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Introduction
Unlike hematologic malignancies, where subsets 
of patients with disseminated disease achieve 
long-term remission with combinations or high-
dose chemotherapy followed by autologous trans-
plant or an infusion of chimeric antigen receptor 
T cells (CAR-T cells), metastatic breast cancer 
(MBC) remains an incurable disease to date. 
Several classes of chemotherapy and targeted 
therapies as a single agent or in combination have 
improved the outcome of the patient over the last 
several decades. Yet, numerous mechanisms can 
lead to systemic therapy resistance. The source of 
resistance includes intrinsic tumor factors such as 
genomic and epigenomic alterations, alterations of 
functioning proteins, and interference from the 
tumor immune microenvironment (TME) or 
other host factors like the immune system. 
Currently used biomarkers in breast cancer are 
heavily focused on diagnosing and treating early-
stage breast cancers. At the same time, complex 
mechanisms of emerging resistance to systemic 

therapy in MBC remain largely untapped. 
Targeting the genomic alterations such as PIK3CA 
mutation has led to the approval of targeted thera-
pies in MBC. Still, the proportion of patients with 
MBC who benefit from this approach is limited to 
date. Here we review under-represented yet criti-
cal mechanisms of systemic therapy resistance, 
related biomarkers, and new ways to detect the 
metastatic progression that can further guide new 
therapeutics development focusing on the MBC.

Resistance mechanism of chemotherapy
Despite the successful development of targeted 
therapies and immunotherapy in breast cancers, 
the mainstay of treatment remains to be chemo-
therapy both in early-stage and metastatic set-
tings in MBC. However, not many resistances 
mechanism to chemotherapeutics has been eluci-
dated to date. Here, we review several less under-
stood resistances that may lead to discovering 
novel therapeutic targeting.
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Drug efflux transporters
Drug efflux transporters have long been recog-
nized as crucial chemotherapy resistance mecha-
nisms. Early studies have identified drug efflux 
proteins, ATP-binding cassette (ABC) transport-
ers to be involved with chemotherapy resistance 
in breast cancer and include multidrug-resistant 
protein-1 (MRP1 or ABCC), breast cancer resist-
ance protein (BCRP or ABCG2) for doxorubicin 
and p-glycoprotein (MDR1, ABCB1, or CD243) 
which results in various chemotherapeutic agents 
including paclitaxel (Table 1). Expression levels 
of drug efflux pumps are significantly increased in 
chemo-resistant cancers, particularly after expo-
sure to a chronic sub-lethal drug level. These 
drug transporters are promiscuous, and upregula-
tion can lead to upfront resistance to unrelated 
drug compounds.1,2

Antibody-drug conjugates (ADCs), a new cate-
gory of drugs that expanded the therapeutic 
options for patients with MBC in recent years,3 
deliver potent chemotherapeutic payloads into 
the cytoplasm and drug efflux transporters may 
also contribute to resistance. Drug efflux trans-
porters such as MRP1 may mediate resistance to 
ADCs such as ado-trastuzumab emtansine 
(T-DM1), which consists of the monoclonal anti-
body trastuzumab covalently linked to cytotoxic 
chemotherapy emtansine and approved for use in 
HER2+ breast cancer.4,5

Multiple oncogenic pathways also mediate the 
upregulation of drug efflux transporters. The 
PI3K/Akt pathway aberrations are common across 
all subtypes of breast cancer, and pathway activa-
tion leads to upregulation of p-glycoprotein. PIK3/

Akt activation leads to upregulation of survivin,6 
an anti-apoptosis protein that can also upregulate 
p-glycoprotein.7 It has been proposed that the 
transcriptional regulation of p-glycoprotein may 
occur through Wnt/ß–catenin pathway activation, 
specifically via overexpression of Wnt5A and 
Pygo2.8–11 In addition to regulating drug efflux 
transporters, these pathways crosstalk and medi-
ate important cellular processes in oncogenesis 
and metastasis, thereby can be utilized as an indi-
rect targeting possibility. To date, two PIK3/Akt/
mTOR pathway inhibitors are approved for use in 
metastatic hormone receptor-positive breast can-
cer, alpelisib for PIK3CA-mt12 and everolimus in 
mutant or wildtype disease in combination with 
endocrine therapy,13 however, their role in chemo-
sensitization remains elusive.14

