules (Basel, Switzerland). 2017;22(12):2277.
18. Eitelhuber AC, Warth S, Schimmack G, Düwel M, Hadian K, Demski K,
Beisker W, Shinohara H, Kurosaki T, Heissmeyer V, et al. Dephosphorylation of Carma1 by PP2A negatively regulates T-cell activation. The EMBO
journal. 2011;30(3):594–605.
19. Tan J, Lee PL, Li Z, Jiang X, Lim YC, Hooi SC, Yu Q. B55β-associated PP2A
complex controls PDK1-directed myc signaling and modulates rapamycin sensitivity in colorectal cancer. Cancer Cell. 2010;18(5):459–71.
20. Madera-Salcedo IK, Sánchez-Hernández BE, Svyryd Y, Esquivel-Velázquez
M, Rodríguez-Rodríguez N, Trejo-Zambrano MI, García-González HB,
Hernández-Molina G, Mutchinick OM, Alcocer-Varela J, et al. PPP2R2B
hypermethylation causes acquired apoptosis deficiency in systemic
autoimmune diseases. JCI insight. 2019;5(16):e126457.
21. Álvarez-Fernández M, Sanz-Flores M, Sanz-Castillo B, Salazar-Roa M,
Partida D, Zapatero-Solana E, Ali H, Manchado E, Lowe S, VanArsdale T,
et al. Therapeutic relevance of the PP2A-B55 inhibitory kinase MASTL/
Greatwall in breast cancer. Cell Death Differ. 2018;25(5):828–40.
22. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, Sabedot TS,
Malta TM, Pagnotta SM, Castiglioni I, et al. TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA data. Nucleic Acids Res.
2016;44(8):e71.
23. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G.
GISTIC20 facilitates sensitive and confident localization of the targets of
focal somatic copy-number alteration in human cancers. Genome Biol.
2011;12(4):R41.
24. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient
and comprehensive analysis of somatic variants in cancer. Genome Res.
2018;28(11):1747–56.
25. Tian Y, Morris TJ, Webster AP, Yang Z, Beck S, Feber A, Teschendorff AE.
ChAMP: updated methylation analysis pipeline for Illumina BeadChips.
Bioinformatics (Oxford, England). 2017;33(24):3982–4.
26. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
27. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9:559.
28. Sveen A, Ågesen TH, Nesbakken A, Meling GI, Rognum TO, Liestøl K,
Skotheim RI, Lothe RA. ColoGuidePro: a prognostic 7-gene expression signature for stage III colorectal cancer patients. Clin Cancer Res .
2012;18(21):6001–10.
29. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284–7.
30. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, Hoang CD,
Diehn M, Alizadeh AA. Robust enumeration of cell subsets from tissue
expression profiles. Nat Methods. 2015;12(5):453–7.
31. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, PortaPardo E, Gao GF, Plaisier CL, Eddy JA, et al. The immune landscape of
cancer. Immunity. 2018;48(4):812-830.e814.
32. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity
and immunotherapy. Nat Rev Immunol. 2019;19(6):369–82.
33. Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, Speed D,
Lynch AG, Samarajiwa S, Yuan Y, et al. The genomic and transcriptomic
architecture of 2000 breast tumours reveals novel subgroups. Nature.
2012;486(7403):346–52.
34. Guenthoer J, Diede SJ, Tanaka H, Chai X, Hsu L, Tapscott SJ, Porter PL.
Assessment of palindromes as platforms for DNA amplification in breast
cancer. Genome Res. 2012;22(2):232–45.
35. Orsetti B, Nugoli M, Cervera N, Lasorsa L, Chuchana P, Rougé C, Ursule L,
Nguyen C, Bibeau F, Rodriguez C, et al. Genetic profiling of chromosome
1 in breast cancer: mapping of regions of gains and losses and identification of candidate genes on 1q. Br J Cancer. 2006;95(10):1439–47.
36. Roh W, Chen PL, Reuben A, Spencer CN, Prieto PA, Miller JP,
Gopalakrishnan V, Wang F, Cooper ZA, Reddy SM, et al. Integrated molecular analysis of tumor biopsies on sequential CTLA-4 and PD-1 blockade
reveals markers of response and resistance. Sci Transl Med. 2017. https://
doi.org/10.1126/scitranslmed.aah3560.
37. Huang H, Sikora MJ, Islam S, Chowdhury RR, Chien YH, Scriba TJ, Davis
MM, Steinmetz LM. Select sequencing of clonally expanded CD8(+)

Li et al. Cancer Cell Int

38.

39.
40.
41.
42.

43.

44.
45.
46.

47.
48.

49.

