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Simple Summary: Preclinical studies have shown that cold stress results in the activation of ther-
mogenesis and an increased tumor growth rate in mice. This study aimed to investigate the clinical
relevance of these laboratory findings in patients with triple-negative breast cancer using publicly
available large cohorts. Triple-negative breast cancers with high thermogenesis were found to have a
pro-tumorigenic immune microenvironment, which may explain the trend towards poor survival
observed in this group. This study investigated thermogenesis as a biomarker to predict clinical
outcomes, and may pave the way to test novel therapeutics to improve the outcomes of this breast
cancer subtype.

Abstract: Mild cold stress induced by housing mice with a 4T1 triple-negative breast cancer (TNBC)
cell implantation model at 22 ◦C increases tumor growth rate with a pro-tumorigenic immune
microenvironment (lower CD8 +T cells, higher myeloid-derived suppressor cells (MDSCs) and regu-
latory T-cells (Tregs)). Since cold stress also activates thermogenesis, we hypothesized that enhanced
thermogenesis is associated with more aggressive cancer biology and unfavorable tumor microenvi-
ronment (TME) in TNBC patients. A total of 6479 breast cancer patients from METABRIC, TCGA,
GSE96058, GSE20194, and GSE25066 cohorts were analyzed using Kyoto Encyclopedia of Genes
and Genomes (KEGG) thermogenesis score. High-thermogenesis TNBC was associated with a trend
towards worse survival and with angiogenesis, adipogenesis, and fatty acid metabolism pathways.
On the other hand, low-thermogenesis TNBC enriched most of the hallmark cell-proliferation-related
gene sets (i.e., mitotic spindle, E2F targets, G2M checkpoint, MYC targets), as well as immune-
related gene sets (i.e., IFN-α and IFN-γ response). Favorable cytotoxic T-cell-attracting chemokines
CCL5, CXCL9, CXCL10, and CXCL11 were lower; while the MDSC- and Treg-attracting chemokine
CXCL12 was higher. There were higher M2 but lower M1 macrophages and Tregs. In conclusion,
high-thermogenesis TNBC is associated with pro-tumor immune microenvironment and may serve
as biomarker for testing strategies to overcome this immunosuppression.

Keywords: thermogenesis; triple-negative breast cancer; cold stress; tumor microenvironment;
METABRIC; TCGA; GSE96058
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1. Introduction

Thermogenesis is essential for all animals, ensuring a stable temperature for cellular
and physiological functions under conditions of environmental challenge. When faced with
the demand to thrive in colder temperatures, human beings increase their body temperature
via shivering or non-shivering thermogenesis [1,2]. In shivering thermogenesis, the energy
released from muscle contractions produces heat, while brown adipocytes mainly produce
heat in non-shivering thermogenesis. The sympathetic nervous system primarily controls
thermogenesis in brown and beige adipose tissue by releasing norepinephrine in response
to cold stimuli. Brown adipocytes express uncoupling protein 1 (UCP1). The association
between complex V and the electron transport chain (ETC) is uncoupled by UCP1, a
mitochondrial carrier protein, resulting in dissipation of the proton gradient across the inner
mitochondrial membrane. Via this uncoupling, heat is generated instead of ATP [3]. Mice
housed at 6 ◦C, which is 16 ◦C lower than standard housing temperature, have enhanced
thermogenic gene expression with increased production of UCP1 [4]. Pharmacological
activation of the beta-3 adrenergic receptor in mice mimics cold exposure, resulting in the
activation of thermogenesis [5]. Sympathetic denervation of the adipose tissue inhibits the
cold-induced UCP1 expression [4].

The concept that cold stress can induce carcinogenesis has been reported in human
epidemiology studies, where cooler environments were associated with greater cancer
incidence in a female population in the United States [6]. A negative correlation has been
observed between the average annual temperature and incidence rate for 13 types of
anatomical site-specific malignancies (uterine, breast, ovary, bladder, melanoma, thyroid,
leukemia, etc.) among females [6]. We have shown in a 4T1 murine triple-negative breast
cancer (TNBC) cell implantation model that the standard housing temperature required
for laboratory mice (22 ◦C) causes mild chronic cold stress with release of epinephrine
and norepinephrine, activating thermogenesis to maintain normal body temperature [7,8].
When this stress is alleviated by housing the mice under thermoneutral temperature at
30 ◦C, a marked reduction in tumor growth and metastasis is observed. This suppression
of tumor growth is dependent upon an effective adaptive immune system at thermoneu-
trality [8,9]. At the same time, it was also observed that tumor-bearing mice selected a
higher ambient temperature than non-tumor-bearing mice. This finding suggested that
tumor-bearing mice experience a greater degree of cold stress than non-tumor-bearing
mice [8]. Therefore, cold stress is associated with greater cancer incidence in humans [6],
and increased tumor growth rate in the 4T1 murine TNBC model [8].

In the past few years, there has been rapid development in microarray and sequencing
technologies, which has fundamentally transformed the collection of DNA and RNA
data, making them vital for biomedical research. However, the reproducibility across
independent studies is limited since the findings are based on gene-level expression [10].
At the same time, interpreting the biological meaning of changes in the expression of
a single gene is challenging. The single sample gene set enrichment analysis (ssGSEA)
method is an extension of the GSEA that utilizes a single sample instead of a population
sample as in the original GSEA application. The degree to which the input gene signature
is coordinately upregulated or downregulated within a sample is reflected by the score
derived from ssGSEA [11]. The use of a pathway approach reflects gene coordination more
accurately, is able to reduce model complexity, and carries the potential to increase the
applicability of prediction models [12–16]. Taken together with the fact that thermogenesis
should occur under a cold stress environment, we hypothesized that human TNBC with
enhanced thermogenesis is associated with aggressive cancer biology and unfavorable
tumor immune microenvironment. To test our hypothesis, we analyzed the transcriptome
of multiple large human breast cancer cohorts using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) thermogenesis score.
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2. Materials and Methods
2.1. Breast Cancer Cohorts

A total of 6479 breast cancer patients were analyzed in this study. Transcriptome and
clinical data of 1903 breast cancer patients in the Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) cohort [17] were obtained from cBioPortal [18];
among them, 298 patients had a pathological diagnosis of TNBC. RNA-sequencing data
and clinical information of 1065 patients in The Cancer Genome Atlas Breast Cancer Cohort
(TCGA-BRCA), among whom 153 patients were diagnosed as having TNBC, were obtained
from Pan-Cancer Clinical Data Resource [19] and using the cBio Cancer Genomic Portal [18].
The GSE96058 cohort has the transcriptome profiling of 3273 resected breast cancers from
an ongoing study. The latest publicly available clinical data of these patients were obtained
from resources noted in a recent The Sweden Cancerome Analysis Network-Breast (SCAN-
B) study [20], with 143 TNBC cases. The published data of Shi et al. (GSE20194, n = 68) [21]
and Symmans et al. (GSE25066, n = 170) [22] were used to investigate the association of the
thermogenesis scores with treatment response to neoadjuvant chemotherapy (NAC). The
analysis shown in this paper was performed within each cohort, and normalization within
each cohort was conducted at the time of original publication [17,19–22]. Disease-free
survival (DFS) was defined as the time from primary treatment completion until clinical
confirmation of disease recurrence or death. Overall survival (OS) was defined as the time
from completion of primary treatment until death. Disease-specific survival (DSS) was
defined as the time from completion of primary treatment until death, and deaths due to
causes other than the disease were excluded. Patients were classified into two groups based
on KEGG thermogenesis pathway. The KEGG thermogenesis pathway gene set was utilized
as the score for the analyses in a similar fashion as we have previously published [23]. The
top tertile (33%) was defined as “high” thermogenesis score and the bottom two-thirds
as “low” thermogenesis score using ssGSEA. ssGSEA calculates a separate enrichment
score for each pairing of sample and gene set, independent of phenotype leveling. This
transformation allows researchers to characterize cell state in terms of the activity levels
of biological processes and pathways rather than through the expression of individual
genes. ssGSEA projection transforms the data to a higher-level (pathways instead of genes)
space representing a more biologically interpretable set of features on which analytic
methods can be applied (ssGSEA v10.0.2, gsea-msigdb.github.io). This study was exempt
from Institutional Review Board approval because the information available within the
METABRIC, TCGA, GSE96058, GSE20194, and GSE25066 cohorts is publicly accessible and
has been de-identified.

2.2. Gene Set Enrichment Analysis (GSEA)

Gene set enrichment analysis (GSEA) was performed utilizing the publicly available
software provided by the Broad Institute [24], as we have described previously [25–32].
Multiple hypothesis testing for the evaluation of multiple gene sets was corrected using
false discovery rate (FDR), where an FDR less than 0.25 was used to define statistical
significance, as recommended by the Broad Institute [24]. The hallmark gene set collection
of The Molecular Signatures Database (MSigDB) [33] was used for this study, as we
described previously [28,29,34–42].

2.3. Analyses of Infiltrating Immune Cells Using xCell Algorithm

The xCell algorithm [43] was utilized to calculate the fraction of immune cells in
the tumor microenvironment through the use of transcriptomic data. The xCell website
(https://xcell.ucsf.edu/; accessed on 15 May 2020) was used to obtain the xCell data, as
we have reported previously [44–52]. The amount of adipocytes was estimated utilizing
xCell, as we have reported previously [50], defining adipocytes by the expression pattern
of 21 genes, as reported by Aran et al. in the journal Genome Biology (2017) (Table S1) [43].
Cytolytic activity ‘CYT’ was calculated using the expression of granzyme A (GZMA) and

https://xcell.ucsf.edu/
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perforin (PRF1) as described by Rooney et al. [53]. CYT was analyzed as has been described
in our previous work [41,53–60].

2.4. Signaling Signature

Interferon (IFN)-γ response and inflammatory signature were calculated using gene set
variation analysis (GSVA) [12] with MSigDB hallmark gene sets in two cohorts, METABRIC
and GSE96058, as we previously reported [23,29,36–40,51]. Hundreds of genes related to a
pathway were analyzed by GSVA (where the coordination of genes was taken into account)
as a score that estimates the degree of activation of the pathway. Table S2 lists the 200 genes
included in the hallmark inflammatory response gene set as the inflammatory pathway
score, which demonstrated that the inflammatory score was significantly associated with
better survival and a high level of several immune-related functions in TNBC [38]. The
cohorts were divided into high- and low-score groups by median value, as we have
previously reported [38].

2.5. Statistical Analysis

Other score values of the samples in the TCGA cohort, including the intratumoral
heterogeneity, single-nucleotide variant (SNV) neoantigens, indel neoantigens, silent
mutation, non-silent mutation, and fraction altered, were calculated and published by
Thorsson et al. [61]. Group comparison was calculated using one-way ANOVA test. The
Kaplan–Meier method was used to obtain survival statistics using log-rank test. Hazard
ratios (HRs) and 95% confidence intervals for survival curves were calculated using a Cox
proportional hazards model. Based on DFS, with death being a competing risk event, the
cumulative incidence of recurrence was calculated. A two-sided p < 0.05 was considered
as statistically significant in all the analyses. All boxplots are of Tukey type, with the
boxes depicting medians and inter-quartile ranges. R software (version 4.0.1, R Project for
Statistical Computing) and Microsoft Excel (version 16 for Windows, Redmond, WA, USA)
were utilized for data analysis and data plotting.