Since the discovery of drug efflux transporters, 
several generations of inhibitors have been devel-
oped but have not made their way into clinical 
practice due to toxicity and limited therapeutic 
benefit, possibly due to compensatory resistance 
mechanisms. For instance, a phase III trial with 
BMS-217380-01 (tesmilifene), a third-generation 
inhibitor, resulted in minor hematologic toxicity 
and no benefit when combined with anthracy-
cline-containing chemotherapy.15 Several herbal 
and natural agents have been found to modulate 
drug efflux transporters, such as tea polyphenols, 
artemisinin, and curcumin, with mixed results.16–18

Other approaches include novel delivery systems 
such as nanoparticles that encapsulate and 
deliver one or more cytotoxic chemotherapeutic 
agents. In MBC treatment, encapsulated liposo-
mal doxorubicin (Doxil) and albumin-bound 

Table 1.  Cytotoxic chemotherapy agents and the main mechanism of resistance in breast cancer.

Anthracyclines Doxorubicin, liposomal doxorubicin, 
epirubicin

P-glycoprotein substrate
Mitochondrial re-structuring

Taxanes Paclitaxel, nab-paclitaxel, docetaxel P-glycoprotein substrate

Platinum salts Carboplatin, cisplatin Less associated with drug efflux 
transporters

Alkylating agents Cyclophosphamide Not well determined

Anti-metabolites Capecitabine and 5-fluorouracil 
(pyrimidine analogs), methotrexate (folic 
acid analog)

Methotrexate is a moderate 
substrate for several ABC 
transporters

Microtubule inhibitors Eribulin, vinorelbine, ixabepilone P-glycoprotein substrate

Nucleoside analog Gemcitabine Not well determined
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paclitaxel (Abraxane) are actively used in 
therapeutics.19

Extrachromosomal DNA
The assessment of the resistance mechanism to 
chemotherapy is confounded by the changes in 
mutational frequency overtime during treatment 
and subclone specific factors that promote meta-
static outgrowth in different organs. However, 
non-conventional DNAs have been able to detect 
the effect of chemotherapy-associated with chemo-
therapy resistance. For example, the extrachromo-
somal DNA (ecDNA) results from multiple 
double-strand breaks and chromothripsis; how-
ever, the exact mechanisms remain unknown. 
ecDNA leads to oncogene amplification such as 
EGFR, MYC, CCND1, CDK4, and MDM2, which 
are common amplifications found in breast cancer, 
and accelerates intratumoral heterogeneity. 
ecDNA is present in up to 20–25% of breast can-
cers and across solid tumors frequently detected in 
aggressive tumor subtypes and is associated with 
poorer survival.20,21 The contribution of ecDNA 
drug resistance has been best described as copy 
number amplification of dihydrofolate reductase 
gene amplification and resistance to methotrexate.

Mitochondrial restructuring and metabolism
Mitochondria is a critical intracellular organelle 
that produces vital energy sources for the cells and 
regulates the cells’ core metabolism through the 
TCA cycle and oxidative phosphorylation. 
Accumulating data supports the dynamic contri-
bution of the mitochondria to systemic therapy 
resistance by several mechanisms. The first is 
through metabolic alteration. When cancer cells 
are challenged with systemic therapy, this can 
pressure the cells to shift the metabolic pathways 
to alternative ones, such as lipid metabolism, 
Oxphos, and glutamate-dependent metabolism. 
Proteomic assays such as reverse phosphoprotein 
assay or mass-spectrometry allow the measure-
ment of metabolites in the tissue and blood. In 
addition, a structural formation of the mitochon-
dria itself may contribute to the resistance/sensitiv-
ity to the systemic therapy.22 When cancer cells 
undergo genotoxic stress from chemotherapeutics, 
mitochondrial units fuse to form a large unit of 
mitochondria (mitochondrial fusion). Therefore, 
targeting the anatomical structure of mitochondria 
regulation itself can provide a therapeutic opportu-
nity. Additionally, direct/indirect regulation of 
apoptosis proteins in the mitochondrial membrane 

can cause the resistance to systemic therapy, there-
fore potentially therapeutically targetable.23