(2021) 21:13

T cells reveals limits to clonal expansion. Proc Natl Acad Sci USA.
2019;116(18):8995–9001.
Kansy BA, Shayan G, Jie HB, Gibson SP, Lei YL, Brandau S, Lang S, Schmitt
NC, Ding F, Lin Y, et al. T cell receptor richness in peripheral blood
increases after cetuximab therapy and correlates with therapeutic
response. Oncoimmunology. 2018;7(11):e1494112.
Desrichard A, Snyder A, Chan TA. Cancer neoantigens and applications for
immunotherapy. Clin Cancer Res . 2016;22(4):807–12.
Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and genetic
properties of tumors associated with local immune cytolytic activity. Cell.
2015;160(1–2):48–61.
Brown SD, Warren RL, Gibb EA, Martin SD, Spinelli JJ, Nelson BH, Holt RA.
Neo-antigens predicted by tumor genome meta-analysis correlate with
increased patient survival. Genome Res. 2014;24(5):743–50.
Roux C, Jafari SM, Shinde R, Duncan G, Cescon DW, Silvester J, Chu
MF, Hodgson K, Berger T, Wakeham A, et al. Reactive oxygen species
modulate macrophage immunosuppressive phenotype through the upregulation of PD-L1. Proc Natl Acad Sci USA. 2019;116(10):4326–35.
Zhang X, Kim S, Hundal J, Herndon JM, Li S, Petti AA, Soysal SD, Li L,
McLellan MD, Hoog J, et al. Breast cancer neoantigens can induce
CD8(+) T-cell responses and antitumor immunity. Cancer Immunol Res.
2017;5(7):516–23.
Davoli T, Uno H, Wooten EC, Elledge SJ. Tumor aneuploidy correlates with
markers of immune evasion and with reduced response to immunotherapy. Science. 2017;355(6322):eaaf8399.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646–74.
Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, Lichtor T,
Decker WK, Whelan RL, Kumara H, et al. Immune evasion in cancer:
Mechanistic basis and therapeutic strategies. Semin Cancer Biol.
2015;35(Suppl):S185-s198.
Yang Y. Cancer immunotherapy: harnessing the immune system to battle
cancer. J Clin Investig. 2015;125(9):3335–7.
Reuben A, Gittelman R, Gao J, Zhang J, Yusko EC, Wu CJ, Emerson R,
Zhang J, Tipton C, Li J, et al. TCR Repertoire intratumor heterogeneity in localized lung adenocarcinomas: an association with predicted
neoantigen heterogeneity and postsurgical recurrence. Cancer Discov.
2017;7(10):1088–97.
Janjigian YY, Bendell J, Calvo E, Kim JW, Ascierto PA, Sharma P, Ott PA, Peltola K, Jaeger D, Evans J, et al. CheckMate-032 study: efficacy and safety

Page 18 of 18

50.
51.

52.
53.
54.

55.
56.
57.
58.

59.

of nivolumab and nivolumab plus ipilimumab in patients with metastatic
esophagogastric cancer. J Clin Oncol. 2018;36(28):2836–44.
Cassetta L, Kitamura T. Macrophage targeting: opening new possibilities
for cancer immunotherapy. Immunology. 2018;155(3):285–93.
Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun C,
Bercovici N, Guérin M, Biton J, Ouakrim H, et al. Macrophages impede
CD8 T cells from reaching tumor cells and limit the efficacy of anti-PD-1
treatment. Proc Natl Acad Sci USA. 2018;115(17):E4041-e4050.
Malfitano AM, Pisanti S, Napolitano F, Di Somma S, Martinelli R, Portella
G. Tumor-associated macrophage status in cancer treatment. Cancers.
2020;12(7):1987.
Saha D, Martuza RL, Rabkin SD. Macrophage polarization contributes
to glioblastoma eradication by combination immunovirotherapy and
immune checkpoint blockade. Cancer Cell. 2017;32(2):253-267.e255.
Pereira B, Chin SF, Rueda OM, Vollan HK, Provenzano E, Bardwell HA, Pugh
M, Jones L, Russell R, Sammut SJ, et al. The somatic mutation profiles
of 2,433 breast cancers refines their genomic and transcriptomic landscapes. Nat Commun . 2016;7:11479.
Yarchoan M, Johnson BA 3rd, Lutz ER, Laheru DA, Jaffee EM. Targeting neoantigens to augment antitumour immunity. Nat Rev Cancer.
2017;17(4):209–22.
Mandal R, Chan TA. Personalized oncology meets immunology: the path
toward precision immunotherapy. Cancer Discov. 2016;6(7):703–13.
Jia Q, Wang J, He N, He J, Zhu B. Titin mutation associated with
responsiveness to checkpoint blockades in solid tumors. JCI Insight.
2019;4(10):e127901.
Tao Y, Liu S, Briones V, Geiman TM, Muegge K. Treatment of breast cancer
cells with DNA demethylating agents leads to a release of Pol II stalling at
genes with DNA-hypermethylated regions upstream of TSS. Nucleic Acids
Res. 2011;39(22):9508–20.
Muggerud AA, Rønneberg JA, Wärnberg F, Botling J, Busato F, Jovanovic
J, Solvang H, Bukholm I, Børresen-Dale AL, Kristensen VN, et al. Frequent
aberrant DNA methylation of ABCB1, FOXC1, PPP2R2B and PTEN in ductal
carcinoma in situ and early invasive breast cancer. Breast Cancer Res.
2010;12(1):R3.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