3. Results
3.1. High Thermogenesis Score Is Associated with a Trend towards Worse Survival in
Triple-Negative Breast Cancer (TNBC)

Given that the preclinical 4T1 murine TNBC cell-line implanted model shows in-
creased tumor growth rate and metastasis during cold stress [8], and because of the
literature showing that cold stress results in activation of the thermogenesis pathway [4],
we hypothesized that human TNBC with enhanced thermogenesis is associated with in-
creased tumor growth and with poor survival. We examined this in three independent
TNBC cohorts: METABRIC (n = 298), TCGA (n = 153), and GSE96058 (n = 141). Ther-
mogenesis score was defined based on KEGG thermogenesis pathway using ssGSEA.
Figure S1 shows the KEGG thermogenesis pathway and the list of genes that comprise
this thermogenesis pathway. Survival characteristics for TNBC by thermogenesis score
in METABRIC, TCGA, and GSE96058 are shown in Figure 1. “High” and “low” ther-
mogenesis scores were defined as the top tertile and bottom two-thirds of each cohort,
respectively. High-thermogenesis TNBC had a significantly worse median disease-specific
survival (mDSS) compared to low-thermogenesis TNBC in METABRIC (14.7 years vs.
not reached and HR = 1.49 (95% C.I. 1.02, 2.18), p = 0.036). This survival difference was
also observed in TCGA, but was significant only in METABRIC, which has a larger sam-
ple size. There was also a trend towards worse DFS in METABRIC and worse OS in all
three (METABRIC, TCGA, and GSE96058) for high-thermogenesis TNBC, though these
differences were not statistically significant. Thus, our data indicate that TNBC with high
thermogenesis score is associated with a statistically significantly worse mDSS or a trend
towards worse mDSS. Figure S2 shows the survival characteristics for estrogen receptor
(ER)-positive/human epidermal growth factor 2 (Her 2)-negative breast cancer and Her
2-positive breast cancer by thermogenesis score in METABRIC and TCGA cohorts. Similar
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to TNBC, high-thermogenesis Her 2-positive breast cancer was associated with statisti-
cally significantly worse DSS and DFS, but only a trend towards worse overall survival
in METABRIC. On the contrary, high-thermogenesis ER-positive/Her 2-negative breast
cancer was associated with better survival in METABRIC. However, these results were
not validated for either Her 2-positive or ER-positive/Her 2-negative breast cancer in
the TCGA cohort. Thus, no clear role of thermogenesis in survival for ER-positive/Her
2-negative or Her 2-positive breast cancer was observed.
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Figure 1. Thermogenesis score and survival outcomes in patients with triple-negative breast cancer (TNBC). Kaplan–Meier
survival plots are shown comparing patients with high and low thermogenesis score along with p-values and hazard ratios
(HRs) with confidence intervals for disease-specific survival (DSS), disease-free survival (DFS), and overall survival (OS) for
TNBC. The survival between high- and low-thermogenesis cohorts was compared using log-rank tests.

3.2. Thermogenesis Is Lower in TNBC, and Low-Thermogenesis TNBC Is Associated with Higher
Nottingham Histological Grade and Higher MKi67 Expression

Given our findings of an increased rate of tumor growth with cold stress in the 4T1
murine TNBC preclinical model and the observed trend towards worse survival in high-
thermogenesis TNBC, we expected that high thermogenesis would be associated with ag-
gressive features of cancer including subtypes (ER-positive/Her 2-negative, Her 2-positive
and TNBC), American Joint Committee on Cancer (AJCC) cancer staging, Nottingham
histological grade (grades 1, 2, and 3), and MKI67 expression, which is a cell proliferation
marker. Although TNBC and grade 3 tumors are known to have worse outcomes and



Cancers 2021, 13, 2559 6 of 20

would have been predicted to have high thermogenesis scores, we unexpectedly found
that aggressive TNBC subtype and highly proliferative grade 3 tumors both consistently
had the lowest thermogenesis score in METABRIC, TCGA, and GSE96058 (Figure 2A, all
p < 0.001). Since Figure 1 focuses on TNBC and Figure 2 on all the subtypes, it could be
speculated that thermogenesis scores may have different relevance for different subtypes of
breast cancer (as shown in Figure S2). However, the focus of this paper is on TNBC, given
our preclinical model in the TNBC setting, and therefore additional analysis to understand
this discrepancy was performed in TNBC. Further, we analyzed the relationship between
Ki67 (gene name MKI67) and thermogenesis score among TNBC tumors. Interestingly,
we observed that high-thermogenesis TNBC was associated with lower MKI67 expression
(Figure 2B, p < 0.01). Thus, we found that thermogenesis was low in TNBC and low
thermogenesis was associated with higher cell proliferation measured by both pathology
(grade) and molecular biology (MKI67 expression).
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Figure 2. Distribution of thermogenesis score across different subtypes, AJCC stages, and Nottingham histological grades
of tumors. (A) Tukey boxplots showing the distribution of thermogenesis scores among the three subtypes of breast cancer
estrogen receptor (ER)-positive/human epidermal growth factor receptor (Her 2)-negative (ER+/Her 2-), Her 2-positive
(Her 2+), and triple-negative breast cancer (TNBC), among four stages (I, II, III, IV) and Nottingham histological grades
(G1, G2, G3). Y-axis shows the thermogenesis score. Triple-negative breast cancer and G3 tumors consistently had a lower
thermogenesis score with a p-value < 0.001 (calculated using one-way ANOVA test). (B) Among TNBC, those with lower
thermogenesis score were more proliferative with a higher MKI67 expression. Medians and interquartile ranges are depicted
using boxes. One-way ANOVA test was used to calculate the depicted p-values.
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3.3. High-Thermogenesis TNBC Is Associated with Elevated Intratumoral Adipocytes and the
Expression of Mature Vascular-Related Genes, but Not with Mutation Rates

In order to explain the clinical outcomes in the high-thermogenesis group, we inves-
tigated the relationship between thermogenesis and intratumoral heterogeneity, homol-
ogous recombination defects (HRDs), mutation rate, and neoantigens, as calculated by
Thorsson et al. [62]. We found that high-thermogenesis TNBC had elevated HRDs and
fraction altered (Figure 3A, both p < 0.05), but no significant differences in intratumoral
heterogeneity, mutation rate, or neoantigens were observed. In addition, the findings of
lower proliferation in high-thermogenesis TNBC (p < 0.01) is consistent with the finding of
lower MKI67 in Figure 2B.
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Figure 3. Association between thermogenesis (low/high) and intratumoral heterogeneity, homologous recombination
defects (HRDs), mutations, adipocytes, the expression of vessel-related cells, blood endothelial cell markers, and vascular-
stability-related genes in the TCGA, METABRIC and GSE96058 cohorts. (A) Intratumoral heterogeneity, homologous
recombination defects, and mutation-related scores, including mutation rate, fraction altered, single nucleotide variants
(SNVs) and indel neoantigens along with proliferation score. (B) Abundance of adipocytes in high-thermogenesis TNBC.
(C) High-thermogenesis TNBC with an abundance of vessel-related cells (endothelial cells, microvascular endothelial cells,
and lymphatic endothelial cells). (D) High-thermogenesis TNBC showing higher gene expression level of endothelial cell
marker-related genes CD31 (PECAM1) and von-Willebrand factor (vWF). (E) High-thermogenesis TNBC showing higher
gene expression levels of vascular-stability-related genes VE-cadherin, Claudin 5, JAM2, and sphingosine-1-phosphate-
related gene (S1PR1). (F) Abundance of pericytes. One-way ANOVA test was used to calculate p-values.

Adipocytes and endothelial cells also constitute the tumor microenvironment. It is
well known that there is an interaction between cancer-associated adipocytes with cancer
cells. Cancer-associated adipocytes secrete inflammatory cytokines such as interleukin
(IL)-6 and tumor necrosis factor (TNF)-α, which are known to promote cancer progression
by contributing to pro-cancer inflammation [63,64]. Therefore, we examined the relative
distribution of adipocytes in high- and low-thermogenesis TNBC and indeed found higher
infiltration in high-thermogenesis TNBC (Figure 3B), which supports the literature data
suggesting that higher adipocytes are associated with enhanced thermogenesis. Addition-
ally, IL-6 and leptin produced by adipocytes are known to promote angiogenesis, invasion,
and metastasis [65,66], and we have previously shown that intratumoral angiogenesis is
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associated with metastatic recurrence in breast cancer [37]. Therefore, vascular markers
in the high- and low-thermogenesis TNBC were investigated. The relative distribution
of endothelial cells, microvascular endothelial cells, and lymphatic endothelial cells was
significantly elevated in high-thermogenesis TNBC (Figure 3C). Similarly, endothelial-cell
surface marker genes von Willebrand factor (vWF) and CD31 (PECAM1) were significantly
elevated in high-thermogenesis TNBC, indicating that the concentration of blood vessels
inside tumors was increased (Figure 3D). Additionally, genes representing vascular stability
and maturity—vascular endothelial cadherin (CDH5), claudin 5 (CLDN5), and junction ad-
hesion molecule 2 (JAM2)—were significantly increased in the high-thermogenesis TNBC
(Figure 3E). Sphingosine-1-phosphate (S1P) plays a critical role in angiogenesis, as shown
by us and others [67–75]. We observed that high-thermogenesis TNBC was also associated
with high SIP receptor-1 (S1PR1) expression, which is another mature blood vessel marker
(Figure 3E). Similarly, high-thermogenesis TNBC was also significantly associated with the
presence of more pericytes in METABRIC and a trend in this direction was observed in
GSE96058 (Figure 3F). These findings show that high-thermogenesis TNBC is associated
with an abundance of adipocytes and mature blood vessels.