Predictive biomarkers for immunotherapy 
resistance

PD-L1 as a biomarker
Two immune checkpoint inhibitors (ICIs), atezoli-
zumab and pembrolizumab, in combination with 
chemotherapy, are approved for metastatic 
PD-L1 + TNBC in the first-line setting,24,25 neoad-
juvant therapy for early Triple Negative Breast 
Cancer (TNBC).26 Translational findings in pro-
spective trials also have identified Lactate dehyroge-
nase (LDH), Eastern Cooperative Oncology 
Group-Performance Status (ECOG-PS), target 
lesion size, and liver metastasis as predictors of 
response to the atezolizumab.27 The greatest focus 
has been on Programmed Death Ligand-1 (PD-L1) 
expression on tumor and immune cells (ICs) pre-
sent in the TME. In both studies, PD-L1 positivity 
is a predictive factor for response accompanying 
Ventana SP-142 assay ⩾1 and Combined Positive 
Score (CPS) score ⩾10. In Impassion130 patients 
with PD-L1 + tumors ⩾ 1% median progression-
free survival (PFS) was 7.5 months versus 5.0 months 
with chemotherapy alone [hazard ratio (HR) 0.62, 
CI 0.49–0.78, p < 0.001] and an overall survival 
(OS) benefit of 25 months versus 15.5 months (HR 
0.62, CI 0.45–0.86). With pembrolizumab, the 
median PFS was 9.7 months for patients with 
CPS ⩾ 10 and 5.6 months with chemotherapy alone 
(HR 0.74, CI 0.61–0.90, p = 0.0012). In both stud-
ies, the treatment effect of ICI blockade increased 
with PD-L1 enrichment. Now with the approval of 
these two agents, clinicians must decide between 
the CPS score measurement and the Ventana 
SP142 measurement of ICs. The analytical con-
cordance of these two assays has been examined in 
Impassion130 with an overall percent agreement of 
69%, positive percent agreement of 98%, and nega-
tive percent agreement of 45%. Patients with 
Ventana SP142 PD-L1+ and Dako 22C3 IHC 
PD-L1+ derived the greatest clinical benefit with a 
combination of atezolizumab and nab-paclitaxel.28

Tumor-infiltrating lymphocytes
Although tumor-infiltrating lymphocytes (TILs) 
and CD8+ T cells have been established as prog-
nostic markers for breast cancer treated with 
chemotherapy,29–33 there are mixed reports of 
TILs serving as a predictive marker for ICI. For 
example, one study found increased TILs or 
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CD8+ T cells to be predictive of Overall Response 
Rate (ORR) and OS with atezolizumab mono-
therapy. Another found no significant response to 
atezolizumab with nab-paclitaxel.34,35 Additi
onally, on-treatment changes versus baseline 
PD-L1 expression, CD8+ T cells, or stromal 
TILs were associated with the clinical response.36 
Since the identification of TILs as a robust prog-
nostic marker of chemotherapy sensitivity in 
early-stage breast cancer, there has been increas-
ing evidence of how cytotoxic chemotherapy may 
also activate adaptive antitumor immune 
responses by inducing resistant mediated cell 
death.29,37 However, the detailed mechanism of 
the contribution of the TIL to the chemotherapy 
resistance is less understood. As one of the new 
potential biomarkers/therapeutic targets, CD73 
has been studied more. CD73 converts adenosine 
triphosphate (ATP) to adenosine and suppresses 
CD8+ T cells and is associated with increased 
resistance to doxorubicin in early-stage breast 
cancer, and doxorubicin can increase CD73 
expression. In murine models, CD73 silencing 
did not affect anti-apoptosis pathways or p-glyco-
protein expression, suggesting an alternative 
method of chemotherapy resistance.38

