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Abstract

Triple-negative breast cancer (TNBC) is widely recognized as the most aggressive form of breast cancer, occurring
more frequently in younger patients and characterized by high heterogeneity, early distant metastases and poor
prognosis. Multiple treatment options have failed to achieve the expected therapeutic effects due to the lack of
clear molecular targets. Based on genomics, transcriptomics and metabolomics, the multi-omics analysis further
clarifies TNBC subtyping, which provides a greater understanding of tumour heterogeneity and targeted therapy
sensitivity. For instance, the luminal androgen receptor subtype (LAR) exhibits responsiveness to anti-AR therapy,
and the basal-like immune-suppressed subtype (BLIS) tends to benefit from poly (ADP-ribose) polymerase inhibitors
(PARPis) and anti-angiogenic therapy. The efficacy of multi-dimensional combination therapy holds immense
importance in guiding personalized and precision medicine for TNBC. This review offers a systematic overview of
recent FuDan TNBC molecular subtyping and its role in the instruction of clinical precision therapy.
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Background

Triple-negative breast cancer (TNBC) is characterized
by the absence of estrogen receptor (ER), progester-
one receptor (PR) and human epidermal growth factor
receptor-2 (HER-2), accounting for 12 —17% of all breast
cancer cases [1]. The high heterogeneity and lack of well-
defined molecular targets in TNBC restrict the effec-
tiveness of targeted therapies observed in non-selective
clinical trials. Therefore, it is imperative to delineate the
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molecular biological characteristics of various subtypes
within TNBC. With the continuous expansion of the
TNBC population, multiomics-based TNBC subtypes
have been identified and proposed. Classic genome- and
transcriptome-based TNBC subtypes are as follows: (1)
luminal androgen receptor (LAR) subtype characterized
by androgen receptor signalling; (2) immunomodulatory
(IM) subtype with high expression of immune cell sig-
nalling and cytokine signalling; (3) basal-like immune-
suppressed (BLIS) subtype characterized by upregulation
of cell cycle processes, activation of DNA repair mecha-
nisms, and downregulation of immune response genes;
and (4) mesenchymal-like (MES) subtype character-
ized by upregulation of the JAK/STATS3 signalling path-
way. The recent categorization of TNBC subtypes has
yielded significant revelations regarding tumour hetero-
geneity, thereby facilitating the exploration of alterna-
tive approaches to existing targeted therapies exhibiting
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limited efficacy and the identification of novel targets for
TNBC treatment.

Genome- and transcriptome-based TNBC subtypes
Alterations in the genomic and transcriptomic profile
of TNBC could contribute to specific intracellular pro-
cesses, reflecting the intrinsic biological characteristics
of tumours and driving the growth of tumour cells. In
2011, Lehmann et al. preliminarily mapped the molecu-
lar subtyping of TNBC through gene expression pro-
file characteristics and proposed for the first time to
divide TNBC into six molecular subtypes [2]: basal-like
(BL1 and BL2), immunomodulatory (IM), mesenchymal
(M), mesenchymal stem-like (MSL), and luminal andro-
gen receptor (LAR). In a subsequent study conducted
in 2016, the research team discovered that the IM and
MSL subtypes were derived from tumour-infiltrating
lymphocytes (TILs) and stromal cells, respectively. As a
result, the classification was revised to encompass four
subtypes: BL-1, BL-2, M, and LAR [3]. This classification
has significant implications for subsequent research on
TNBC. However, the methodology employed for subtyp-
ing in this study is too single, could not accurately dis-
tinguish between BL-1 and BL-2 [4], and fails to provide
a comprehensive representation of the genomic charac-
teristics of TNBC. In 2015, Burstein et al. analyzed 198
cases of TNBC using whole-genome sequencing and
divided TNBC into four subtypes [5]: luminal androgen
receptor (LAR), mesenchymal (MES), basal-like immu-
nosuppressed (BLIS), and basal-like immune-activated
(BLIA). Compared to Lehmann subtyping, this classifi-
cation can better illustrate the relationship between each
subtype and prognosis. For example, regarding disease-
free survival (DFS) and disease-specific survival (DSS),
the prognosis is worse for the BLIS subtype and best for
the BLIA subtype. The Lehmann subtyping and Burstein
subtyping depict the molecular characteristics of TNBC
and propose potential treatment strategies. However,
the effectiveness of these subtypes has yet to be ulti-
mately confirmed through clinical trials. In 2019, Jiang
et al. analyzed 465 TNBC samples by multi-omics such
as whole exome sequencing (WES), copy-number altera-
tion (CNA), and RNA sequencing to explore the specific
associations between gene expression, copy number and
corresponding subtypes, and identified four subtypes for
Chinese TNBC [6].

Luminal androgen receptor subtype. LAR refers
to androgen receptor (AR) positive TNBC, and stud-
ies have demonstrated that AR expression is present in
10-35% of TNBC patients [7]. An increasing body of
clinical evidence suggests the efficacy of anti-androgen
therapy in this particular subtype [8]. In 2013, Gucalp et
al. conducted a pioneering clinical trial on anti-androgen
therapy for advanced breast cancer treatment [9]. In this
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study, twenty-six participants were evaluated for the
primary endpoint, and the 6-month clinical benefit rate
(CBR) was 19% for bicalutamide. Other Phase II clini-
cal trials have reported promising outcomes in terms of
clinical benefit for patients with advanced AR-positive
TNBC following treatment with abiraterone and enzalu-
tamide [10, 11]. The prognostic significance of AR in
TNBC patients remains a topic of debate. Astvatsatu-
ryan et al. found that AR-positive patients with TNBC
were older and had a higher incidence of axillary metas-
tases compared to AR-negative patients [12]. This study
did not observe a significant difference in the mean DFS
between AR-negative and AR-positive TNBC patients.
However, in another study, Pistelli et al. observed that AR
positivity was inversely correlated with higher Ki-67 and
lympho-vascular invasion but found no association with
DFS and overall survival (OS) [13]. Three prior meta-
analytical studies have demonstrated a prolonged DFS
in breast cancer patients with AR positivity compared to
those with AR negativity. The results of the three analy-
ses demonstrated agreement with the findings of DEFS.
However, Qu [14] and Wang [15] reported no correla-
tion between AR status and OS. Conversely, Kim et al’s
study indicated a survival benefit for AR-positive TNBC
patients [16]. Results of a recent prospective study by
Asano et al. corroborate that patients with AR-positive
TNBC survive longer after recurrence than those with
AR-negative TNBC [17]. Astvatsaturyan et al. developed
a statistically significant prognostic model using a com-
bination of epidermal growth factor receptor (EGFR)
and AR [12]. Cases characterized by AR+/EGFR- exhibit
a more favourable response to anti-AR therapy and pro-
longed DEFS than cases with AR-/EGFR-, AR+/EGFR+,
and AR-/EGFR+ [12]. Bi et al. discovered that the trans-
membrane protein TMEM25 acts as an inhibitor of
monomeric EGFR-mediated STAT3 activation, thereby
suppressing the progression of TNBC [18]. In conclusion,
an increasing body of evidence suggests that the expres-
sion of AR is linked to a favourable prognosis. However,
the precise role of the AR pathway in TNBC remains
uncertain, as conflicting findings have emerged from
preclinical investigations. These discrepancies among
studies may be attributed to the absence of a correlation
between AR expression and clinicopathologic features, or
the relatively limited sample size utilized in these investi-
gations. The prevalence of LAR is higher in the Chinese
TNBC cohort compared to the TNBC cohort of the Can-
cer Genome Atlas (TCGA) [6]. The variations observed
in the distribution of TNBC subtypes may potentially
be attributed to distinct genetic backgrounds prevalent
among various races or ethnic groups.