3.4. Thermogenesis Is Associated with a Trend towards Higher Response to Neoadjuvant
Chemotherapy (NAC)

Given the results showing more aggressive features like higher angiogenesis and
the presence of more intratumoral adipocytes in high-thermogenesis TNBC, we expected
that the thermogenesis score may be a predictive biomarker for NAC response. This was
analyzed using GSE25066 (n = 170 TNBC) and GSE20194 (n = 70 TNBC) cohorts. As
expected, high thermogenesis demonstrated a trend towards higher pathological complete
response (pCR) in cohorts GSE25066 and GSE20194, but this was not statistically significant
(Figure 4A). At the same time, tumors that attained pCR had statistically significantly higher
thermogenesis score compared to tumors with residual disease (RD) after the completion of
NAC at the time of surgery in GSE20194, but this result could not be validated in GSE25066
(Figure 4B).
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Figure 4. Relationship between thermogenesis and response to neoadjuvant chemotherapy (NAC)
in triple-negative breast cancer (TNBC). (A) Percentage of pathological complete response (pCR)
between low (blue bar) and high (red bar) thermogenesis in GSE25066 (n = 170) and GSE20194
(n = 68) TNBC cohorts that received NAC. The number of patients where pCR was achieved is shown
below the plots. pCR was compared between the two groups using the Fisher’s exact test. (B) Tukey
boxplots comparing thermogenesis score among patients with pCR or residual disease (RD). Boxplots
show median and interquartile level values and Fisher’s exact test was used to calculate the p-values.
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3.5. High-Thermogenesis TNBC Enriched Fatty Acid Metabolism and Adipogenesis Pathways
while Low-Thermogenesis TNBC Enriched Cell-Proliferation-Related and
Immune-Related Pathways

Given the fact that adipocytes are the main source of heat production during thermo-
genesis, we expected the fatty acid metabolism and adipogenesis pathways to be enriched
in high-thermogenesis TNBC. In order to investigate this, we ran GSEA for the hallmark
gene sets in METABRIC and GSE96058 cohorts. As expected, fatty acid metabolism and
adipogenesis pathways were significantly enriched in high-thermogenesis TNBC compared
to low-thermogenesis TNBC (Figure 5). Since low-thermogenesis TNBC was associated
with higher cell proliferation by grade and MKI67 expression (Figure 2B), it was of interest
to identify the hallmark gene sets associated with low thermogenesis. We observed that
low-thermogenesis TNBC was consistently enriched in four out of five cell-proliferation-
related gene sets, including mitotic spindle, E2F targets, G2M checkpoint, and MYC targets
v2, in both cohorts (all FDR < 0.25). At the same time, there was a significant enrichment of
immune-related gene sets to low thermogenesis, interferon (IFN)-α response and IFN-γ
response, in both cohorts (all FDR < 0.25). Figure S3 shows all the hallmark gene sets with
significant enrichment in high- and low-thermogenesis TNBC with FDR < 0.25. The higher
enrichment of immune response in low-thermogenesis TNBC leads us to hypothesize that
the survival difference by thermogenesis could be partly because low thermogenesis is
associated with a favorable tumor immune microenvironment, and thus better survival.
Table S3 lists the genes included in the hallmark gene sets with significant enrichment.
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cohorts. Gene set enrichment analysis (GSEA) plots with normalized enrichment score (NES) and false discovery rate
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thermogenesis TNBC in METABRIC and GSE96058 cohorts. FDR < 0.25 was used to determine the statistical significance of
GSEA. Negative NES refers to enrichment in the low-thermogenesis group.
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3.6. Low-Thermogenesis TNBC Is Associated with Higher Cytolytic T-cell (CTL)-Attracting
Chemokines, whereas High-Thermogenesis TNBC Is Associated with Higher Myeloid-Derived
Suppressor Cell (MDSC)-/Regulatory T-cells (Tregs)-Attracting Chemokines, with Glucocorticoid
Receptor (GR) Signaling

Given our findings that high-thermogenesis TNBC had more adipocytes and angio-
genesis, but lower cancer cell proliferation, which were uniformly shown with multiple
methods, we hypothesized that this may be because low-thermogenesis TNBC is associated
with a more favorable anti-tumor immune microenvironment, explaining the difference in
observed survival outcomes. In order to test this hypothesis, we analyzed the inflammatory
signature, as well as chemokines attracting the CTLs (namely CCL5, CXCL9, CXCL10,
CXCL11 [76]) and chemokines attracting immunosuppressive MDSCs and Tregs (namely
CXCL12 and CCL22 [77,78]) using METABRIC and GSE96058 cohorts. We observed that
IFN-γ signature and granzyme B expression were consistently significantly higher in the
low-thermogenesis TNBC compared to the high-thermogenesis TNBC in both METABRIC
and GSE96058 cohorts (Figure 6A, all p < 0.05). Low-thermogenesis TNBC had a signifi-
cantly higher inflammation signature compared to the high group (p < 0.05) in METABRIC
and a trend towards a higher inflammatory signature in GSE96058. Tumor infiltration
with effector CD8+ T cells has been associated with good prognosis in breast cancer [79];
therefore, CTL-attracting chemokines were analyzed. Low-thermogenesis TNBC consis-
tently had a higher expression of the CTL-attracting chemokines CCL5, CXCL9, CXCL10,
and CXCL11 (Figure 6B, all p < 0.01). On the other hand, since MDSCs and Tregs are both
known to protect tumors from CTL-mediated elimination, and to promote tumor growth,
we also analyzed the expression of chemokines attracting MDSCs and Tregs to tumors,
that is, CXCL12 and CCL22. As expected, we observed that high-thermogenesis TNBC had
a higher expression of CXCL12 (p < 0.01), while no difference in CCL22 expression was
observed. Therefore, we observed that high-thermogenesis TNBC was associated with
unfavorable chemokines, whereas low-thermogenesis TNBC was associated with favorable
chemokines and inflammation, which could explain the difference in survival. This is
consistent with our previous finding that a high inflammatory score in TNBC was signif-
icantly associated with better survival and a high level of several immune-related gene
sets in GSEA [38]. We showed that although inflammation could be associated with both
anti-cancer and pro-cancer immune response, in TNBC, it was associated with favorable
anti-cancerous immune response and immune-cell infiltration [38].
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Since stress (specifically cold stress) results in higher thermogenesis, we also hypoth-
esized that high-thermogenesis TNBC is associated with a higher expression of stress
biomarkers. Stress response is comprised of the autonomic nervous system and the
hypothalamic–pituitary–adrenal (HPA) axis. We used markers of both the autonomic
nervous system via the beta-adrenergic signaling axis (ADRB2) and the HPA axis via gluco-
corticoid receptor (GR) signaling (NR3C1) and the genes downstream of the GR signaling
pathway (ROR1, SGK1, and DUSP1) (Figure 6C). No consistent differences in the expression
of ADRB2, NR3C1, ROR1, or SGK1 were observed. Strikingly, high-thermogenesis TNBC
was associated with high levels of DUSP1, which is downstream of HPA axis activation
and GR signaling. Hence, these tumors are GR-driven. GR-driven TNBC has been shown
to be associated with worse survival [80].

3.7. High-Thermogenesis TNBC Has Lower Anti-Cancer Immune Cell Infiltration, Lower
Cytolytic Activity, and Higher M2 Macrophages

Since we observed lower IFN-γ signature and granzyme B expression with lower
CTL-attracting chemokines in the high-thermogenesis TNBC, we hypothesized that anti-
cancer immune cell infiltration is lower in high-thermogenesis TNBC, and tested this
hypothesis in METABRIC and GSE96058 cohorts using the xCell algorithm. Immune-cell
fractions, including anti-cancer and pro-cancer immune cells, were compared between
the high- and low-thermogenesis groups (Figure 7A). We observed that all the examined
anti-cancer immune cells were lower in the high-thermogenesis TNBC group, which may
explain the lower inflammatory signature observed in this group. M1 macrophages were
consistently significantly lower (p < 0.01) in high-thermogenesis TNBC in both cohorts.
M1 macrophages secrete pro-inflammatory cytokines, namely, TNF-α, IL-12, CXCL10,
and IFN-γ [81], and thus explain the lower IFN-γ and CTL-attracting chemokine CXCL10
expression in high-thermogenesis TNBC. Pro-cancer Tregs followed the same trend as CD8+

T cells, which is in agreement with our previous observation [45]. M2 macrophages, which
exert an immunosuppressive phenotype by the secretion of anti-inflammatory cytokines
(i.e., IL-4, IL-10, and IL-13) [81], were the only pro-cancer immune cells that were higher in
high-thermogenesis TNBC. High-thermogenesis TNBC was associated with lower cytolytic
activity (CYT, p < 0.05), which represents overall ability to kill tumor cells in the tumor
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microenvironment in METABRIC (Figure 7B). Strikingly consistent results with a trend
towards lower CYT in high-thermogenesis TNBC was observed in GSE96058 (Figure 7B).
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4. Discussion

In this study, we examined the association between thermogenesis score and clinical
outcomes, treatment response, and its impact on the tumor microenvironment using bulk
tumor transcriptomes from multiple independent cohorts of breast cancer patients. Our
study indicates that a high thermogenesis score is associated with a trend towards worse
survival outcomes in TNBC. As expected, a higher thermogenesis score was able to predict
better outcomes to neoadjuvant chemotherapy given its more aggressive cancer biology.
High-thermogenesis TNBC was enriched in pathways for fatty acid metabolism and adipo-
genesis, with more angiogenesis gene expression and lower CTL-attracting chemokines
and higher MDSC-/Treg-attracting chemokine. On the other hand, low-thermogenesis
TNBC had higher cell proliferation, which could be explained by greater cytolytic activity
and enrichment for genes for IFN response compared to high-thermogenesis TNBC.

The KEGG thermogenesis pathway gene set was used to divide the tumors into high
and low thermogenesis score groups. The KEGG is a database resource for understanding
the high-level functions and utilities of biological systems such as cells, organisms, and
ecosystems, from genomic and molecular-level information. It is a computer representation
of a biological system, consisting of molecular building blocks of genes and proteins and
chemical substances, integrated with the knowledge on molecular wiring diagrams of
interaction, reaction, and relation networks. It also contains disease and drug information
as perturbations to the biological system. The KEGG database has been in development by
Kanehisa Laboratories since 1995, and is now a prominent reference knowledge base for
the integration and interpretation of large-scale molecular datasets generated by genome
sequencing and other high-throughput experimental technologies. The KEGG gene sets are
widely accepted and recognized to represent specific and well-defined biological statuses
or processes, and to display coherent expression [82–84]. The thermogenesis score was
calculated by ssGSEA algorithm using the KEGG thermogenesis gene sets.

The finding that high-thermogenesis TNBC has a trend towards worse survival but
responds well to NAC may seem paradoxical, though it is important to note that our study
did not demonstrate statistical significance for any of these results. Hence, the discus-
sion is hypothesis-generating. There are several possible explanations for this observed
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discrepancy. Firstly, it is important to note that a biomarker may associate with higher
chemosensitivity but also with worse survival when it is associated with aggressive biology.
An example is our recently published study where we demonstrated that the 4-gene score
was associated with poor survival and aggressive clinical parameters in patients with
breast cancer, but the score was also associated with a higher rate of pCR [28]. Another
example is higher androgen receptor expression in ER-positive breast cancer, where higher
expression is associated with worse response to NAC but better survival [27]. Therefore,
with respect to the aggressive nature of the high-thermogenesis group, it is expected that
this group will overall have poor survival outcomes. Secondly, although pCR is often
used as a surrogate for improved survival outcomes [85], it is important to note that
pCR improvement does not always translate into improved DFS, as observed in CALGB
40603 when carboplatin addition to chemotherapy resulted in improved pCR but not in
DFS [86]. There are multiple similar examples where improvement in pCR with certain
treatments did not translate into a survival benefit [85], such as the addition of lapatinib
to trastuzumab in the ALTTO trial [87], or the addition of bevacizumab to chemotherapy
in the BEATRICE trial [88]. Even though we only observed a trend and were unable to
statistically validate the poor outcomes in high-thermogenesis TNBC in this study, our
preclinical model in murine TNBC showed an increased rate of tumor growth on exposure
to cold stress [8], and epidemiological data also support that cold stress may correlate
with higher cancer incidence [6]. Therefore, it was of interest to investigate the tumor
immune microenvironment to understand the immune cell infiltration that is associated
with these differences.