Recently, advanced technology and assays such as 
single-cell genomics and spatial transcriptomics, 
have been applied to improve the quality of 
detailed assessment of the TILs, by dissecting 
into functional TILs, regulatory T cells, and 
exhausted T cells that can explain the difference 
response to the ICI therapy in breast cancer treat-
ments.39,40 Application of complex biomarker 
assessment is inevitable, given the wide adapta-
tion of the ICI in the field of breast oncology; 
therefore, more data on the use of functional 
TILs is expected to emerge in the near future.41

Imaging approaches to expand the tumor 
stroma investigation
Imaging approaches are also under development. 
One promising approach is positron-emission 
tomography (PET) with antibodies to PD-L1. 
One such study included patients with metastatic 
TNBC, non-small cell lung cancer, and bladder 
cancer with zirconium-89-labeled atezolizumab 
PET imaging at baseline before the start of ate-
zolizumab therapy and uptake better correlated 
with clinical response compared to PD-L1+ by 
Immunohistochemistry (IHC).42 An ongoing trial 
(NCT04222426) is examining the role of zirco-
nium-89-labeled atezolizumab in metastatic 

lobular breast cancer receiving treatment with 
carboplatin combined with atezolizumab.

DNA damage repair pathway
There has been significant interest in BRCA1/2 
and germline and somatic mutation of other DNA 
damage repair (DDR) genes as a predictive 
response to ICI. Interestingly, in a retrospective 
analysis, BRCA2 truncating mutations may be 
predictive of response to ICI in breast and other 
solid tumors.43 This may be due to differences in 
the TME imposed by BRCA1/2 mutant detected 
on single-cell sequencing and differences in types 
of DNA aberrations. BRCA2 increases the num-
ber of single nucleotide variants and InDels, which 
may increase neoantigen load resulting in 
enhanced immunogenicity. MSK-IMPACT, a 
database of patients treated with ICI, included 44 
breast cancer patients identified a 44% clinical 
benefit rate in this population when the ICI was 
used, suggesting the potential of integrating DDR 
into the ICI predictive biomarker.43

Developing mechanisms of resistance to 
CDK4/6 inhibitors

Amplification of CDK4
Cyclin-dependent kinase (CDK)4/6 inhibitor rev-
olutionized the life of patients who suffer from 
Estrogen Receptor (ER) + MBC. Initial efforts to 
select predictive biomarkers on pre-treatment 
specimens have been largely unsuccessful. Yet, 
potential mechanisms of resistance after the 
patients progressed on CDK4/6 inhibitor are con-
tinued to be unraveled thanks to numerous efforts 
from researchers. More conventional ways to 
detect the mechanism of resistance use genomic 
analysis. For example, in a recently reported 
French study, SAFIR-breast02,44 the analysis of 
the post-CDK4/6 inhibitor progressed luminal 
breast cancer samples revealed alterations in 
ZMIZ1, FOXM1, AGR2, TACC1, CPNE3, 
ATG16L2, CDK4, LGR5, NFKBIA, CCL1, 
KCNG1, LINC00686, and NSL1. Although many 
of these genes’ copy number alterations call for 
further investigation, the amplification of CDK4 
was particularly interesting. Amplification or 
mutation in the targets of effective therapeutics is 
a commonly observed phenomenon, as a mecha-
nism of emerging resistance. This observation 
provides a rationale for studying enhanced target-
ing of CDK4, as well as the potential ground of 
targeting downstream molecules approach.
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CDK2, Rb, and others
Cycline Dependent Kinase 2 (CDK2), another 
key CDK within the family member, has also 
been recognized as a resistance mechanism of the 
CDK4/6 inhibition. Cyclin E1 (CCNE1) and 2, 
constituent activation of E2F have shown to be 
related to resistance to CDK4/6 inhibitors.45 
CCNE1 gene amplification was also shown to 
induce resistance in the CDK4/6. CCNE2 gene 
amplification was also noted in clinically palboci-
clib progressed tumor samples as well.13 In addi-
tion, the interaction between CDK2 and 
phosphorylated Rb (pRb) may also play impor-
tant role in the primary CDK4/6 inhibitor. Based 
on phosphosite activity, the level of pRb clearly 
correlated with CDK4 and CDK6 kinase activity 
scores inferred from phosphosite data, confirming 
the importance of the intact Rb function for 
CDK4/6 inhibitor efficacy. Furthermore, in an 
unsupervised clustering of ER+ and TNBC 
tumors from the prospective CPTAC Breast 
Cancer Study based on pRB levels, CDK2 phos-
phosite, and E2F transcriptional targets showed 
that the HER2 negative tumors can be segregated 
into several clusters. The first cluster had low lev-
els of target phosphorylation of CDK2 (suppres-
sion of the G1-S transition in the cell cycle) 
regardless of pRb status and was mainly distrib-
uted among luminal A patients. Luminal B and 
TNBC were clustered into two groups: the group 
with low levels of both CDK2 and pRB, indicat-
ing the abrogation of the G1-S cell cycle transi-
tion; and the second group with high levels of 
both CDK2 and pRb, releasing the activity of 
CDK2 inhibition. We do not know if these are 
directly related to CDK4/6 inhibitor efficacy, 
however, provide an insight as to how complex 
these pathways are interconnected. Further stud-
ies to unravel this complexity is warranted. Other 
co-mutation or copy number alterations12 are also 
commonly observed in ER + MBC, and the 
detailed correlation with CDK4/6 inhibitor effi-
cacy needs to be tested. Indeed, several clinical 
trials testing either CDK2 inhibitor alone or an 
inhibitor to block CDK2/4/6 are actively tested.