The LAR subtype exhibits a higher frequency of phos-
phatidylinositol 3-kinase catalytic alpha (PIK3CA)
mutations [6], a more significant occurrence of ERBB2
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somatic mutations, and a more frequent loss of CDKN2A
compared to other subtypes. Previous studies have con-
firmed the effectiveness of phosphoinositide 3-kinase
(PI3K) inhibitors in combination with AR inhibitors in
the LAR cell model [19, 20]. It is worth noting that selec-
tive inhibitors targeting the PI3K«a subunit have shown
improved effectiveness and tolerability [21], making them
a prominent area of research in recent years. According
to the HER2 testing guidelines for breast cancer, TNBCs
are clinically HER2-negative [22]. However, it has been
observed that a subset of patients with ERBB2 mutations
exhibit relative activation of the ERBB2 pathway [23].
Additionally, some ERBB2 proteins can be detected in
ERBB2-negative breast cells [24], indicating the potential
efficacy of irreversible ERBB2 inhibitors like Neratinib
[25, 26]. Abnormalities in CDKN2A have been linked
to the sensitivity of LAR to CDK4/6 inhibitors or other
cell cycle inhibitors [6, 27], and the resistance to CDK4/6
inhibitors is closely related to the PI3K/mTOR pathway
[28]. The PI3K-Protein Kinase B (AKT)-mTOR pathway
plays a crucial role in regulating the proliferation and sur-
vival of TNBC [29], indicating the effectiveness of combi-
nation CDK4/6 inhibitors with PI3K/mTOR inhibitors.
Furthermore, microRNA (miRNA), a small non-coding
RNA, exerts regulatory control over target genes dur-
ing the post-transcriptional phase and is involved in the
progression and metastasis of cancer [30—32]. Shi et al.
observed a significant differential expression of 153 miR-
NAs between AR-positive and AR-negative breast can-
cer cells. These findings have important implications for
using miRNA-associated pathways to inhibit AR function
in breast cancer [33].

Immunomodulatory subtype. The IM subtype is
characterized by a high expression of immune cells and
cytokine signalling, as well as an enrichment of immune-
activated cells and immune stimulants [34]. Additionally,
there is a higher presence of both stromal and intratu-
moral TILs in IM patients [35, 36]. CD8 is a marker for
cytotoxic T-cells, an essential component of TILs and
tumour immune microenvironment [36]. After control-
ling for lymph node status and tumour size, IM patients
exhibit a better prognosis, as concluded by several stud-
ies in the past [6, 37]. Leeha et al. conducted a retro-
spective cohort study [38] comprising 195 TNBC cases
that were treated at a university hospital in Southern
Thailand. The study employed the IHC-based subtyping
method proposed by Zhao et al. [39], which was origi-
nally developed using a cohort of Chinese patients. This
study revealed specific differences in the distribution of
TNBC subtypes in Thai patients compared to that in the
Chinese and Western populations and confirmed that the
IHC-based subtype was significantly associated with OS
but not DFS. Patients with the IM subtype had a better
OS than those with other subtypes. In contrast to other
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subtypes, the IM mutation load is insignificant, render-
ing mutation-specific treatments ineffective. However,
gene set enrichment analysis (GSEA) has confirmed the
activation of the acquired immune system and IFN-y
pathway in the IM subtype. Therefore, the mechanisms
by which these tumours achieve immune evasion may
involve the recruitment of immunosuppressive cells or
the activating of immune checkpoint molecules. Prior
research has demonstrated a correlation between PD-L1
expression and heightened infiltration of CD8+T cells in
TNBC [40, 41]. High mRNA expression levels of immune
checkpoint inhibitor genes, such as PD1, PDL1, CTLA4,
and IDO1, were observed in the IM subtype, suggest-
ing that these patients may benefit from immune check-
point inhibitors (ICIs) [6, 42]. KEYNOTE-173 (a phase
Ib trial evaluating neoadjuvant chemotherapy with or
without pembrolizumab in early TNBC) showed that
a higher combined score evaluating levels of stromal
TILs and PD-L1 expression was significantly associated
with higher pathologic complete response and overall
response rates in patients with early-stage TNBC [43]. In
a phase 1b clinical trial (NCT01633970), Atezolizumab
and nab-Paclitaxel demonstrated efficacy in treating
metastatic TNBC [44]. In a separate investigation, tran-
scriptomic profiles of 107 female patients with TNBC
were examined, utilizing weighted gene co-expression
network analysis (WGCNA) to construct gene networks
and identify co-expressed gene modules [45]. Through
the application of WGCNA, it was determined that eight
hub genes (BIRC3, BTN3A1, CSF2RB, GIMAP7, GZMB,
HCLS1, LCP2, and SELL) associated with immunother-
apy were upregulated in TNBC, and their heightened
expression exhibited a positive correlation with TILs.
Further exploration into the mechanisms of immune reg-
ulation may yield novel therapeutic approaches for clini-
cal implementation in the IM subtype.

Basal-like immune-suppressed subtype (BLIS).
In contrast to the IM subtype, the BLIS subtype lacks
immune activation, rendering it challenging to derive
benefits from immune checkpoint inhibitors. BLIS is
distinguished by the upregulation of cell cycle pro-
cesses, heightened genomic instability, activation of DNA
repair mechanisms, and the downregulation of immune
response genes [6], suggesting that it might be sensi-
tive to poly ADP-ribose polymerase (PARP) inhibitors
and agents that induce DNA damage. Additionally, BLIS
is frequently observed to be enriched with mutations
associated with homologous recombination deficiency
(HRD), with the BRCA gene playing a particularly crucial
role in this pathway. Approximately 15% of patients with
TNBC possess germline mutations in the BRCA1/2 genes
[46]. The HRD score, proposed as a biomarker, has the
potential to identify patients who may derive therapeutic
benefits from DNA damage therapies, such as germline



Weng et al. Cancer Cell International (2024) 24:120

BRCA1 or BRCA2 mutation carriers [47]. Based on the
HRD score, BLIS can be categorized into two subgroups:
high-HRD BLIS and low-HRD BLIS subgroups. The high-
HRD BLIS subgroup exhibits a more favourable progno-
sis and excellent responsiveness to PARP inhibitors, DNA
repair inhibitors, and DNA-damaging agents. A phase III
randomized multicenter trial (NCT02032823) demon-
strated that adjuvant olaparib was significantly associated
with increased survival free of invasive or distant disease
compared to placebo for patients with high-risk TNBC
and BRCA1/2 germline mutation [48]. Additionally, the
I-SPY 2 trial, a phase II multicenter adaptively random-
ized trial, reported higher estimated rates of pathological
complete response (pCR) in the triple-negative popula-
tion treated with veliparib-carboplatin (51% vs. 26%) [49].
The low-HRD BLIS demonstrates an unfavourable prog-
nosis, potentially attributed to its inclination towards
whole-genome doubling, in contrast to a larger propor-
tion of Chr9p23/Chr13q34 gene segment amplification in
high-HRD BLIS [6]. Researchers are investigating further
mechanisms of PARP inhibitors, including their poten-
tial to enhance medication effectiveness and overcome
resistance. In their study, Muvarak et al. found that the
combination of low doses of DNA methyltransferases
inhibitors (DNMTis) with PARPis leads to increased effi-
cacy of PARPis [50]. The PI3K signalling pathway is fre-
quently altered in the LAR subtype. At the same time,
other research has indicated that PI3K inhibitors hinder
the expression of BRCA1/2 and enhance the sensitivity
of BRCA-proficient TNBC to PARPis [51]. Furthermore,
aside from its role in regulating cell proliferation and
metabolism, PI3K is crucial in maintaining DNA struc-
ture stability and facilitating DNA repair [52]. Simulta-
neously, this study [6] employed k-means clustering and
consensus clustering to categorize TNBC into six groups
based on CNA peaks. It is worth noting that specific
CNA peaks (Chr12pl3 amplification, Chr20q13 ampli-
fication, Chr8p21 deletion) dominate in low-HRD BLIS.
This observation implies that conducting experimental
investigations focused on these CNA peaks could unveil
potential therapeutic targets, thereby instilling renewed
optimism for managing this particular subgroup.
Mesenchymal-like subtype (MES). The MES subtype
is positioned between LAR and the other two subtypes
regarding gene spectrum mutation characteristics [6].
Consequently, it is impossible to differentiate it from
other subtypes based on specific genomic features. None-
theless, this subtype demonstrates the characteristics of
breast cancer stem cells (CSCs) and the upregulation of
the JAK/STAT3 signalling pathway, which play a key role
in maintaining the CSCs phenotype [53]. Compared to
other subtypes, the MES subtype exhibits a higher gene
signature score for the activated or tyrosine-phosphory-
lated STAT3 (pSTAT3), indicating the potential efficacy
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of STAT3 inhibitors as a treatment strategy [40]. The
plasticity of CSCs is intricately linked to tumour growth,
invasion, recurrence, and drug resistance [54]. It has
shown that CSCs could be newly generated from non-
CSCs through reprogramming mechanisms, and even
CSCs with different characteristics could appear [55].
Hence, it is imperative to incorporate the generation of
novel CSCs into the future trajectory of CSCs targeting.
Gaining further insights into the determinants that drive
plasticity holds significant potential as a viable approach
in combating MES-like TNBC.