Studies have shown that thermal stress (cold stress) induced by housing 4T1 tumor-
bearing mice at 22 ◦C compared to 30 ◦C decreases the overall ability of the anti-tumor im-
mune response to control tumor growth by decreasing the frequency and function of CD8+

T cells and promoting the suppressive function of MDSCs [89], and increasing Tregs [9].
This change in the tumor microenvironment explains the weaker anti-cancer immune re-
sponse during thermal stress. Our observation of lower IFN-γ and granzyme B expression
in high-thermogenesis TNBC along with lower CYT is consistent with these known find-
ings showing lower anti-cancer activity of CD8+ T cells in TNBC with high thermogenesis,
and, hence, thermal stress. MDSCs are well-known to reduce CD8+ T-cell proliferation
and IFN-γ production [90], and therefore our results also support that high-thermogenesis
TNBC would indirectly have higher MDSCs compared to low-thermogenesis TNBC. In
support of the above findings, our study showed that high-thermogenesis TNBC had sig-
nificantly lower expression of CTL-attracting chemokines such as CCL5, CXCL9, CXCL10,
and CXCL11 and higher expression of the MDSC- and Treg-attracting chemokine CXCL12,
which also explains the lower cytolytic activity in high-thermogenesis TNBC, reflecting
thermal stress. This could imply that this group of patients with TNBC experiencing
thermal stress may represent “cold” tumors that may derive minimal benefit from im-
munotherapeutic strategies and would need novel agents to enhance immunotherapy effi-
cacy. Interestingly, we observed that DUSP1 expression was higher in high-thermogenesis
TNBC. DUSP1 is a downstream gene upregulated upon GR activation. Activation of the
GR pathway has been shown to be associated with worse survival in TNBC [80]. The
higher DUSP1 expression in the high-thermogenesis TNBC could lead us to hypothesize
that stress pathways activating GR signaling are also enhanced in the high-thermogenesis
group, which may contribute to the observed outcomes.

There is a complex interplay between thermogenesis and angiogenesis. It is well-
known that the IL-6 and leptin produced by adipocytes promote angiogenesis [65,66].
Adipose tissue (especially brown adipose tissue) is highly vascularized. This vascula-
ture plays an important role in supplying nutrients and oxygen to adipocytes, removing
metabolic products, and conducting the heat produced in adipose tissue to the rest of the
body. The vessel wall itself also serves as a source of stem cells to later differentiate into
preadipocytes or adipocytes. In fact, vascular endothelial cells and adipocytes are the two
main cellular components in the adipose microenvironment. Adipocytes also produce an-
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giogenic factors like vascular endothelial growth factor (VEGF) that regulate angiogenesis,
vascular survival, vascular remodeling, and blood perfusion [91]. Studies have shown that
both cold-induced sympathetic activation [92] and beta-3 adrenergic agonist [93] are able to
augment adipose angiogenesis during the browning of white adipose tissue. This results in
the upregulation of UCP1, which is required for non-shivering thermogenesis. These find-
ings are consistent with our study showing that high-thermogenesis TNBC is associated
with a higher expression of mature vascular-related genes, that is, higher angiogenesis.

It is well known that beta-adrenergic signaling promotes invasion, epithelial-to-
mesenchymal transition phenotype [94], and the generation of an immunosuppressive
tumor microenvironment [9], although we did not find any difference in ADBR2 (receptor
for beta2-adrenergic signaling) gene expression between high- and low-thermogenesis
TNBC in our study. Cold stress is one among many stressors that is commonly expe-
rienced by humans (others include psychological or emotional stress) which could be
significantly increased with a diagnosis of cancer. This is mediated through the sympa-
thetic nervous system. We have shown in a phase 1 clinical trial that the abrogation of
stress in metastatic melanoma patients via pharmacological approaches (e.g., inhibition
of the beta-adrenergic signaling axis via the non-selective beta-blocker propranolol) has
the potential to improve clinical outcomes [95]. Similarly, in order to abrogate stress in
breast cancer, several pharmacological and non-pharmacological strategies are underway
in order to improve breast cancer outcomes [96]. Hiller et al. showed that perioperative
pharmacological blockade of the beta-adrenergic signaling pathway in breast cancer re-
duced biomarkers of metastasis and resulted in the creation of a favorable immune profile
in breast cancer [97]. Since cold stress has been shown to result in enhanced thermogenesis,
we speculate that transcriptomic profiling of tumors to delineate high thermogenesis has
the potential to identify tumors that may selectively benefit from pharmacological (beta
blockers) or non-pharmacological (yoga, meditation, exercise, natural products, acupunc-
ture, support groups, psychological counselling) stress abrogation strategies. In addition,
we also observed that low-thermogenesis TNBC had a higher expression of HRDs. The
presence of these aberrant DNA-repair pathways makes the tumor sensitive to DNA dam-
aging therapies such as PARP inhibitors and platinum agents. Low-thermogenesis TNBC
was also associated with higher fraction altered/copy number alteration (CNA), which are
defined as acquired changes in the copy number of genes in tissues such as tumors. Higher
genomic instability and malignant transformation is associated with an increased burden
of CNAs [98]. Several novel therapeutics are currently under development and in clinical
trials to target this population with defects in HR. Clinical trials using PARP inhibitors
for breast cancer with germline BRCA1/2 mutations have shown promising results in the
neoadjuvant [99] and metastatic setting [100,101], and are being actively studied in TNBC
with HRDs [102]. Thus, it is possible that low-thermogenesis TNBC with high HRDs may
be sensitive to PARP inhibitors and platinum chemotherapy, which would be an interesting
area of research to explore further.

Limitations in our study include the fact that is it a retrospective analysis of cohorts,
and lacks experimental validation using patient samples since we did not have access to
those samples. Therefore, data interpretation is limited due to the lack of a mechanistic
approach and causality association. Although the survival data in TNBC is intriguing, it
will require validation in other cohorts with large numbers of patients since the trends
observed here were not statistically significant. However, the finding of differences in
tumor immune microenvironment between high and low thermogenesis in human TNBC
provides validation of the cold stress theory emerging from prior preclinical experiments,
and is hypothesis-generating. This also supports the observation of higher cancer incidence
among females with cancer living in cold environments, which could indirectly imply that
an activated thermogenesis pathway results in enhanced tumorigenesis in females and
thus is relevant to this study in breast cancer, which is predominantly a female malignancy.
Additionally, no clear role of thermogenesis on survival in ER-positive/Her 2-negative and
Her 2-positive breast cancer was observed in our study, and should be validated in other
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larger patient cohorts. Future work in order to further advance this field should aim to
understand the interaction of stress response via thermoregulation and antitumor immunity
in different subtypes of breast cancer, as well as in other malignancies. This would help
to validate high thermogenesis as a biomarker to identify cancers that are stressed in
order to utilize both pharmacological and non-pharmacological approaches to abrogate
stress in order to improve outcomes. Our ongoing phase 2 clinical trial in metastatic
melanoma (ClinicalTrials.gov Identifier: NCT03384836) is investigating a validated stress
questionnaire quantifying subjective stress to assess the benefit of pharmacological stress
blockade with propranolol for high/moderate/low-stressed melanoma patients.

5. Conclusions

We observed that high-thermogenesis TNBC was associated with a trend towards
worse survival and with a pro-tumor immune microenvironment. Further research is
warranted to validate if high thermogenesis could reflect tumors under thermal or other
types of stress and to develop novel strategies to abrogate stress and improve outcomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13112559/s1. Table S1: The genes that were used to define adipocytes in xCell, a
bioinformatics algorithm reported by Aran et al. The algorithm is unable to differentiate between
white and brown adipocytes. Table S2: Genes in the hallmark inflammatory response gene set. Table
S3: List of genes included in the hallmark gene sets with significant enrichment. Figure S1: (A) Kyoto
Encyclopedia of Genes and Genomes (KEGG) thermogenesis pathway. (B) List of genes comprising
the KEGG thermogenesis pathway and their description. Figure S2: Thermogenesis score and survival
characteristics in patients with (A) estrogen receptor (ER)-positive/human epidermal growth factor
receptor 2 (Her 2)-negative breast cancer and (B) Her 2-positive breast cancer. Kaplan–Meier survival
plots are shown comparing high and low thermogenesis score along with p-values for disease-specific
survival (DSS), disease-free survival (DFS), and overall survival (OS). The survivals between high
and low thermogenesis groups were compared using log-rank tests. Figure S3: Hallmark gene sets
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scores in METABRIC, TCGA, and GSE96058 cohorts. Gene set enrichment analysis (GSEA) plots
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significance. Negative NES refers to gene set enrichment in the low thermogenesis group.

Author Contributions: Conceptualization, S.G. and K.T.; methodology, S.G. and M.O.; formal
analysis, M.O.; investigation, M.O.; writing—original draft preparation, S.G.; writing—review and
editing, S.G., M.O., V.M., E.A.R., and K.T.; supervision, K.T. All authors have read and agreed to the
published version of the manuscript.

Funding: K.T. was supported by National Institutes of Health, USA grant R01CA160688,
R01CA250412, R37CA248018, as well as US Department of Defense BCRP grant W81XWH-19-1-0674
to K.T. E.A.R. was supported by National Cancer Institute (NCI) Grant R01CA205246. This work was
also supported by Roswell Park Comprehensive Cancer Center and NCI grant, P30CA016056. Re-
search reported in this publication was supported by the National Center for Advancing Translational
Sciences of the National Institutes of Health under award numbers KL2TR001413 and UL1TR001412.
The content is solely the responsibility of the authors and does not necessarily represent the official
views of the NIH.

Institutional Review Board Statement: This study was deemed exempt from Institutional Review
Board approval because all information within METABRIC, TCGA, GSE96058, GSE20194, and
GSE25066 is publicly accessible and de-identified.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here; cBioPortal for Cancer Genomics; and Home—GEO—NCBI (nih.gov).

https://www.mdpi.com/article/10.3390/cancers13112559/s1
https://www.mdpi.com/article/10.3390/cancers13112559/s1
nih.gov


Cancers 2021, 13, 2559 16 of 20

Acknowledgments: K.T. is the Alfiero Foundation Chair of Breast Oncology at Roswell Park Com-
prehensive Cancer Center.