Imaging techniques to predict/monitor  
CDK4/6 inhibitors
Aside from the biological understudies, more 
practical approaches to detect the CDK4/6 inhib-
itor resistance using the imaging modality are also 
actively developed. Mechanistically exploiting 
progesterone receptor expression as a measure of 
intact estrogen receptor signaling upon estradiol 

challenge, a radiolabeled progestin analog, 
21-[18F] fluorofuranylnorprogesterone (FFNP), 
predicts response to endocrine therapy in patients 
with metastatic HR+ disease determined by IHC 
with 100% sensitivity and specificity. In this small 
trial, 65% (28/43 patients) received a combina-
tion CDK4/6 inhibitor and endocrine therapy, 
and FFNP-PET identified 10 nonresponders.46 A 
second imaging technique, 13C magnetic reso-
nance spectroscopy may predict PI3Ka inhibitor 
resistance in PIK3CA-mutated ER+ disease by 
measuring the intratumoral lactate pool of cata-
lyzed LDHA has been developed as well, and can 
be potentially utilized upon progression on 
CDK4/6 inhibitors.47 The clinical utility of these 
imaging-based biomarkers is to be further 
validated.

Biomarker to detect the metastatic spread 
and novel approaches

Current barriers
Guidelines currently do not support routine sur-
veillance imaging for detecting recurrent meta-
static disease in asymptomatic patients since it 
has previously not been found to change out-
comes.48 However, detecting recurrent disease 
with a low metastatic burden or oligometastatic 
disease may change outcomes, particularly when 
definitive therapy with surgery or radiation is an 
option. Additionally, with newer agents under 
development and those recently approved for use, 
and the development of novel imaging techniques 
and non-invasive biomarkers, it is possible that 
initiating treatment sooner may change outcomes. 
A subgroup of patients may benefit from more 
tailored surveillance approaches beyond waiting 
for the development of symptoms. Additionally, 
in other solid tumors, there is evidence that the 
burden of disease may influence immunotherapy 
outcomes where early detection may result in 
direct patient benefit.49

However, challenges remain ahead to determine 
if initiation of treatment and which treatment 
provides outcome benefit directly to a patient at 
earlier time points. Other solid tumors, such as 
prostate cancer, has faced similar challenges, 
where elevations in the biomarker prostate-spe-
cific antigen are detected before radiographic or 
symptomatic recurrence or progression. Tumor 
markers in breast cancer are yet to be validated 
and used as a routine practice. Prospective stud-
ies are needed to demonstrate benefits to justify 
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morbidity, the expense of treatment and surveil-
lance imaging studies, and patient education 
regarding a ‘watch and wait approach’ versus ini-
tiation of treatment.