Immunohistochemistry (IHC)-based TNBC subtypes
Presently, the primary investigations concerning the
molecular analysis of TNBC have predominantly con-
centrated on the genome and transcriptome, offering a
comprehensive elucidation of the molecular biological
attributes of distinct subtypes. Nevertheless, the tran-
scriptome-based classification of TNBC poses challenges
in conducting extensive clinical trials and routine clini-
cal practice due to the exorbitant expenses associated
with sequencing technology and gene expression profile
analysis, intricate operational protocols, and demanding
prerequisites for subsequent data interpretation capabili-
ties. To address this issue, the Fudan University Shang-
hai Cancer Center (FUSCC) research team developed a
practical clinical subtyping method for TNBC using IHC
analysis [39]. This approach successfully categorized 210
TNBC samples into five distinct subtypes: (1) IHC-LAR
subtype, characterized by the presence of AR; (2) IHC-
IM subtype, characterized by the absence of AR and the
presence of CDS8; (3) IHC-BLIS subtype, characterized by
the absence of AR, CDS8, and the presence of Forkhead
Box C1 (FOXC1); (4) IHC-MES subtype, characterized
by the absence of AR, CD8, FOXC1, and the presence
of Doublecortin Like Kinase 1 (DCLK1); and (5) IHC-
uncertain subtype, characterized by the absence of AR,
CD8, FOXC1, and DCLK1. Moreover, this subtyping has
been validated in two separate TNBC sample cohorts,
consisting of 183 and 214 samples, respectively. The care-
ful selection of IHC markers is an essential aspect of
the development of IHC-based subtyping. It is impera-
tive that the protein expression of the chosen marker
genes, as assessed by IHC, exhibits a positive correlation
with their mRNA expression. Additionally, these mark-
ers should demonstrate significant distinctions among
the five subtypes. CD8A and FOXC1 are identified as
the highest-ranked genes In the IM and BLIS subtypes.
Conversely, in the LAR subtype, AR was ranked 5th and
designated as the LAR marker due to its clinical signifi-
cance and practicality in IHC detection. Within the MES
subtype, the gene expression of DCLK1 ranks second.
However, it is worth noting that DCLK1 has been impli-
cated in promoting metastasis in breast cancer cell lines
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[56] and is recognized as a stem cell marker for various
cancer types [57, 58], underscoring its potential clinical
relevance. Furthermore, due to its predominant presence
in the cytoplasm of tumour cells and its convenient mea-
surability, DCLK1 has been identified as the marker for
the MES subtype.

Most molecular characteristics and therapeutic impli-
cations suggested in the transcriptome-based subtyping
of TNBC are conserved in the corresponding IHC-based
subtyping. For instance, similar to the transcriptome-
based IM subtype, the IHC-IM subtype also exhibits a
higher presence of both stromal and intratumoral TILs,
distinguished by the infiltration of CD8+T cells into the
tumour parenchyma. Furthermore, the study mentioned
above demonstrates a notable upregulation of immune
checkpoint molecules, including PD1, PD-L1, CTLA4,
and IDO1 [39], thereby indicating the potential efficacy
of immune checkpoint blockade (ICB) in this context
[59, 60]. Moreover, a positive correlation has been estab-
lished between augmented lymphocytic infiltration and a
more favourable prognosis in TNBC, with research indi-
cating a significant reduction in distant recurrence rates
for TNBC with every 10% increase in TILs [61]. A study
[62] conducted by researchers in the Cell Journal has
discovered that antigen-specific CD8+T cells, derived
from tumour-draining lymph nodes (TDLNs), undergo
expansion in both in vivo and in vitro experiments when
subjected to PD-1/PD-L1 ICB treatment within the
tumour tissue. The elimination of this particular subset
of cells results in the failure of ICB treatment, indicating
the crucial role played by CD8+T cells in the immune
response against tumours. Moreover, the CD8+T cells
derived from TDLNSs exhibit superior potential as adop-
tive T-cell therapy for enhancing anti-tumour immunity.
Additional research on TNBC could potentially enhance
the effectiveness of ICB treatment. In the IHC-BLIS sub-
type, apart from the prevalence of HRD mutations, there
is also notable overexpression of vascular endothelial
growth factor (VEGF). Numerous prior clinical trials
have demonstrated the favourable tolerability of combin-
ing bevacizumab with taxane-based therapy in a diverse
cohort of breast cancer patients, indicating that anti-
angiogenic therapy may also be a viable alternative [63].
The IHC-MES subtype exhibits a diminished relapse-free
survival (RFS) and a more unfavourable prognosis com-
pared to other subtypes. Furthermore, it demonstrates
heightened expression of DCLK1, an emerging therapeu-
tic target, in addition to activating the JAK/STAT1 sig-
nalling pathway. Multivariate survival analysis indicates
that the IHC-based subtyping is an independent prog-
nostic factor for RFS, offering supplementary insights
for prognostic assessment. When utilized in conjunction
with conventional prognostic factors, this classification
has the potential to enhance the precision of recurrence
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prediction. For instance, the elevated expression of spe-
cific FOXC1 marker has been correlated with tumour
invasiveness and unfavourable prognosis [64, 65].

The newly proposed classification demonstrates a high
level of simplicity and effectiveness. Using kappa analy-
sis to evaluate the agreement between the IHC-based
and the genome- and transcriptome-based TNBC sub-
types classification, the percentage of samples classified
as the same subtype by both methods was 76.7% [39]. In
2020, the team at FUSCC conducted a phase Ib/II Fudan
University Shanghai Cancer Center TNBC umbrella
(FUTURE) trial (NCT03805399) [66]; in this prospective
study, TNBC IHC-based genomic features were utilized
to categorize refractory metastatic TNBC into seven dis-
tinct precision treatment groups, to evaluate the efficacy
of these targets. It is worth noting that prior clinical tri-
als have explored various targeted treatments for TNBC;
however, they did not stratify TNBC based on specific
targets, potentially constraining treatment efficacy. This
study [59] encompasses a cohort of 141 metastatic TNBC
patients, revealing that 42 individuals (29.8%) achieved
objective responses. The study findings reveal that the
median values for progression-free survival (PFS) and OS
are 3.4 and 10.7 months, respectively. Four of the seven
treatment groups successfully met the established effi-
cacy targets. This study initially demonstrates the poten-
tial application of TNBC subtyping in targeted therapy
for refractory metastatic TNBC. IHC-based subtyping
significantly streamlines the necessary testing procedures
and lowers associated expenses, thereby facilitating the
implementation of precision medicine for TNBC. More-
over, these results provide valuable insights for further
clinical investigations.