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

References
1. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359.

[CrossRef]
2. Nedergaard, J.; Cannon, B. The browning of white adipose tissue: Some burning issues. Cell Metab. 2014, 20, 396–407. [CrossRef]
3. Krauss, S.; Zhang, C.Y.; Lowell, B.B. The mitochondrial uncoupling-protein homologues. Nat. Rev. Mol. Cell Biol. 2005, 6, 248–261.

[CrossRef]
4. Guilherme, A.; Yenilmez, B.; Bedard, A.H.; Henriques, F.; Liu, D.; Lee, A.; Goldstein, L.; Kelly, M.; Nicoloro, S.M.; Chen, M.; et al.

Control of Adipocyte Thermogenesis and Lipogenesis through beta3-Adrenergic and Thyroid Hormone Signal Integration. Cell
Rep. 2020, 31, 107598. [CrossRef]

5. Mottillo, E.P.; Balasubramanian, P.; Lee, Y.H.; Weng, C.; Kershaw, E.E.; Granneman, J.G. Coupling of lipolysis and de novo
lipogenesis in brown, beige, and white adipose tissues during chronic beta3-adrenergic receptor activation. J. Lipid Res. 2014, 55,
2276–2286. [CrossRef]

6. Sharma, A.; Sharma, T.; Panwar, M.S.; Sharma, D.; Bundel, R.; Hamilton, R.T.; Radosevich, J.A.; Mandal, C.C. Colder
environments are associated with a greater cancer incidence in the female population of the United States. Tumour Biol.
2017, 39, 1010428317724784. [CrossRef]

7. Eng, J.W.; Reed, C.B.; Kokolus, K.M.; Pitoniak, R.; Utley, A.; Bucsek, M.J.; Ma, W.W.; Repasky, E.A.; Hylander, B.L. Housing
temperature-induced stress drives therapeutic resistance in murine tumour models through beta2-adrenergic receptor activation.
Nat. Commun. 2015, 6, 6426. [CrossRef]

8. Kokolus, K.M.; Capitano, M.L.; Lee, C.T.; Eng, J.W.; Waight, J.D.; Hylander, B.L.; Sexton, S.; Hong, C.C.; Gordon, C.J.; Abrams, S.I.;
et al. Baseline tumor growth and immune control in laboratory mice are significantly influenced by subthermoneutral housing
temperature. Proc. Natl. Acad. Sci. USA 2013, 110, 20176–20181. [CrossRef]

9. Bucsek, M.J.; Qiao, G.; MacDonald, C.R.; Giridharan, T.; Evans, L.; Niedzwecki, B.; Liu, H.; Kokolus, K.M.; Eng, J.W.;
Messmer, M.N.; et al. beta-Adrenergic Signaling in Mice Housed at Standard Temperatures Suppresses an Effector Phenotype in
CD8(+) T Cells and Undermines Checkpoint Inhibitor Therapy. Cancer Res. 2017, 77, 5639–5651. [CrossRef]

10. Ein-Dor, L.; Zuk, O.; Domany, E. Thousands of samples are needed to generate a robust gene list for predicting outcome in cancer.
Proc. Natl. Acad. Sci. USA 2006, 103, 5923–5928. [CrossRef]

11. Yi, M.; Nissley, D.V.; McCormick, F.; Stephens, R.M. ssGSEA score-based Ras dependency indexes derived from gene expression
data reveal potential Ras addiction mechanisms with possible clinical implications. Sci. Rep. 2020, 10, 10258. [CrossRef]

12. Hanzelmann, S.; Castelo, R.; Guinney, J. GSVA: Gene set variation analysis for microarray and RNA-seq data. BMC Bioinform.
2013, 14, 7. [CrossRef] [PubMed]

13. Khatri, P.; Sirota, M.; Butte, A.J. Ten years of pathway analysis: Current approaches and outstanding challenges. PLoS Comput.
Biol. 2012, 8, e1002375. [CrossRef]

14. Lee, E.; Chuang, H.Y.; Kim, J.W.; Ideker, T.; Lee, D. Inferring pathway activity toward precise disease classification. PLoS Comput.
Biol. 2008, 4, e1000217. [CrossRef] [PubMed]

15. Su, J.; Yoon, B.J.; Dougherty, E.R. Accurate and reliable cancer classification based on probabilistic inference of pathway activity.
PLoS ONE 2009, 4, e8161. [CrossRef]

16. Wang, X.; Sun, Z.; Zimmermann, M.T.; Bugrim, A.; Kocher, J.P. Predict drug sensitivity of cancer cells with pathway activity
inference. BMC Med. Genom. 2019, 12, 15. [CrossRef] [PubMed]

17. Curtis, C.; Shah, S.P.; Chin, S.F.; Turashvili, G.; Rueda, O.M.; Dunning, M.J.; Speed, D.; Lynch, A.G.; Samarajiwa, S.; Yuan, Y.; et al.
The genomic and transcriptomic architecture of 2000 breast tumours reveals novel subgroups. Nature 2012, 486, 346–352.
[CrossRef]

18. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2,
401–404. [CrossRef]

19. Liu, J.; Lichtenberg, T.; Hoadley, K.A.; Poisson, L.M.; Lazar, A.J.; Cherniack, A.D.; Kovatich, A.J.; Benz, C.C.; Levine, D.A.;
Lee, A.V.; et al. An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive High-Quality Survival Outcome Analytics. Cell
2018, 173, 400–416.e411. [CrossRef]

20. Brueffer, C.; Gladchuk, S.; Winter, C.; Vallon-Christersson, J.; Hegardt, C.; Hakkinen, J.; George, A.M.; Chen, Y.; Ehinger, A.;
Larsson, C.; et al. The mutational landscape of the SCAN-B real-world primary breast cancer transcriptome. EMBO Mol. Med.
2020, 12, e12118. [CrossRef]

21. Shi, L.; Campbell, G.; Jones, W.D.; Campagne, F.; Wen, Z.; Walker, S.J.; Su, Z.; Chu, T.M.; Goodsaid, F.M.; Pusztai, L.; et al. The
MicroArray Quality Control (MAQC)-II study of common practices for the development and validation of microarray-based
predictive models. Nat. Biotechnol. 2010, 28, 827–838. [CrossRef] [PubMed]

http://doi.org/10.1152/physrev.00015.2003
http://doi.org/10.1016/j.cmet.2014.07.005
http://doi.org/10.1038/nrm1592
http://doi.org/10.1016/j.celrep.2020.107598
http://doi.org/10.1194/jlr.M050005
http://doi.org/10.1177/1010428317724784
http://doi.org/10.1038/ncomms7426
http://doi.org/10.1073/pnas.1304291110
http://doi.org/10.1158/0008-5472.CAN-17-0546
http://doi.org/10.1073/pnas.0601231103
http://doi.org/10.1038/s41598-020-66986-8
http://doi.org/10.1186/1471-2105-14-7
http://www.ncbi.nlm.nih.gov/pubmed/23323831
http://doi.org/10.1371/journal.pcbi.1002375
http://doi.org/10.1371/journal.pcbi.1000217
http://www.ncbi.nlm.nih.gov/pubmed/18989396
http://doi.org/10.1371/journal.pone.0008161
http://doi.org/10.1186/s12920-018-0449-4
http://www.ncbi.nlm.nih.gov/pubmed/30704449
http://doi.org/10.1038/nature10983
http://doi.org/10.1158/2159-8290.CD-12-0095
http://doi.org/10.1016/j.cell.2018.02.052
http://doi.org/10.15252/emmm.202012118
http://doi.org/10.1038/nbt.1665
http://www.ncbi.nlm.nih.gov/pubmed/20676074


Cancers 2021, 13, 2559 17 of 20

22. Itoh, M.; Iwamoto, T.; Matsuoka, J.; Nogami, T.; Motoki, T.; Shien, T.; Taira, N.; Niikura, N.; Hayashi, N.; Ohtani, S.; et al.
Estrogen receptor (ER) mRNA expression and molecular subtype distribution in ER-negative/progesterone receptor-positive
breast cancers. Breast Cancer Res. Treat. 2014, 143, 403–409. [CrossRef]

23. Oshi, M.; Kim, T.H.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Endo, I.; Cherkassky, L.; Takabe, K. Enhanced DNA Repair Pathway
is Associated with Cell Proliferation and Worse Survival in Hepatocellular Carcinoma (HCC). Cancers (Basel) 2021, 13, 323.
[CrossRef] [PubMed]

24. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef] [PubMed]

25. Katsuta, E.; Yan, L.; Takeshita, T.; McDonald, K.A.; Dasgupta, S.; Opyrchal, M.; Takabe, K. High MYC mRNA Expression Is More
Clinically Relevant than MYC DNA Amplification in Triple-Negative Breast Cancer. Int. J. Mol. Sci. 2019, 21, 217. [CrossRef]

26. Kawaguchi, T.; Yan, L.; Qi, Q.; Peng, X.; Gabriel, E.M.; Young, J.; Liu, S.; Takabe, K. Overexpression of suppressive microRNAs,
miR-30a and miR-200c are associated with improved survival of breast cancer patients. Sci. Rep. 2017, 7, 15945. [CrossRef]
[PubMed]

27. Okano, M.; Oshi, M.; Butash, A.L.; Asaoka, M.; Katsuta, E.; Peng, X.; Qi, Q.; Yan, L.; Takabe, K. Estrogen Receptor Positive
Breast Cancer with High Expression of Androgen Receptor has Less Cytolytic Activity and Worse Response to Neoadjuvant
Chemotherapy but Better Survival. Int. J. Mol. Sci. 2019, 20, 2655. [CrossRef] [PubMed]

28. Oshi, M.; Katsuta, E.; Yan, L.; Ebos, J.M.L.; Rashid, O.M.; Matsuyama, R.; Endo, I.; Takabe, K. A Novel 4-Gene Score to Predict
Survival, Distant Metastasis and Response to Neoadjuvant Therapy in Breast Cancer. Cancers 2020, 12, 1148. [CrossRef]

29. Oshi, M.; Takahashi, H.; Tokumaru, Y.; Yan, L.; Rashid, O.M.; Matsuyama, R.; Endo, I.; Takabe, K. G2M Cell Cycle Pathway
Score as a Prognostic Biomarker of Metastasis in Estrogen Receptor (ER)-Positive Breast Cancer. Int. J. Mol. Sci. 2020, 21, 2921.
[CrossRef]

30. Takeshita, T.; Asaoka, M.; Katsuta, E.; Photiadis, S.J.; Narayanan, S.; Yan, L.; Takabe, K. High expression of polo-like kinase 1 is
associated with TP53 inactivation, DNA repair deficiency, and worse prognosis in ER positive Her2 negative breast cancer. Am. J.
Transl. Res. 2019, 11, 6507–6521.