Patient stratification (positive versus negative cut 
point), the magnitude of expected change, the 
baseline distribution of the biomarker of interest, 
and variability in the biomarker measurement pro-
cess and interpretation can significantly under-
powered studies and require a large sample size.

New preclinical model developments
Preclinical modeling incorporating artificial learn-
ing and neural networks is inevitable to overcome 
this complexity. For the development of such arti-
ficial learning, the models are only as good as the 
data derived. Detailed characterization at a molec-
ular level of each tumor is needed at a molecular 
level required in parallel to develop the best and 
utilize such technologies.50 There are far too many 
combinations of therapies patient-related factors, 
including histological, stochastic flux of tissue 
biology imposed by selective pressure, and the 
variance of disease biology at the biopsy site. 
Identifying predictive biomarkers in clinical trials 
is difficult due to the collection of biopsies, on-
treatment biopsies, and at progression and may 
not be powered for such identification.

To overcome this complexity, computational 
frameworks such as DrugCell are a powerful tool 
in identifying drug combinations derived from 
large-scale in vivo cell line drug screening 
resources and in vivo patient-derived xenograft 
models.51 As a proof of concept, DrugCell exam-
ined 221 patients with ER + MBC previously 
treated with fulvestrant and CDK4/6 inhibitor 
fulvestrant or mTOR inhibitor everolimus and 
predicted sensitivity (48.2 versus 33.6 months, 
p = 0.018) and through unbiased PI3K signaling 
as an important response to mTOR inhibition 
and CDK activity for CDK4/6 inhibition.51 
Incorporating other ‘omics’ into machine learn-
ing algorithms will be necessary, such as large-
scale reverse-phase protein array drug screens.52 
This will need to occur in parallel with the appli-
cation of multilevel proteogenomic analysis with 
reverse-phase protein arrays, whole-exome 
sequencing, and RNA sequencing, and epigenetic 
modifications will also contribute to accurately 
profiling heterogeneous nature of breast cancer 
for therapeutic vulnerabilities.53

Development of in vivo metastasis models with 
‘barcoded’ cells is beginning to unravel the com-
plexities of heterogeneity at the single-cell level 
and characteristics that promote metastasis to 
individual tissue sites, for instance, not only 
beyond ERBB2 gene amplification which has 
been well-established risk marker for CNS metas-
tasis, but also PIK3CA-mt and PTEN loss and 
perhaps uniquely depending on CNS is metasta-
sis is SREBF1-mt involved in lipid synthesis 
downstream of PIK3CA which needs additional 
validation.54 Interestingly, olaparib decreases 
SREBF1 and the energy dependence of the cell 
from glycolysis to the lipid metabolism.55 
Therefore, an additional investigation should be 
carried out to identify agents that regulate lipid 
metabolism and undergo preclinical development 
in patients with aberrations.

Novel material for biomarker detection and 
processing
The discovery of biomarkers of therapeutic 
resistance has improved early diagnosis, progno-
sis, therapeutics, and systematized the escalation 
or de-escalation of therapy. There is increased 
demand for fresh tumor tissue in clinical trials 
for biomarker development, understanding 
resistance mechanisms, and evaluating response. 
The tissue biopsy is associated with anxiety and 
causes discomfort to the patients. Despite this, 
in oncology clinical trials from 2000 to 2015, 
only 50% of trials that included a research 
biopsy-related endpoint reported on these biopsy 
results.56 Compared with diagnostic biopsies, 
patients are less likely to accept associated risks 
with research biopsies as the potential cost of 
time and biopsy risks are usually at the expense 
of the patient.57