Metabolomics-based TNBC subtypes
Metabolic-pathway-based subtype

In the aforementioned FUTURE trial [66], certain prede-
termined targets did not yield the anticipated therapeutic
outcome, particularly in the LAR and BLIS subtypes. As
mentioned above, abnormalities in CDKN2A have been
linked to the sensitivity of LAR to CDK4/6 inhibitors or
other cell cycle inhibitors. Nevertheless, the genomic
analysis revealed that all TNBCs in arm B exhibited a
neutral CDKN2A status, potentially diminishing the
effectiveness of CDK4/6 inhibitors. The unexpected find-
ings in the FUTURE trial could be attributed to tumour
evolution and patient selection following multiline che-
motherapy; another possibility is that AR may only serve
as a biomarker rather than a therapeutic target [67]. At
the same time, efforts should be made to seek out bet-
ter targets for TNBC actively. Consequently, researchers
have redirected their focus towards metabolic repro-
gramming. Prior research has established a correlation
between metabolic dysfunction and the clinical outcomes
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as well as treatment responses of various cancer types
[68-70]. For instance, Du et al. demonstrated that cru-
cial regulatory factors in lipid metabolism contribute to
endocrine resistance in infiltrating lobular breast cancer.
However, it is worth noting that the studies mentioned
above lack verification through clinical data. The altera-
tion of energy metabolism, exemplified by the Warburg
effect, is a significant characteristic of tumour cells [71].
Nevertheless, the viability of all cells is contingent upon
intermediary metabolism, with glucose serving as a
prominent energy source for numerous human cell types.
Consequently, using small molecules to interfere with
glucose metabolism poses a heightened risk of detrimen-
tal consequences on both cancerous and normal tissues.
Nevertheless, there is a growing body of evidence indi-
cating that various tumour types, as well as tumours orig-
inating from identical tissue, display unique metabolic
preferences [72-74], and genetic alterations in malignant
tumours can contribute to the activation of specific cel-
lular metabolic pathways at a heightened level. The meta-
bolic heterogeneity of tumours hinders the effectiveness
of targeted metabolic drugs [75-77]. The attainment of
specificity in targeting cell metabolism has been a chal-
lenge. Therefore, the clinical significance of develop-
ing treatment strategies that consider the heterogeneity
of metabolic pathways is profound, as it may offer new
treatment options for patients with TNBC. In 2021, the
metabolite pathway enrichment analysis (MPEA) was
conducted by FUSCC on a total of 465 cases in the TNBC
multi-omics database, focusing on the metabolome.
Through the identification of distinct metabolic features,
the TNBC samples were classified into three heteroge-
neous metabolic-pathway-based subtypes (MPSs) [78]:
MPS], representing the lipogenic subtype (26.4%); MPS2,
representing the glycolytic subtype (36.9%); and MPS3,
representing the mixed subtype (36.7%). The validity
of this classification, based on metabolic pathways, was
confirmed through metabolomics analysis of an addi-
tional 72 samples.

MPS1. MPS1 is distinguished by the relative enhance-
ment of lipid metabolism, encompassing the synthesis
of fatty acids, cholesterol, and steroids, resulting in an
increased abundance of myristic acid, palmitoleic acid,
arachidonic acid, and other lipids. This metabolic profile
renders MPS1 more susceptible to lipid synthesis inhibi-
tors, such as the fatty acid synthase (FASN) inhibitor
C75. Furthermore, the majority of MPS1 cases are com-
prised of the LAR subtype. As previously stated, the LAR
subtype frequently displays mutations in the ERBB2 and
PI3K signalling pathways [6]. Research has indicated that
mutations in ERBB2 or PIK3CA can induce a lipid syn-
thesis phenotype in untransformed epithelial cells [79,
80], suggesting a potential connection between transcrip-
tome- and metabolome-based subtyping. Furthermore,
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the PI3K pathway is widely recognized as the primary
signalling cascade that promotes the Warburg effect [81,
82]. Consequently, it is imperative for future investiga-
tions to delve deeper into the coordination between the
PI3K pathway, lipid synthesis, and glycolysis in MPS1.

MPS2. MPS2 is characterized by notable upregulation
of carbohydrate and nucleotide metabolism, encompass-
ing the citric acid cycle, glycolysis, purine metabolism,
and pyrimidine metabolism. Additionally, there is an
abundance of intermediates in glycolysis and nucleotide
metabolism. Most MPS2 cases belong to the BLIS sub-
type, characterized by elevated chromosomal instability
and CNA. Alterations in specific genomic regions have
the potential to impact glycolysis, leading to subtype-spe-
cific metabolic reprogramming. Preclinical data suggest
that solute carrier family two facilitated glucose trans-
porter member 1 (SLC2A1) and lactate dehydrogenase
A (LDHA) are viable drug targets for cancer treatment.
Inactivating SLC2A1 or LDHA affects the glycolytic
pathway of cancer cells, ultimately leading to apoptosis
in vitro and in vivo [83]. Research has demonstrated that
the upregulation of glycolysis hinders the immune func-
tions of T lymphocytes and NK cells [78], potentially
resulting from lactate production. The administration of
the LDHA inhibitor FX-11 leads to a notable augmenta-
tion of tumour-infiltrating CD8+T and NK cells in the
mice model, thereby potentially enhancing the respon-
siveness of tumours to anti-PD-1 immunotherapy in the
MPS2 subtype [84]. MPS3 displays a mixed subtype of
partial pathway dysregulation, aligning with its diverse
phenotype, encompassing various tumour molecular
subtypes.

Metabolite-based subtype
Metabolic studies based on transcriptomic data of
metabolic genes have certain limitations. For example,
the abundance of metabolites might depend more on
metabolic flux analysis (MFA) than on mRNA expres-
sion of metabolic genes. Additionally, critical metabo-
lites involved in atypical metabolic pathways may be
overlooked. Therefore, it is imperative to elucidate the
heterogeneity of TNBC metabolism through direct
assessment of metabolite abundance. In 2022, FUSCC
conducted a comprehensive analysis of polar metabolo-
mics and lipidomics in 330 TNBC samples alongside 149
paired normal breast tissues, establishing the first-ever
metabolomic atlas of TNBC. Based on metabolite char-
acteristics, TNBC can be categorized into three distinct
subtypes (C1-C3), and several essential subtype-specific
metabolites have been identified as potential targets for
therapeutic interventions [67].

The C1 subtype, enriched with sphingolipids and
almost overlaps with the LAR subtype, exhibits distinc-
tive features such as accumulating ceramides and fatty
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acids. In relation to energy metabolism, it is plausible that
the C1 subtype heavily relies on fatty acid metabolism.
Consequently, investigating the metabolic traits of the C1
subtype could yield valuable therapeutic targets for the
LAR subtype with poor efficacy in the FUTURE trial. For
the metabolomic C1 subtype, sphingosine-1-phosphate
(S1P), an intermediate in the ceramide synthesis pathway,
exhibits promise as a therapeutic intervention. Exam-
ples of such interventions include PF-543, an inhibitor
of SPHK1, and FTY-720, an FDA-approved multi-target
drug targeting the ceramide pathway [85, 86]. The C2
subtype, which is enriched with oxidative and glycosyl-
ated metabolites, exhibits an upregulation of oxidative
reactions and metabolites related to glycosyl transfer,
such as oxidized glutathione (GSSG) and uridine diphos-
phate glucose (UDPG). This subtype may have a greater
reliance on glutamate metabolism for energy metabolism.
Targeting the biosynthesis of N-acetyl-aspartyl-glutamate
(NAAG) could be a feasible therapeutic approach for
addressing the metabolomic C2 subtype. The C3 subtype,
characterized by hypometabolic disorder and displaying
relatively minor metabolic abnormalities in comparison
to healthy tissue, carries a low likelihood of recurrence.