31. Terakawa, T.; Katsuta, E.; Yan, L.; Turaga, N.; McDonald, K.A.; Fujisawa, M.; Guru, K.A.; Takabe, K. High expression of SLCO2B1
is associated with prostate cancer recurrence after radical prostatectomy. Oncotarget 2018, 9, 14207–14218. [CrossRef] [PubMed]

32. Young, J.; Kawaguchi, T.; Yan, L.; Qi, Q.; Liu, S.; Takabe, K. Tamoxifen sensitivity-related microRNA-342 is a useful biomarker for
breast cancer survival. Oncotarget 2017, 8, 99978–99989. [CrossRef] [PubMed]

33. Liberzon, A.; Birger, C.; Thorvaldsdottir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 2015, 1, 417–425. [CrossRef] [PubMed]

34. Okano, M.; Oshi, M.; Butash, A.L.; Katsuta, E.; Tachibana, K.; Saito, K.; Okayama, H.; Peng, X.; Yan, L.; Kono, K.; et al. Triple-
Negative Breast Cancer with High Levels of Annexin A1 Expression Is Associated with Mast Cell Infiltration, Inflammation, and
Angiogenesis. Int. J. Mol. Sci. 2019, 20, 4197. [CrossRef]

35. Oshi, M.; Angarita, F.A.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Endo, I.; Takabe, K. High Expression of NRF2 Is Associated
with Increased Tumor-Infiltrating Lymphocytes and Cancer Immunity in ER-Positive/HER2-Negative Breast Cancer. Cancers
2020, 12, 3856. [CrossRef] [PubMed]

36. Oshi, M.; Newman, S.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Endo, I.; Katz, M.H.G.; Takabe, K. High G2M Pathway Score Pan-
creatic Cancer is Associated with Worse Survival, Particularly after Margin-Positive (R1 or R2) Resection. Cancers 2020, 12, 2871.
[CrossRef]

37. Oshi, M.; Newman, S.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Endo, I.; Nagahashi, M.; Takabe, K. Intra-Tumoral Angiogenesis
Is Associated with Inflammation, Immune Reaction and Metastatic Recurrence in Breast Cancer. Int. J. Mol. Sci. 2020, 21, 6708.
[CrossRef]

38. Oshi, M.; Newman, S.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Endo, I.; Takabe, K. Inflammation Is Associated with Worse
Outcome in the Whole Cohort but with Better Outcome in Triple-Negative Subtype of Breast Cancer Patients. J. Immunol. Res.
2020, 2020, 5618786. [CrossRef] [PubMed]

39. Oshi, M.; Takahashi, H.; Tokumaru, Y.; Yan, L.; Rashid, O.M.; Nagahashi, M.; Matsuyama, R.; Endo, I.; Takabe, K. The E2F
Pathway Score as a Predictive Biomarker of Response to Neoadjuvant Therapy in ER+/HER2- Breast Cancer. Cells 2020, 9, 1643.
[CrossRef]

40. Oshi, M.; Tokumaru, Y.; Angarita, F.A.; Yan, L.; Matsuyama, R.; Endo, I.; Takabe, K. Degree of Early Estrogen Response Predict
Survival after Endocrine Therapy in Primary and Metastatic ER-Positive Breast Cancer. Cancers 2020, 12, 3557. [CrossRef]

41. Tokumaru, Y.; Asaoka, M.; Oshi, M.; Katsuta, E.; Yan, L.; Narayanan, S.; Sugito, N.; Matsuhashi, N.; Futamura, M.; Akao, Y.; et al.
High Expression of microRNA-143 is Associated with Favorable Tumor Immune Microenvironment and Better Survival in
Estrogen Receptor Positive Breast Cancer. Int. J. Mol. Sci. 2020, 21, 3213. [CrossRef] [PubMed]

42. Tokumaru, Y.; Katsuta, E.; Oshi, M.; Sporn, J.C.; Yan, L.; Le, L.; Matsuhashi, N.; Futamura, M.; Akao, Y.; Yoshida, K.; et al. High
Expression of miR-34a Associated with Less Aggressive Cancer Biology but Not with Survival in Breast Cancer. Int. J. Mol. Sci.
2020, 21, 3045. [CrossRef] [PubMed]

43. Aran, D.; Hu, Z.; Butte, A.J. xCell: Digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. 2017, 18, 220.
[CrossRef] [PubMed]

http://doi.org/10.1007/s10549-013-2763-z
http://doi.org/10.3390/cancers13020323
http://www.ncbi.nlm.nih.gov/pubmed/33477315
http://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://doi.org/10.3390/ijms21010217
http://doi.org/10.1038/s41598-017-16112-y
http://www.ncbi.nlm.nih.gov/pubmed/29162923
http://doi.org/10.3390/ijms20112655
http://www.ncbi.nlm.nih.gov/pubmed/31151151
http://doi.org/10.3390/cancers12051148
http://doi.org/10.3390/ijms21082921
http://doi.org/10.18632/oncotarget.24453
http://www.ncbi.nlm.nih.gov/pubmed/29581838
http://doi.org/10.18632/oncotarget.21577
http://www.ncbi.nlm.nih.gov/pubmed/29245954
http://doi.org/10.1016/j.cels.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26771021
http://doi.org/10.3390/ijms20174197
http://doi.org/10.3390/cancers12123856
http://www.ncbi.nlm.nih.gov/pubmed/33371179
http://doi.org/10.3390/cancers12102871
http://doi.org/10.3390/ijms21186708
http://doi.org/10.1155/2020/5618786
http://www.ncbi.nlm.nih.gov/pubmed/33457427
http://doi.org/10.3390/cells9071643
http://doi.org/10.3390/cancers12123557
http://doi.org/10.3390/ijms21093213
http://www.ncbi.nlm.nih.gov/pubmed/32370060
http://doi.org/10.3390/ijms21093045
http://www.ncbi.nlm.nih.gov/pubmed/32357442
http://doi.org/10.1186/s13059-017-1349-1
http://www.ncbi.nlm.nih.gov/pubmed/29141660


Cancers 2021, 13, 2559 18 of 20

44. Le, L.; Tokumaru, Y.; Oshi, M.; Asaoka, M.; Yan, L.; Endo, I.; Ishikawa, T.; Futamura, M.; Yoshida, K.; Takabe, K. Th2 cell
infiltrations predict neoadjuvant chemotherapy response of estrogen receptor-positive breast cancer. Gland Surg. 2021, 10, 154–165.
[CrossRef]

45. Oshi, M.; Asaoka, M.; Tokumaru, Y.; Angarita, F.A.; Yan, L.; Matsuyama, R.; Zsiros, E.; Ishikawa, T.; Endo, I.; Takabe, K.
Abundance of Regulatory T Cell (Treg) as a Predictive Biomarker for Neoadjuvant Chemotherapy in Triple-Negative Breast
Cancer. Cancers 2020, 12, 3038. [CrossRef]

46. Oshi, M.; Asaoka, M.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Ishikawa, T.; Endo, I.; Takabe, K. CD8 T Cell Score as a Prognostic
Biomarker for Triple Negative Breast Cancer. Int. J. Mol. Sci. 2020, 21, 6968. [CrossRef] [PubMed]

47. Oshi, M.; Newman, S.; Murthy, V.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Endo, I.; Takabe, K. ITPKC as a Prognostic and
Predictive Biomarker of Neoadjuvant Chemotherapy for Triple Negative Breast Cancer. Cancers 2020, 12, 2758. [CrossRef]

48. Oshi, M.; Newman, S.; Tokumaru, Y.; Yan, L.; Matsuyama, R.; Kalinski, P.; Endo, I.; Takabe, K. Plasmacytoid Dendritic Cell (pDC)
Infiltration Correlate with Tumor Infiltrating Lymphocytes, Cancer Immunity, and Better Survival in Triple Negative Breast
Cancer (TNBC) More Strongly than Conventional Dendritic Cell (cDC). Cancers 2020, 12, 3342. [CrossRef] [PubMed]

49. Oshi, M.; Tokumaru, Y.; Asaoka, M.; Yan, L.; Satyananda, V.; Matsuyama, R.; Matsuhashi, N.; Futamura, M.; Ishikawa, T.;
Yoshida, K.; et al. M1 Macrophage and M1/M2 ratio defined by transcriptomic signatures resemble only part of their conventional
clinical characteristics in breast cancer. Sci. Rep. 2020, 10, 16554. [CrossRef]

50. Tokumaru, Y.; Oshi, M.; Katsuta, E.; Yan, L.; Huang, J.L.; Nagahashi, M.; Matsuhashi, N.; Futamura, M.; Yoshida, K.; Takabe, K.
Intratumoral Adipocyte-High Breast Cancer Enrich for Metastatic and Inflammation-Related Pathways but Associated with Less
Cancer Cell Proliferation. Int. J. Mol. Sci. 2020, 21, 5744. [CrossRef]

51. Tokumaru, Y.; Oshi, M.; Katsuta, E.; Yan, L.; Satyananda, V.; Matsuhashi, N.; Futamura, M.; Akao, Y.; Yoshida, K.; Takabe, K.
KRAS signaling enriched triple negative breast cancer is associated with favorable tumor immune microenvironment and better
survival. Am. J. Cancer Res. 2020, 10, 897–907. [PubMed]

52. Tokumaru, Y.; Oshi, M.; Patel, A.; Tian, W.; Yan, L.; Matsuhashi, N.; Futamura, M.; Yoshida, K.; Takabe, K. Organoids Are Limited
in Modeling the Colon Adenoma-Carcinoma Sequence. Cells 2021, 10, 488. [CrossRef]

53. Rooney, M.S.; Shukla, S.A.; Wu, C.J.; Getz, G.; Hacohen, N. Molecular and genetic properties of tumors associated with local
immune cytolytic activity. Cell 2015, 160, 48–61. [CrossRef]

54. Asaoka, M.; Ishikawa, T.; Takabe, K.; Patnaik, S.K. APOBEC3-Mediated RNA Editing in Breast Cancer is Associated with
Heightened Immune Activity and Improved Survival. Int. J. Mol. Sci. 2019, 20, 5621. [CrossRef]

55. Asaoka, M.; Patnaik, S.K.; Zhang, F.; Ishikawa, T.; Takabe, K. Lymphovascular invasion in breast cancer is associated with gene
expression signatures of cell proliferation but not lymphangiogenesis or immune response. Breast Cancer Res. Treat. 2020, 181,
309–322. [CrossRef]

56. Gandhi, S.; Elkhanany, A.; Oshi, M.; Dai, T.; Opyrchal, M.; Mohammadpour, H.; Repasky, E.A.; Takabe, K. Contribution of
Immune Cells to Glucocorticoid Receptor Expression in Breast Cancer. Int. J. Mol. Sci. 2020, 21, 4635. [CrossRef] [PubMed]

57. Narayanan, S.; Kawaguchi, T.; Yan, L.; Peng, X.; Qi, Q.; Takabe, K. Cytolytic Activity Score to Assess Anticancer Immunity in
Colorectal Cancer. Ann. Surg. Oncol. 2018, 25, 2323–2331. [CrossRef]