Additional considerations include the collection, 
handing, and processing of the specimen, research 
biopsy arrangement with interventional radiolo-
gists, and other barriers such as a lack of sufficient 
viable tumor, intratumoral heterogeneity.58 An 
analysis of four historical clinical trials conducted 
at the National Cancer Institute’s Developmental 
Therapeutics Clinic showed that only 74% of 
samples collected met the required quality con-
trol criteria for the intended assay and for trials in 
which two adequate biopsied (pretreatment and 
post-treatment) resulted in a success rate of 
50%.59,60 The suggested clinical study platform 
integrating novel approaches to detect and 
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develop biomarkers based on biospecimen collec-
tion is illustrated in the Figure 1.

Liquid biopsy
There is a significant need for noninvasive bio-
markers such as protein, enzymes, circulating 
tumor cells (CTCs) or cell-free DNA (cfDNA), 
or nucleic acids released by the tumor cells.61,62

Liquid biopsy detects CTCs or cellular compo-
nents released from cancer cells such as cfDNA, 
or specifically circulating tumor DNA (ctDNA), 
circulating extracellular-vesicles. Specific known 
mutations in the primary tumor can be detected 
in ctDNA using qPCR or digital Polymerase 
Chain Reaction (PCR) (BEAMING and droplet 
digital PCR). A second approach is through 
genome-wide analysis of CNAs or point mutation 
through next-generation sequencing. A combina-
tion of DNA methylation and fragmentation with 
targeted or wide-genome sequencing can improve 
the detection of ctDNA. Those currently under 
development primarily for the detection of 

early-stage disease utilize cell-free methylation 
profiling techniques that are both sensitive and 
specific.

Currently under development in early-cancer 
detection through the Circulating Cell-free 
Genome Atlas Study and awaiting validation in 
the ongoing STRIVE breast cancer study, it may 
be applied to detect recurrent metastatic disease 
(NCT03085888).63 A similar cell-free methyl-
ated DNA technique called cfMeDIP-seq is also 
under development which characterizes the 
methylome without needing to sequence the 
whole genome or extensive discovery studies to 
find breast-unique methylation profiles of the 
genome informed by machine learning algorithms 
to develop panels to target specific regions.64

Temporal/spatial characterization: propensity 
of organ-specific metastasis
Tumor heterogeneity is well known in different 
metastatic disease sites with loss or gain of essen-
tial molecular markers that may lead to changes 

Figure 1.  Overview of drug-resistance mechanisms and novel methods to detect metastatic progression. There are several under-
studied predictive biomarkers under development to tailor the management of breast cancer and the application of integrative 
approaches that have resulted in the promising candidate biomarker discovery. Spatial information, liquid biopsy, and new preclinical 
model developments are expected to expand the new ways to determine better therapeutic strategies in metastatic breast cancer.
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in therapeutic options. Understanding tumor 
intrinsic mechanisms that drive site-specific 
metastasis may identify new therapeutic targets. 
Rapid autopsy protocols offer a unique opportu-
nity to procure tissue for in-depth analysis across 
metastatic sites of disease to understand disease 
evolution and heterogeneity.35,65–67 Variability in 
the IC composition in the TME also differs and 
may contribute to organ-specific metastasis. A 
rapid autopsy study (post-morten) showed that 
there were differences in IC infiltration across dif-
ferent parts of lungs, such as differences in CD8+ 
tissue-resident T cells.68

Conclusion and future direction
In understanding the natural history, molecular 
underpinnings, and introduction of genomic 
assays, use of biomarkers for treatment decision-
making. Other emerging tumor-based markers 
could augment current clinical or molecular pre-
dictive classifiers to identify individuals at risk for 
resistant or sensitive disease in real-time beyond 
present tumor-based genomic signatures and 
standard clinical and pathologic features. Clinical 
validation of such approaches will provide a more 
extensive portfolio of therapeutic options for 
patients in need. Adaptation of Bayesian statisti-
cal models based on the predictive/prognostic 
markers may allow testing of such therapeutics to 
be tested in a rapid timeline for much-needed 
translations into the clinic.
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