Research has demonstrated that the BLIS subtype
encompasses metabolomic C2 and C3 subtypes [67].
Machine learning techniques have proven effective in dis-
tinguishing between these two metabolic subtypes within
BLIS. Given that the RFS of C2 is comparatively shorter
than that of the C3 subtype, applying metabolomics-
based subtyping enables a more accurate identification of
high-risk groups within BLIS. Collectively, the utilization
of metabolomic subtyping has enhanced the effectiveness
of transcriptomic subtyping, thereby introducing novel
therapeutic targets and establishing the groundwork for
future personalized treatment approaches.

Conclusions and perspectives

The aforementioned transcriptomic subtypes, metabolic-
pathway-based subtypes, and metabolomic subtypes
exhibit intersections: the LAR subtype almost overlaps
with MPS1, and the BLIS subtype substantially overlaps
with MPS2. The distribution of IM subtypes is nearly
equal between MPS2 and MPS3, while the MES subtype
predominantly corresponds to MPS3 [6]. Furthermore,
MPS1 is highly consistent with the metabolomic Cl1
subtype, and MPS2/MPS3 subtypes are intricately inter-
twined with the metabolomic C2/C3 subtypes (Fig. 1).
In the FUTURE trial, it was observed that the LAR and
BLIS subtypes exhibited poor efficacy. Further investi-
gation into their metabolic characteristics has identified
metabolites SIP and NAAG as potential therapeutic tar-
gets [57]. A separate study has also confirmed the het-
erogeneity of ferroptosis [87], which is closely linked to
metabolism in TNBC. Specifically, the LAR subtype has
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been found to be the most active TNBC subtype in terms
of ferroptosis. The AR-driven GPX4 has been identified
as a crucial factor in regulating ferroptosis, suggesting
that GPX4 inhibitors could offer new treatment possibili-
ties for LAR patients. It is worth noting that the compre-
hensive consideration of different subtype characteristics
can optimize the precision treatment.

Presently, a significant portion of assumptions and
conclusions rely heavily on laboratory data analysis. The
FUTURE trial has pioneered the identification of TNBC
subtypes as a potential avenue for targeted therapy in
the treatment of refractory metastatic TNBC and pro-
vided substantial data and evidence to support subse-
quent clinical trials. Nevertheless, in this study, three of
seven research groups present contradictory findings,
potentially attributed to patient selection and tumour
evolution following multiple rounds of chemotherapy.
Consequently, numerous investigations are still required
before the translation of theoretical knowledge into prac-
tical application can be achieved. Utilizing multi-omics
technologies has facilitated a more comprehensive com-
prehension of the inherent heterogeneity in TNBC. The
prominence of understanding and researching the role of
non-coding RNA (ncRNA) has been increasing with the
advancement of RNA sequencing technology. XU et al.
discovered that long non-coding RNA (IncRNA) effec-
tively regulates the progression of TNBC through com-
plete interaction with miRNA at the post-transcriptional
level [88]. Exploring the relationship between miRNA,
IncRNA, and TNBC can offer novel perspectives for
early diagnosis and treatment. Identifying novel target
sites through these advancements holds potential for the
selection of biomarkers, synthesis of therapeutic agents,
and design of clinical trials, thereby paving the way for
the exploration of more accurate and individualized
treatment strategies. There is an urgent requirement for
further research endeavours and prospective clinical data
to elucidate the subtyping and distinctive characteris-
tics of TNBC systematically. It is firmly believed that the
implementation of precision treatment holds immense
promise for significantly benefiting TNBC patients in the
future.



Weng et al. Cancer Cell International (2024) 24:120 Page 8 of 11

FUSCC TNBC classification

+ 1 ’ 1! 1
LAR IM 'BLIS | MES

/Androgen receptor positive Mutation profile between ]

2 | Increased immune cell i ici ili

S PI3K-AKT pathway mutations d Ki . li High gen(?mlc '_nStf'"b'"ty LAR and the other two
= | : and cytokine signaling DNA repair activation

B [EREB2 mutations More TiLs Homologous recombination g

Q | i ey JAK/STAT3 pathwa

= PDRN2A mutations IFN-y pathway activation | | defeciency mutations prtaY

[Ferroptosis upregulation |

| e

Endocrine therapy N
Pi3K-AKT inhibitors Immune checkpoint PAR_P inhiibitors Targeting CSCs

Irreversible ERBB2 inhibitors inhibitors Elatinumbdend STAT3 inhibitors
CDK4/6 inhibitors chemotherapy

therapies

Putative targeted Key molecular

MPS1 MPS2|

Targeting lipid metabolism [‘i’argeting carbohydrate and nucleotide metabolism
FASN inhibitor Glycolysis pathway inhibitors

! 1

c1 c2 c3

High relapse risk Low relapse risk
Targeting S1P < : i

| Targeting NAAG |

Fig. 1 Schematic integration of molecular subtyping of triple-negative breast cancer (TNBC). Essential molecular alterations and putative targeted thera-
pies are listed below the subtype. The LAR subtype almost overlaps with MPS1. The BLIS subtype almost overlaps with MPS2 and contains metabolomic
C2 and C3 subtypes. MPST is highly consistent with the metabolomic C1 subtype

Abbreviations FOXC1 Forkhead Box C1

TNBC Triple-negative breast cancer DCLK1 Doublecortin Like Kinase 1

LAR Luminal androgen receptor TDLNs T cells, derived from tumour draining lymph nodes
BLIS Basal-like immune-suppressed subtype VEGF Vascular endothelial growth factor

MES Mesenchymal-like RFS Relapse-free survival

PARP Poly ADP-ribose polymerase FUTURE  Fudan University Shanghai Cancer Center TNBC umbrella
PARPis Poly (ADP-ribose) polymerase inhibitors a Confidence interval

ER Estrogen receptor EGFR Epidermal growth factor receptor

PR Progesterone receptor RFS Relapse-free survival

HER-2 Human epidermal growth factor receptor-2 PFS Progression-free survival

IM Immunomodulatory 0S Overall survival

M Mesenchymal CR Complete response

MSL Mesenchymal stem-like PR Partial response

WES Whole exome sequencing SD Stable disease

CNA Copy-number alteration CBR Clinical benefit rate

TCGA TNBC cohort of the Cancer Genome Atlas DFS Disease-free survival

PIK3CA Phosphatidy-linositol 3-kinase catalytic alpha DSS Disease specific survival

PI3K Phosphoinositide 3-kinase MPEA Metabolite pathway enrichment analysis
AKT Protein Kinase B MPSs Metabolic-pathway-based subtypes

TILs Intratumoural tumour-infiltrating lymphocytes ICB Immune checkpoint blockade

GSEA Gene set enrichment analysis ICls Immune checkpoint inhibitors

WGCNA  Weighted gene co-expression network analysis SLC2A1 Glucose transporter member 1

HRD Homologous recombination deficiency LDHA Lactate dehydrogenase A

pCR Pathological complete response FASN Fatty acid synthase

DNMTis  DNA methyltransferases inhibitors MFA Metabolic flux analysis

CSCs Cancer stem cells S1P Sphingosine-1-phosphate

pSTAT3 Tyrosine-phosphorylated STAT3 GSSG Oxidized glutathione

HC Immunohistochemistry UDPG Uridine diphosphate glucose

FUSCC Fudan University Shanghai Cancer Center NAAG N-acetyl-aspartyl-glutamate



Weng et al. Cancer Cell International (2024) 24:120

miRNA MicroRNA
ncRNA Non-coding RNA
INncRNA Long non-coding RNA

Acknowledgements
Thanks to all team members for their dedicated participation and invaluable
guidance throughout this project.