58. Takahashi, H.; Asaoka, M.; Yan, L.; Rashid, O.M.; Oshi, M.; Ishikawa, T.; Nagahashi, M.; Takabe, K. Biologically Aggressive
Phenotype and Anti-cancer Immunity Counterbalance in Breast Cancer with High Mutation Rate. Sci. Rep. 2020, 10, 1852.
[CrossRef]

59. Takahashi, H.; Kawaguchi, T.; Yan, L.; Peng, X.; Qi, Q.; Morris, L.G.T.; Chan, T.A.; Tsung, A.; Otsuji, E.; Takabe, K. Immune
Cytolytic Activity for Comprehensive Understanding of Immune Landscape in Hepatocellular Carcinoma. Cancers 2020, 12, 1221.
[CrossRef] [PubMed]

60. Takeshita, T.; Torigoe, T.; Yan, L.; Huang, J.L.; Yamashita, H.; Takabe, K. The Impact of Immunofunctional Phenotyping on the
Malfunction of the Cancer Immunity Cycle in Breast Cancer. Cancers 2020, 13, 110. [CrossRef]

61. Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.H.; Porta-Pardo, E.; Gao, G.F.; Plaisier, C.L.; Eddy, J.A.;
et al. The Immune Landscape of Cancer. Immunity 2019, 51, 411–412. [CrossRef]

62. Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.H.; Porta-Pardo, E.; Gao, G.F.; Plaisier, C.L.; Eddy, J.A.;
et al. The Immune Landscape of Cancer. Immunity 2018, 48, 812–830.e814. [CrossRef]

63. Balkwill, F. Tumour necrosis factor and cancer. Nat. Rev. Cancer 2009, 9, 361–371. [CrossRef]
64. Gyamfi, J.; Eom, M.; Koo, J.S.; Choi, J. Multifaceted Roles of Interleukin-6 in Adipocyte-Breast Cancer Cell Interaction. Transl.

Oncol. 2018, 11, 275–285. [CrossRef] [PubMed]
65. Deng, T.; Lyon, C.J.; Bergin, S.; Caligiuri, M.A.; Hsueh, W.A. Obesity, Inflammation, and Cancer. Annu. Rev. Pathol. 2016, 11,

421–449. [CrossRef] [PubMed]
66. Gonzalez-Perez, R.R.; Lanier, V.; Newman, G. Leptin’s Pro-Angiogenic Signature in Breast Cancer. Cancers 2013, 5, 1140–1162.

[CrossRef]
67. Aoki, M.; Aoki, H.; Mukhopadhyay, P.; Tsuge, T.; Yamamoto, H.; Matsumoto, N.M.; Toyohara, E.; Okubo, Y.; Ogawa, R.; Takabe, K.

Sphingosine-1-Phosphate Facilitates Skin Wound Healing by Increasing Angiogenesis and Inflammatory Cell Recruitment with
Less Scar Formation. Int. J. Mol. Sci. 2019, 20, 3381. [CrossRef] [PubMed]

68. Aoki, M.; Kondo, A.; Matsunaga, N.; Honda, A.; Okubo, Y.; Takabe, K.; Ogawa, R. The Immunosuppressant Fingolimod (FTY720)
for the Treatment of Mechanical Force-Induced Abnormal Scars. J. Immunol. Res. 2020, 2020, 7057195. [CrossRef]

http://doi.org/10.21037/gs-20-571
http://doi.org/10.3390/cancers12103038
http://doi.org/10.3390/ijms21186968
http://www.ncbi.nlm.nih.gov/pubmed/32971948
http://doi.org/10.3390/cancers12102758
http://doi.org/10.3390/cancers12113342
http://www.ncbi.nlm.nih.gov/pubmed/33198125
http://doi.org/10.1038/s41598-020-73624-w
http://doi.org/10.3390/ijms21165744
http://www.ncbi.nlm.nih.gov/pubmed/32266098
http://doi.org/10.3390/cells10030488
http://doi.org/10.1016/j.cell.2014.12.033
http://doi.org/10.3390/ijms20225621
http://doi.org/10.1007/s10549-020-05630-5
http://doi.org/10.3390/ijms21134635
http://www.ncbi.nlm.nih.gov/pubmed/32629782
http://doi.org/10.1245/s10434-018-6506-6
http://doi.org/10.1038/s41598-020-58995-4
http://doi.org/10.3390/cancers12051221
http://www.ncbi.nlm.nih.gov/pubmed/32414098
http://doi.org/10.3390/cancers13010110
http://doi.org/10.1016/j.immuni.2019.08.004
http://doi.org/10.1016/j.immuni.2018.03.023
http://doi.org/10.1038/nrc2628
http://doi.org/10.1016/j.tranon.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29413760
http://doi.org/10.1146/annurev-pathol-012615-044359
http://www.ncbi.nlm.nih.gov/pubmed/27193454
http://doi.org/10.3390/cancers5031140
http://doi.org/10.3390/ijms20143381
http://www.ncbi.nlm.nih.gov/pubmed/31295813
http://doi.org/10.1155/2020/7057195


Cancers 2021, 13, 2559 19 of 20

69. Nagahashi, M.; Abe, M.; Sakimura, K.; Takabe, K.; Wakai, T. The role of sphingosine-1-phosphate in inflammation and cancer
progression. Cancer Sci. 2018, 109, 3671–3678. [CrossRef]

70. Nagahashi, M.; Ramachandran, S.; Kim, E.Y.; Allegood, J.C.; Rashid, O.M.; Yamada, A.; Zhao, R.; Milstien, S.; Zhou, H.; Spiegel, S.;
et al. Sphingosine-1-phosphate produced by sphingosine kinase 1 promotes breast cancer progression by stimulating angiogenesis
and lymphangiogenesis. Cancer Res. 2012, 72, 726–735. [CrossRef]

71. Nakajima, M.; Nagahashi, M.; Rashid, O.M.; Takabe, K.; Wakai, T. The role of sphingosine-1-phosphate in the tumor microenvi-
ronment and its clinical implications. Tumour Biol. 2017, 39, 1010428317699133. [CrossRef]

72. Takabe, K.; Paugh, S.W.; Milstien, S.; Spiegel, S. “Inside-out” signaling of sphingosine-1-phosphate: Therapeutic targets. Pharmacol.
Rev. 2008, 60, 181–195. [CrossRef] [PubMed]

73. Takabe, K.; Spiegel, S. Export of sphingosine-1-phosphate and cancer progression. J. Lipid Res. 2014, 55, 1839–1846. [CrossRef]
[PubMed]

74. Tsuchida, J.; Nagahashi, M.; Takabe, K.; Wakai, T. Clinical Impact of Sphingosine-1-Phosphate in Breast Cancer. Mediat. Inflamm.
2017, 2017, 2076239. [CrossRef]

75. Yamada, A.; Nagahashi, M.; Aoyagi, T.; Huang, W.C.; Lima, S.; Hait, N.C.; Maiti, A.; Kida, K.; Terracina, K.P.; Miyazaki, H.; et al.
ABCC1-Exported Sphingosine-1-phosphate, Produced by Sphingosine Kinase 1, Shortens Survival of Mice and Patients with
Breast Cancer. Mol. Cancer Res. 2018, 16, 1059–1070. [CrossRef] [PubMed]

76. Muthuswamy, R.; Berk, E.; Junecko, B.F.; Zeh, H.J.; Zureikat, A.H.; Normolle, D.; Luong, T.M.; Reinhart, T.A.; Bartlett, D.L.;
Kalinski, P. NF-kappaB hyperactivation in tumor tissues allows tumor-selective reprogramming of the chemokine microenviron-
ment to enhance the recruitment of cytolytic T effector cells. Cancer Res. 2012, 72, 3735–3743. [CrossRef]

77. Obermajer, N.; Muthuswamy, R.; Odunsi, K.; Edwards, R.P.; Kalinski, P. PGE(2)-induced CXCL12 production and CXCR4
expression controls the accumulation of human MDSCs in ovarian cancer environment. Cancer Res. 2011, 71, 7463–7470.
[CrossRef]

78. Obermajer, N.; Wong, J.L.; Edwards, R.P.; Odunsi, K.; Moysich, K.; Kalinski, P. PGE(2)-driven induction and maintenance of
cancer-associated myeloid-derived suppressor cells. Immunol. Investig. 2012, 41, 635–657. [CrossRef]

79. Mahmoud, S.M.; Paish, E.C.; Powe, D.G.; Macmillan, R.D.; Grainge, M.J.; Lee, A.H.; Ellis, I.O.; Green, A.R. Tumor-infiltrating
CD8+ lymphocytes predict clinical outcome in breast cancer. J. Clin. Oncol. 2011, 29, 1949–1955. [CrossRef]

80. West, D.C.; Kocherginsky, M.; Tonsing-Carter, E.Y.; Dolcen, D.N.; Hosfield, D.J.; Lastra, R.R.; Sinnwell, J.P.; Thompson, K.J.;
Bowie, K.R.; Harkless, R.V.; et al. Discovery of a Glucocorticoid Receptor (GR) Activity Signature Using Selective GR Antagonism
in ER-Negative Breast Cancer. Clin. Cancer Res. 2018, 24, 3433–3446. [CrossRef]

81. Lin, Y.; Xu, J.; Lan, H. Tumor-associated macrophages in tumor metastasis: Biological roles and clinical therapeutic applications.
J. Hematol. Oncol. 2019, 12, 76. [CrossRef] [PubMed]

82. Kanehisa, M.; Goto, S.; Furumichi, M.; Tanabe, M.; Hirakawa, M. KEGG for representation and analysis of molecular networks
involving diseases and drugs. Nucleic Acids Res. 2010, 38, D355–D360. [CrossRef] [PubMed]

83. Kanehisa, M.; Sato, Y.; Kawashima, M.; Furumichi, M.; Tanabe, M. KEGG as a reference resource for gene and protein annotation.
Nucleic Acids Res. 2016, 44, D457–D462. [CrossRef] [PubMed]

84. Kanehisa, M.; Goto, S.; Hattori, M.; Aoki-Kinoshita, K.F.; Itoh, M.; Kawashima, S.; Katayama, T.; Araki, M.; Hirakawa, M. From
genomics to chemical genomics: New developments in KEGG. Nucleic Acids Res. 2006, 34, D354–D357. [CrossRef]

85. Asaoka, M.; Gandhi, S.; Ishikawa, T.; Takabe, K. Neoadjuvant Chemotherapy for Breast Cancer: Past, Present, and Future. Breast
Cancer 2020, 14, 1178223420980377. [CrossRef]

86. Sikov, W.M.; Berry, D.A.; Perou, C.M.; Singh, B.; Cirrincione, C.T.; Tolaney, S.M.; Kuzma, C.S.; Pluard, T.J.; Somlo, G.;
Port, E.R.; et al. Impact of the addition of carboplatin and/or bevacizumab to neoadjuvant once-per-week paclitaxel followed by
dose-dense doxorubicin and cyclophosphamide on pathologic complete response rates in stage II to III triple-negative breast
cancer: CALGB 40603 (Alliance). J. Clin. Oncol. 2015, 33, 13–21. [CrossRef]

87. Piccart-Gebhart, M.; Holmes, E.; Baselga, J.; de Azambuja, E.; Dueck, A.C.; Viale, G.; Zujewski, J.A.; Goldhirsch, A.; Armour, A.;
Pritchard, K.I.; et al. Adjuvant Lapatinib and Trastuzumab for Early Human Epidermal Growth Factor Receptor 2-Positive Breast
Cancer: Results From the Randomized Phase III Adjuvant Lapatinib and/or Trastuzumab Treatment Optimization Trial. J. Clin.
Oncol. 2016, 34, 1034–1042. [CrossRef]

88. Cameron, D.; Brown, J.; Dent, R.; Jackisch, C.; Mackey, J.; Pivot, X.; Steger, G.G.; Suter, T.M.; Toi, M.; Parmar, M.; et al. Adjuvant
bevacizumab-containing therapy in triple-negative breast cancer (BEATRICE): Primary results of a randomised, phase 3 trial.
Lancet Oncol. 2013, 14, 933–942. [CrossRef]

89. MacDonald, C.; Ministero, S.; Pandey, M.; Robinson, D.; Forti Hong, E.; Hylander, B.; McCarthy, P.; Gordon, C.; Repasky, E.;
Mohammadpour, H. Comparing thermal stress reduction strategies that influence MDSC accumulation in tumor bearing mice.
Cell. Immunol. 2021, 361, 104285. [CrossRef]

90. Schouppe, E.; Mommer, C.; Movahedi, K.; Laoui, D.; Morias, Y.; Gysemans, C.; Luyckx, A.; De Baetselier, P.; Van Ginderachter,
J.A. Tumor-induced myeloid-derived suppressor cell subsets exert either inhibitory or stimulatory effects on distinct CD8+ T-cell
activation events. Eur. J. Immunol. 2013, 43, 2930–2942. [CrossRef]

91. Seki, T.; Hosaka, K.; Lim, S.; Fischer, C.; Honek, J.; Yang, Y.; Andersson, P.; Nakamura, M.; Naslund, E.; Yla-Herttuala, S.; et al.
Endothelial PDGF-CC regulates angiogenesis-dependent thermogenesis in beige fat. Nat. Commun. 2016, 7, 12152. [CrossRef]

http://doi.org/10.1111/cas.13802
http://doi.org/10.1158/0008-5472.CAN-11-2167
http://doi.org/10.1177/1010428317699133
http://doi.org/10.1124/pr.107.07113
http://www.ncbi.nlm.nih.gov/pubmed/18552276
http://doi.org/10.1194/jlr.R046656
http://www.ncbi.nlm.nih.gov/pubmed/24474820
http://doi.org/10.1155/2017/2076239
http://doi.org/10.1158/1541-7786.MCR-17-0353
http://www.ncbi.nlm.nih.gov/pubmed/29523764
http://doi.org/10.1158/0008-5472.CAN-11-4136
http://doi.org/10.1158/0008-5472.CAN-11-2449
http://doi.org/10.3109/08820139.2012.695417
http://doi.org/10.1200/JCO.2010.30.5037
http://doi.org/10.1158/1078-0432.CCR-17-2793
http://doi.org/10.1186/s13045-019-0760-3
http://www.ncbi.nlm.nih.gov/pubmed/31300030
http://doi.org/10.1093/nar/gkp896
http://www.ncbi.nlm.nih.gov/pubmed/19880382
http://doi.org/10.1093/nar/gkv1070
http://www.ncbi.nlm.nih.gov/pubmed/26476454
http://doi.org/10.1093/nar/gkj102
http://doi.org/10.1177/1178223420980377
http://doi.org/10.1200/JCO.2014.57.0572
http://doi.org/10.1200/JCO.2015.62.1797
http://doi.org/10.1016/S1470-2045(13)70335-8
http://doi.org/10.1016/j.cellimm.2021.104285
http://doi.org/10.1002/eji.201343349
http://doi.org/10.1038/ncomms12152


Cancers 2021, 13, 2559 20 of 20

92. Lim, S.; Honek, J.; Xue, Y.; Seki, T.; Cao, Z.; Andersson, P.; Yang, X.; Hosaka, K.; Cao, Y. Cold-induced activation of brown adipose
tissue and adipose angiogenesis in mice. Nat. Protoc. 2012, 7, 606–615. [CrossRef]

93. Vegiopoulos, A.; Muller-Decker, K.; Strzoda, D.; Schmitt, I.; Chichelnitskiy, E.; Ostertag, A.; Berriel Diaz, M.; Rozman, J.;
Hrabe de Angelis, M.; Nusing, R.M.; et al. Cyclooxygenase-2 controls energy homeostasis in mice by de novo recruitment of
brown adipocytes. Science 2010, 328, 1158–1161. [CrossRef]

94. Chang, A.; Le, C.P.; Walker, A.K.; Creed, S.J.; Pon, C.K.; Albold, S.; Carroll, D.; Halls, M.L.; Lane, J.R.; Riedel, B.; et al. beta2-
Adrenoceptors on tumor cells play a critical role in stress-enhanced metastasis in a mouse model of breast cancer. Brain Behav.
Immun. 2016, 57, 106–115. [CrossRef] [PubMed]

95. Gandhi, S.; Pandey, M.R.; Attwood, K.; Ji, W.; Witkiewicz, A.K.; Knudsen, E.S.; Allen, C.; Tario, J.D.; Wallace, P.K.; Cedeno, C.D.;
et al. Phase I Clinical Trial of Combination Propranolol and Pembrolizumab in Locally Advanced and Metastatic Melanoma:
Safety, Tolerability, and Preliminary Evidence of Antitumor Activity. Clin. Cancer Res. 2021, 27, 87–95. [CrossRef]

96. Gosain, R.; Gage-Bouchard, E.; Ambrosone, C.; Repasky, E.; Gandhi, S. Stress reduction strategies in breast cancer: Review of
pharmacologic and non-pharmacologic based strategies. Semin Immunopathol. 2020, 42, 719–734. [CrossRef]

97. Hiller, J.G.; Cole, S.W.; Crone, E.M.; Byrne, D.J.; Shackleford, D.M.; Pang, J.B.; Henderson, M.A.; Nightingale, S.S.; Ho, K.M.;
Myles, P.S.; et al. Preoperative beta-Blockade with Propranolol Reduces Biomarkers of Metastasis in Breast Cancer: A Phase II
Randomized Trial. Clin. Cancer Res. 2020, 26, 1803–1811. [CrossRef]

98. Bergamaschi, A.; Kim, Y.H.; Wang, P.; Sorlie, T.; Hernandez-Boussard, T.; Lonning, P.E.; Tibshirani, R.; Borresen-Dale, A.L.;
Pollack, J.R. Distinct patterns of DNA copy number alteration are associated with different clinicopathological features and
gene-expression subtypes of breast cancer. Genes Chromosomes Cancer 2006, 45, 1033–1040. [CrossRef]

99. Litton, J.K.; Scoggins, M.E.; Hess, K.R.; Adrada, B.E.; Murthy, R.K.; Damodaran, S.; DeSnyder, S.M.; Brewster, A.M.; Barcenas, C.H.;
Valero, V.; et al. Neoadjuvant Talazoparib for Patients With Operable Breast Cancer With a Germline BRCA Pathogenic Variant.
J. Clin. Oncol. 2020, 38, 388–394. [CrossRef] [PubMed]

100. Robson, M.; Goessl, C.; Domchek, S. Olaparib for Metastatic Germline BRCA-Mutated Breast Cancer. N. Engl. J. Med. 2017, 377,
1792–1793. [CrossRef] [PubMed]

101. Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Goncalves, A.; Lee, K.H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.;
Martin, M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. J. Med.
2018, 379, 753–763. [CrossRef] [PubMed]

102. Chopra, N.; Tovey, H.; Pearson, A.; Cutts, R.; Toms, C.; Proszek, P.; Hubank, M.; Dowsett, M.; Dodson, A.; Daley, F.; et al.
Homologous recombination DNA repair deficiency and PARP inhibition activity in primary triple negative breast cancer. Nat.
Commun. 2020, 11, 2662. [CrossRef] [PubMed]

http://doi.org/10.1038/nprot.2012.013
http://doi.org/10.1126/science.1186034
http://doi.org/10.1016/j.bbi.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27321906
http://doi.org/10.1158/1078-0432.CCR-20-2381
http://doi.org/10.1007/s00281-020-00815-y
http://doi.org/10.1158/1078-0432.CCR-19-2641
http://doi.org/10.1002/gcc.20366
http://doi.org/10.1200/JCO.19.01304
http://www.ncbi.nlm.nih.gov/pubmed/31461380
http://doi.org/10.1056/NEJMoa1706450
http://www.ncbi.nlm.nih.gov/pubmed/29091556
http://doi.org/10.1056/NEJMoa1802905
http://www.ncbi.nlm.nih.gov/pubmed/30110579
http://doi.org/10.1038/s41467-020-16142-7
http://www.ncbi.nlm.nih.gov/pubmed/32471999

	Introduction 
	Materials and Methods 
	Breast Cancer Cohorts 
	Gene Set Enrichment Analysis (GSEA) 
	Analyses of Infiltrating Immune Cells Using xCell Algorithm 
	Signaling Signature 
	Statistical Analysis 

	Results 
	High Thermogenesis Score Is Associated with a Trend towards Worse Survival in Triple-Negative Breast Cancer (TNBC) 
	Thermogenesis Is Lower in TNBC, and Low-Thermogenesis TNBC Is Associated with Higher Nottingham Histological Grade and Higher MKi67 Expression 
	High-Thermogenesis TNBC Is Associated with Elevated Intratumoral Adipocytes and the Expression of Mature Vascular-Related Genes, but Not with Mutation Rates 
	Thermogenesis Is Associated with a Trend towards Higher Response to Neoadjuvant Chemotherapy (NAC) 
	High-Thermogenesis TNBC Enriched Fatty Acid Metabolism and Adipogenesis Pathways while Low-Thermogenesis TNBC Enriched Cell-Proliferation-Related and Immune-Related Pathways 
	Low-Thermogenesis TNBC Is Associated with Higher Cytolytic T-cell (CTL)-Attracting Chemokines, whereas High-Thermogenesis TNBC Is Associated with Higher Myeloid-Derived Suppressor Cell (MDSC)-/Regulatory T-cells (Tregs)-Attracting Chemokines, with Glucocorticoid Receptor (GR) Signaling 
	High-Thermogenesis TNBC Has Lower Anti-Cancer Immune Cell Infiltration, Lower Cytolytic Activity, and Higher M2 Macrophages 

	Discussion 
	Conclusions 
	References