Author contributions

All the authors contributed to the conception of the work. L. W. wrote the first
draft of the manuscript. J. Z.and N. X. provided senior advice for the study. R.
M. and S.G. made critical revisions. All authors have read and approved the
final manuscript.

Funding

This work was supported by grants from the National Natural Science
Foundation of Zhejiang Province (LY23H160008 to R.M.), the Ningbo Natural
Science Foundation (202003N4285 to J. Z.), and the Ningbo Natural Science
Foundation (2023J146 to S.G.) and Nursing project of Ningbo First Hospital
(H2020YJ003).

Data availability
This study was based on publicly published papers. Please see Refs. for details
and links to the data.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 29 September 2023 / Accepted: 2 February 2024
Published online: 30 March 2024

References

1. Bianchini G, De Angelis C, Licata L, Gianni L. Treatment landscape of triple-
negative breast cancer - expanded options, evolving needs. Nat Rev Clin
Oncol. 2022;19(2):91-113.

2. Lehmann BD, Bauer JA, Chen X, et al. Identification of human triple-negative
breast cancer subtypes and preclinical models for selection of targeted thera-
pies. J Clin Invest. 2011;121(7):2750-67.

3. Lehmann BD, Jovanovi¢ B, Chen X|, et al. Refinement of triple-negative breast
cancer molecular subtypes: implications for neoadjuvant chemotherapy
selection. PLoS ONE. 2016. https://doi.org/10.1371/journal.pone.0157368.

4. Prat A, Adamo B, Cheang MC, Anders CK, Carey LA, Perou CM. Molecular
characterization of basal-like and non-basal-like triple-negative breast cancer.
Oncologist. 2013;18(2):123-33.

5. Burstein MD, Tsimelzon A, Poage GM, et al. Comprehensive genomic analysis
identifies novel subtypes and targets of triple-negative breast cancer. Clin
Cancer Res. 2015;21(7):1688-98.

6. JiangYZ,Ma D, Suo C, et al. Genomic and Transcriptomic Landscape of Triple-
negative breast cancers: subtypes and treatment strategies. Cancer Cell.
2019;35(3):428-440e5.

7. Gucalp A, Traina TA. Triple-negative breast cancer: role of the androgen
receptor [published correction appears in Cancer J. 2010 Nov-Dec;16(6):643].
Cancer J. 2010;16(1):62-65.

8. Gerratana L, Basile D, Buono G, et al. Androgen receptor in triple negative
breast cancer: a potential target for the targetless subtype. Cancer Treat Rev.
2018;68:102-10.

9. Gucalp A Tolaney S, Isakoff SJ, et al. Phase Il trial of bicalutamide in patients
with androgen receptor-positive, estrogen receptor-negative metastatic
breast Cancer. Clin Cancer Res. 2013;19(19):5505-12.

10.  Bonnefoi H, Grellety T, Tredan O, et al. A phase Il trial of abiraterone acetate
plus prednisone in patients with triple-negative androgen receptor positive

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

Page 9 of 11

locally advanced or metastatic breast cancer (UCBG 12-1). Ann Oncol.
2016;27(5):812-8.

Traina TA, Miller K, Yardley DA, et al. Enzalutamide for the treatment of
androgen receptor-expressing Triple-negative breast Cancer. J Clin Oncol.
2018;36(9):884-90.

Astvatsaturyan K, Yue Y, Walts AE, Bose S. Androgen receptor positive triple
negative breast cancer: clinicopathologic, prognostic, and predictive features.
PLoS ONE. 2018. https://doi.org/10.1371/journal.pone.0197827.

Pistelli M, Caramanti M, Biscotti T, et al. Androgen receptor expression in early
triple-negative breast cancer: clinical significance and prognostic associa-
tions. Cancers (Basel). 2014;6(3):1351-62.

Qu Q, Mao Y, Fei XC, Shen KW. The impact of androgen receptor expression
on breast cancer survival: a retrospective study and meta-analysis. PLoS ONE.
2013, https://doi.org/10.1371/journal.pone.0082650.

Wang C, Pan B, Zhu H, et al. Prognostic value of androgen receptor in triple
negative breast cancer: a meta-analysis. Oncotarget. 2016;7(29):46482-91.
Kim', Jae E, Yoon M. Influence of androgen receptor expression on the
survival outcomes in breast Cancer: a Meta-analysis. J Breast Cancer.
2015;18(2):134-42.

Asano Y, Kashiwagi S, Goto W, et al. Expression and clinical significance of
androgen receptor in Triple-negative breast Cancer. Cancers (Basel). 2017.
https://doi.org/10.3390/cancers9010004.

BiJ,Wu Z, Zhang X, et al. TMEM25 inhibits monomeric EGFR-mediated STAT3
activation in basal state to suppress triple-negative breast cancer progres-
sion. Nat Commun. 2023. https://doi.org/10.1038/541467-023-38115-2.
Lehmann BD, Bauer JA, Schafer JM, et al. PIK3CA mutations in androgen
receptor-positive triple negative breast cancer confer sensitivity to the com-
bination of PI3K and androgen receptor inhibitors. Breast Cancer Res. 2014.
https://doi.org/10.1186/513058-014-0406-x.

Coussy F, Lavigne M, de Koning L, et al. Response to mTOR and PI3K inhibitors
in enzalutamide-resistant luminal androgen receptor triple-negative breast
cancer patient-derived xenografts. Theranostics. 2020;10(4):1531-43.

Juric D, Janku F, Roddn J, et al. Alpelisib Plus Fulvestrant in PIK3CA-Altered
and PIK3CA-Wild-type estrogen receptor-positive advanced breast Cancer:

a phase 1b clinical trial. JAMA Oncol. 2019. https://doi.org/10.1001/
jamaoncol.2018.4475.

Wolff AC, Hammond MEH, Allison KH, et al. Human epidermal growth factor
receptor 2 testing in breast Cancer: American Society of Clinical Oncology/
College of American Pathologists Clinical Practice Guideline Focused Update.
J Clin Oncol. 2018;36(20):2105-22.

Desmedt C, Haibe-Kains B, Wirapati P, et al. Biological processes associated
with breast cancer clinical outcome depend on the molecular subtypes. Clin
Cancer Res. 2008;14(16):5158-65.

Xin L, Wu Q, Zhan C, et al. Multicenter study of the clinicopathological
features and recurrence risk prediction model of early-stage breast cancer
with low-positive human epidermal growth factor receptor 2 expres-

sion in China (Chinese society of breast surgery 021). Chin Med J (Engl).
2022;135(6):697-706.

Bose R, Kavuri SM, Searleman AC, et al. Activating HER2 mutations in HER2
gene amplification negative breast cancer. Cancer Discov. 2013;3(2):224-37.
ZuoWJ, Jiang YZ, Wang YJ, et al. Dual characteristics of Novel HER2 kinase
domain mutations in response to HER2-Targeted therapies in human breast
Cancer. Clin Cancer Res. 2016;22(19):4859-69.

O'Leary B, Finn RS, Turner NC. Treating cancer with selective CDK4/6 inhibi-
tors. Nat Rev Clin Oncol. 2016;13(7):417-30.

Cai Z,Wang J, LiY, et al. Overexpressed cyclin D1 and CDK4 proteins are
responsible for the resistance to CDK4/6 inhibitor in breast cancer that can
be reversed by PI3K/mTOR inhibitors. Sci China Life Sci. 2023;66(1):94-109.
Cancer Genome Atlas Network. Comprehensive molecular portraits of
human breast tumours. Nature. 2012:490(7418):61-70.

Bartel DP. MicroRNASs: target recognition and regulatory functions. Cell.
2009;136(2):215-33.

Dvinge H, Git A, Gréf S, et al. The shaping and functional consequences of the
microRNA landscape in breast cancer. Nature. 2013;497(7449):378-82.
Mulrane L, McGee SF, Gallagher WM, O'Connor DP. miRNA dysregulation in
breast cancer. Cancer Res. 2013;73(22):6554-62.

ShiY,Yang F, Sun Z, Zhang W, Gu J, Guan X. Differential microRNA expression
is associated with androgen receptor expression in breast cancer. Mol Med
Rep. 2017;15(1):29-36.

Angelova M, Charoentong P, Hackl H, et al. Characterization of the immuno-
phenotypes and antigenomes of colorectal cancers reveals distinct tumor


https://doi.org/10.1371/journal.pone.0157368
https://doi.org/10.1371/journal.pone.0197827
https://doi.org/10.1371/journal.pone.0082650
https://doi.org/10.3390/cancers9010004
https://doi.org/10.1038/s41467-023-38115-2
https://doi.org/10.1186/s13058-014-0406-x
https://doi.org/10.1001/jamaoncol.2018.4475
https://doi.org/10.1001/jamaoncol.2018.4475

Weng et al. Cancer Cell International

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

(2024) 24:120

escape mechanisms and novel targets for immunotherapy. Genome Biol.
2015. https://doi.org/10.1186/513059-015-0620-6.

O'Meara T, Safonov A, Casadevall D, et al. Immune microenvironment of
triple-negative breast cancer in African-American and caucasian women.
Breast Cancer Res Treat. 2019;175(1):247-59.

Goff SL, Danforth DN. The role of Immune cells in breast tissue and immuno-
therapy for the treatment of breast Cancer. Clin Breast Cancer. 2021. https://
doi.org/10.1016/j.clbc.2020.06.011.

Lian J, Ma HX, Xu EW, Bu P, Yun KM, Xi YF. Subclassifying triple-negative breast
cancers and its potential clinical utility. Virchows Arch. 2022;481(1):13-21.
Leeha M, Kanokwiroon K, Laohawiriyakamol S, Thongsuksai P. Immunohisto-
chemistry-based molecular subtyping of triple-negative breast cancer and
its prognostic significance. Pathol Oncol Res. 2023. https://doi.org/10.3389/
pore.2023.1611162.

Zhao S, Ma D, Xiao Y, et al. Molecular Subtyping of Triple-negative breast
cancers by immunohistochemistry: molecular basis and clinical relevance.
Oncologist. 2020,25(10):e1481-91.

Li Y, Rogoff HA, Keates S, et al. Suppression of cancer relapse and metastasis
by inhibiting cancer stemness. Proc Natl Acad Sci U S A. 2015;112(6):1839-44.
Salisbury T, Abozina A, Zhang C, et al. Histological subtype is associ-

ated with PD-L1 expression and CD8 +T-cell infiltrates in triple-negative
breast carcinoma. Ann Diagn Pathol. 2022. https://doi.org/10.1016/].
anndiagpath.2022.151901.

Virassamy B, Caramia F, Savas P, et al. Intratumoral CD8 +T cells with a tissue-
resident memory phenotype mediate local immunity and immune check-
point responses in breast cancer. Cancer Cell. 2023. https://doi.org/10.1016/j.
ccell.2023.01.004.

Heeke AL, Tan AR. Checkpoint inhibitor therapy for metastatic triple-negative
breast cancer. Cancer Metastasis Rev. 2021;40(2):537-47.

Adams S, Diamond JR, Hamilton E, et al. Atezolizumab Plus nab-Paclitaxel in
the treatment of metastatic triple-negative breast Cancer with 2-Year Survival
Follow-up: a phase 1b clinical trial. JAMA Oncol. 2019;5(3):334-42.

Zhang J,Wang L, Xu X, et al. Transcriptome-based Network Analysis unveils
eight Immune-related genes as Molecular signatures in the Immunomodula-
tory Subtype of Triple-negative breast Cancer. Front Oncol. 2020. https://doi.
0rg/10.3389/fonc.2020.01787.

Stevens KN, Vachon CM, Couch FJ. Genetic susceptibility to triple-negative
breast cancer. Cancer Res. 2013;73(7):2025-30.

Telli ML, Timms KM, Reid J, et al. Homologous recombination Deficiency
(HRD) score predicts response to platinum-containing neoadjuvant che-
motherapy in patients with triple-negative breast Cancer. Clin Cancer Res.
2016,22(15):3764-73.

Tutt ANJ, Garber JE, Kaufman B, et al. Adjuvant olaparib for patients

with BRCA1- or BRCA2-Mutated breast Cancer. N Engl J Med.
2021,384(25):2394-405.

Rugo HS, Olopade Ol, DeMichele A, et al. Adaptive randomization of Velipa-
rib-Carboplatin treatment in breast Cancer. N Engl J Med. 2016;375(1):23-34.
Muvarak NE, Chowdhury K, Xia L, et al. Enhancing the cytotoxic effects of
PARP inhibitors with DNA demethylating agents - a potential therapy for
Cancer. Cancer Cell. 2016;30(4):637-50.

Ibrahim YH, Garcia-Garcia C, Serra V, et al. PI3K inhibition impairs BRCA1/2
expression and sensitizes BRCA-proficient triple-negative breast cancer to
PARP inhibition. Cancer Discov. 2012;2(11):1036-47.

Wu SY, Wang H, Shao ZM, Jiang YZ. Triple-negative breast cancer: new
treatment strategies in the era of precision medicine. Sci China Life Sci.
2021,64(3):372-88.

Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting STAT3 signalling

in cancer: new and unexpected biological functions. Nat Rev Cancer.
2014;14(11):736-46.

Najafi M, Mortezaee K, Ahadi R. Cancer stem cell (a)symmetry & plasticity:
tumorigenesis and therapy relevance. Life Sci. 2019. https://doi.org/10.1016/j.
1fs.2019.05.076.

Eun K, Ham SW, Kim H. Cancer stem cell heterogeneity: origin and new
perspectives on CSC targeting. BMB Rep. 2017;50(3):117-25.

Liu H,WenT, Zhou Y, et al. DCLK1 plays a metastatic-promoting role

in human breast Cancer cells. Biomed Res Int. 2019. https://doi.
0rg/10.1155/2019/1061979.

Nakanishi Y, Seno H, Fukuoka A, et al. Dclk1 distinguishes between tumor and
normal stem cells in the intestine. Nat Genet. 2013;45(1):98-103.

Bailey JM, Alsina J, Rasheed ZA, et al. DCLK1 marks a morphologically distinct
subpopulation of cells with stem cell properties in preinvasive pancreatic
cancer. Gastroenterology. 2014;146(1):245-56.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 10 of 11

LiuY, Zhu XZ, Xiao Y, et al. Subtyping-based platform guides precision
medicine for heavily pretreated metastatic triple-negative breast cancer: the
FUTURE phase Il umbrella clinical trial. Cell Res. 2023;33(5):389-402.

Schmid P, Adams S, Rugo HS, et al. Atezolizumab and Nab-Paclitaxel in
Advanced Triple-negative breast Cancer. N Engl J Med. 2018;379(22):2108-21.
Loi S, Michiels S, Salgado R, et al. Tumor infiltrating lymphocytes are
prognostic in triple negative breast cancer and predictive for trastuzumab
benefit in early breast cancer: results from the FinHER trial. Ann Oncol.
2014;25(8):1544-50.

Huang Q Wu X, Wang Z, et al. The primordial differentiation of tumor-specific
memory CD8+T cells as bona fide responders to PD-1/PD-L1 blockade in
draining lymph nodes. Cell. 2022. https://doi.org/10.1016/j.cell.2022.09.020.
Smith IE, Pierga JY, Biganzoli L, et al. First-line bevacizumab plus taxane-
based chemotherapy for locally recurrent or metastatic breast cancer:

safety and efficacy in an open-label study in 2,251 patients. Ann Oncol.
2011,22(3):595-602.

Jensen TW, Ray T, Wang J, et al. Diagnosis of basal-like breast Cancer using

a FOXC1-Based assay. J Natl Cancer Inst. 2015. https://doi.org/10.1093/jnci/
djv148.

Ray PS, Wang J, QuYY, et al. FOXC1 is a potential prognostic biomarker

with functional significance in basal-like breast cancer. Cancer Res.
2010;70(10):3870-6.

Jiang YZ, LiuY, Xiao Y, et al. Molecular subtyping and genomic profiling
expand precision medicine in refractory metastatic triple-negative breast
cancer: the FUTURE trial. Cell Res. 2021;31(2):178-86.

XiaoY, Ma D, Yang YS, et al. Comprehensive metabolomics expands precision
medicine for triple-negative breast cancer. Cell Res. 2022;32(5):477-90.

DuT, Sikora MJ, Levine KM, et al. Key regulators of lipid metabolism drive
endocrine resistance in invasive lobular breast cancer. Breast Cancer Res.
2018. https://doi.org/10.1186/513058-018-1041-8.

Gentric G, Kieffer Y, Mieulet V, et al. PML-Regulated mitochondrial metabolism
enhances Chemosensitivity in Human ovarian cancers. Cell Metab. 2019.
https://doi.org/10.1016/j.cmet.2018.09.002.

Daemen A, Liu B, Song K, et al. Pan-cancer metabolic signature predicts
Co-dependency on Glutaminase and De Novo glutathione synthesis linked
to a high-mesenchymal cell state. Cell Metab. 2018. https://doi.org/10.1016/].
cmet.2018.06.003.

Martinez-Outschoorn UE, Peiris-Pagés M, Pestell RG, Sotgia F, Lisanti MP. Can-
cer metabolism: a therapeutic perspective. Nat Rev Clin Oncol. 2017. https://
doi.org/10.1038/nrclinonc.2016.60.

Hakimi AA, Reznik E, Lee CH, et al. An Integrated Metabolic Atlas of Clear Cell
Renal Cell Carcinoma. Cancer Cell. 2016;29(1):104-16.

Kim J, DeBerardinis RJ. Mechanisms and implications of metabolic heteroge-
neity in Cancer. Cell Metab. 2019;30(3):434-46.

Reznik E, Luna A, Aksoy BA, et al. A Landscape of metabolic variation across
Tumor types. Cell Syst. 2018. https://doi.org/10.1016/j.cels.2017.12.014.
Vander Heiden MG, Cantley LC, Thompson CB. Understanding the

Warburg effect: the metabolic requirements of cell proliferation. Science.
2009;324(5930):1029-33.

Jones RG, Thompson CB. Tumor suppressors and cell metabolism: a recipe for
cancer growth. Genes Dev. 2009;23(5):537-48.

Hamanaka RB, Chandel NS. Targeting glucose metabolism for cancer therapy.
J Exp Med. 2012;209(2):211-5.

Gong Y, Ji P Yang YS, et al. Metabolic-pathway-based subtyping of Triple-
negative breast Cancer reveals potential therapeutic targets. Cell Metab.
2021. https://doi.org/10.1016/j.cmet.2020.10.012.

Lau CE, Tredwell GD, Ellis JK, Lam EW, Keun HC. Metabolomic characterisation
of the effects of oncogenic PIK3CA transformation in a breast epithelial cell
line. Sci Rep. 2017. https://doi.org/10.1038/srep46079.

Menendez JA, Vellon L, Mehmi |, et al. Inhibition of fatty acid synthase (FAS)
suppresses HER2/neu (erbB-2) oncogene overexpression in cancer cells. Proc
Natl Acad Sci U S A. 2004;101(29):10715-20.

Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism in
cancer. BrJ Cancer. 2020;122(1):4-22.

Makinoshima H, Takita M, Saruwatari K, et al. Signaling through the phos-
phatidylinositol 3-Kinase (PI3K)/Mammalian target of Rapamycin (mTOR)
Axis is responsible for aerobic glycolysis mediated by glucose transporter in
Epidermal Growth Factor Receptor (EGFR)-mutated lung adenocarcinoma. J
Biol Chem. 2015;290(28):17495-504.

Ooi AT, Gomperts BN. Molecular pathways: Targeting Cellular Energy
Metabolism in Cancer via Inhibition of SLC2AT and LDHA. Clin Cancer Res.
2015;21(11):2440-4.


https://doi.org/10.1186/s13059-015-0620-6
https://doi.org/10.1016/j.clbc.2020.06.011
https://doi.org/10.1016/j.clbc.2020.06.011
https://doi.org/10.3389/pore.2023.1611162
https://doi.org/10.3389/pore.2023.1611162
https://doi.org/10.1016/j.anndiagpath.2022.151901
https://doi.org/10.1016/j.anndiagpath.2022.151901
https://doi.org/10.1016/j.ccell.2023.01.004
https://doi.org/10.1016/j.ccell.2023.01.004
https://doi.org/10.3389/fonc.2020.01787
https://doi.org/10.3389/fonc.2020.01787
https://doi.org/10.1016/j.lfs.2019.05.076
https://doi.org/10.1016/j.lfs.2019.05.076
https://doi.org/10.1155/2019/1061979
https://doi.org/10.1155/2019/1061979
https://doi.org/10.1016/j.cell.2022.09.020
https://doi.org/10.1093/jnci/djv148
https://doi.org/10.1093/jnci/djv148
https://doi.org/10.1186/s13058-018-1041-8
https://doi.org/10.1016/j.cmet.2018.09.002
https://doi.org/10.1016/j.cmet.2018.06.003
https://doi.org/10.1016/j.cmet.2018.06.003
https://doi.org/10.1038/nrclinonc.2016.60
https://doi.org/10.1038/nrclinonc.2016.60
https://doi.org/10.1016/j.cels.2017.12.014
https://doi.org/10.1016/j.cmet.2020.10.012
https://doi.org/10.1038/srep46079

Weng et al. Cancer Cell International (2024) 24:120

84.

85.

86.

87.

Brand A, Singer K, Koehl GE, et al. LDHA-Associated Lactic Acid Produc-

tion blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab.
2016;24(5):657-71.

Lahiri S, Park H, Laviad EL, Lu X, Bittman R, Futerman AH. Ceramide synthesis
is modulated by the sphingosine analog FTY720 via a mixture of uncompeti-
tive and noncompetitive inhibition in an Acyl-CoA chain length-dependent
manner. J Biol Chem. 2009;284(24):16090-8.

Berdyshev EV, Gorshkova |, Skobeleva A, et al. FTY720 inhibits ceramide
synthases and up-regulates dihydrosphingosine 1-phosphate formation in
human lung endothelial cells. J Biol Chem. 2009,284(9):5467-77.

Yang F, Xiao Y, Ding JH, et al. Ferroptosis heterogeneity in triple-negative
breast cancer reveals an innovative immunotherapy combination strategy.
Cell Metab. 2023. https://doi.org/10.1016/j.cmet.2022.09.021.

Page 11 of 11

88. XuJ,WuKJ, Jia QJ, Ding XF. Roles of miRNA and IncRNA in triple-negative
breast cancer. J Zhejiang Univ Sci B. 2020;21(9):673-89.

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


https://doi.org/10.1016/j.cmet.2022.09.021

	﻿The molecular subtyping and precision medicine in triple-negative breast cancer---based on Fudan TNBC classification
	﻿Abstract
	﻿Background
	﻿Genome- and transcriptome-based TNBC subtypes
	﻿Immunohistochemistry (IHC)-based TNBC subtypes
	﻿Metabolomics-based TNBC subtypes
	﻿Metabolic-pathway-based subtype
	﻿Metabolite-based subtype

	﻿Conclusions and perspectives
	﻿References


