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Abstract

Over the past two decades, high sensitivity to HER2-amplified primary breast cancers has been achieved with
HER2-targeted therapies. CDK4/6 inhibitors have long been identified as a potential treatment option for advanced
breast cancer patients. However, acquired HER2 heterogeneity leading to resistance during the treatment has been
identified as a bottleneck. This review focuses on the recent resistance mechanisms identified and potential
therapeutic targets for conventional and combination endocrine therapies with CDK4/6 inhibitors by various
breast cancer clinical trials and research groups in HER amplified and/or mutated breast cancer tumour. Activating
HER?2 alterations, JNK pathway, hyperactivated TORC1, co-mutations in HER2 and HER3, phenotypic changes of
HER2, and few other advanced findings are identified as potential therapeutic targets in treating current HER2
endocrine therapy-resistant tumour. Along with the HER2-focused resistance mechanisms, we also describe how
the microbiome may play a role in breast cancer therapy and its potential for new therapeutic strategies to
overcome drug resistance in breast cancers.

Keywords: HER2, CDK4/6, MONALESSA-2 trial, JNK pathway, HER2 and HER3 co-mutations, microbiome, hot
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INTRODUCTION

Human epidermal growth factor receptor 2 (HER2), a gene frequently implicated in breast cancers and a
variety of other tumour types, results in a growth factor receptor, which, when upregulated, promotes
tumour growth by inducing cell division. There has been a concerted effort to design cancer drugs that can
inhibit the mutant HER2 protein, thereby successfully controlling the cell division and tumour growth.
MONALESSA-2 trial" is the first report of median overall survival exceeding five years in phase 3
postmenopausal hormone receptor positive (HR+)/human epidermal growth factor receptor 2 negative
(HER2-) metastatic breast cancer (MBC) when treated with cyclin-dependent kinase (CDK) CDK4/6
inhibitor with an aromatase inhibitor. Whether this is a one-off successful trial or can be replicated in other
breast cancer patients will be interesting to observe. CDK4/6 inhibitors have long been identified as a
potential treatment option for advanced breast cancer patients. For nearly two decades, CDK4/6 inhibitors
have become the standard of care for HR+/HER2- breast cancer. A recent study analysed the association of
HER2 low expression determined by immunohistochemistry score in HR positive and HER2 negative
metastatic breast cancer subjects treated with CDK4/6 inhibitors. They found that the low expression of
HER?2 is associated with inferior progression-free survival”. However, not all patients achieve the expected
survival outcome and become resistant to treatment regimens. Further research is needed to understand
how tumour cells escape the known resistance CDK4/6 mechanisms involving E2F transcriptional activity,
tumour suppressor protein RB dependent cell division arrest and senescence stage, cyclin D dependent
apoptosis, and others. Hence, it is important to identify novel underlying biological mechanisms leading to
resistance and cancer metastasis. Some known mechanisms leading to resistance involve the role of different
coregulators (e.g., AP-1, SP-1, and AIB1), kinases (e.g., EGFR, HER2, IGF1-R, PI3K, AKT, and MAPK), and
loss or modification of oestrogen receptor-a (ESR1) while regulating the ER signalling pathway. Since HER2
amplification alone can act as a driver in promoting carcinogenesis, targeting both HER2 activity and
interacting proteins/pathways may provide a more precise and synergistic effect on tumour regression in a
combination therapy setup. The use of advanced genomic technologies and computational modelling
resulted in the recent reporting of potential molecular vulnerabilities and mechanisms leading to biological
breakthroughs that help advance clinical trial designs and treatment of breast cancer relatively for improved
response and survival rates. Many excellent reviews have covered various breast cancer molecular
vulnerabilities and resistance mechanisms"™. In this review, we focus on explaining the most recent studies
that proposed resistance mechanisms in HER2 mutated breast cancers, along with the potential use of
microbiome in combinatorial immunotherapies to treat breast cancer tumour for effective response.

HER2 DEPENDENT BREAST CANCER RESISTANCE MECHANISMS

Activated HER2 alterations

Oestrogen receptor (ER), the major driver in breast cancer causation, is a known target to treat breast
cancer. ER’s expression not only depends on the patient’s age and grade of the tumour but also on HER2
expression and loss of the TP53 gene. CREATE-X study" reported that after standard neoadjuvant
chemotherapy with anthracycline, taxane, or both, the addition of adjuvant capecitabine is safe and effective
in improving the disease-free survival and overall survival among patients with HER2- breast cancer and
residual invasive disease. To understand the benefits of adjuvant therapy in primary breast cancer patients,
multigene tests (e.g., OncotypeDx, MammaPrint, PAM50, and others) are being performed""”. These
multigene tests also assist in distinguishing patients who may benefit from endocrine therapy in
combination with chemotherapy. These tests stratify the tumour based on the tumour grade, risk of
recurrence, and likelihood of treatment response. Endocrine therapy has been shown to be effective mostly
in ER+ metastatic breast cancer patients. It is known that CDK inhibitors with endocrine therapy improve
outcomes in patients with metastatic ER+ breast cancer. However, its value in early-stage patients is still
unclear, and research is still limited on how varying clonal events between primary and metastatic biopsies
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could result in developing resistance to endocrine therapies in combination with CDK inhibitors. With
25%-30% achieving response to endocrine therapy and others developing resistance, it becomes apparent
that resistance to endocrine therapy develops during the treatment resulting in cancer metastasis. Beyond
the historically known resistance mechanisms, few recent studies have shed light on how activating HER2
mutations in ER+ metastatic breast cancer tumour had developed resistance to aromatase inhibitors,
tamoxifen or fulvestrant"”. Whole exome sequencing analysis of the primary tumour biopsies before
endocrine therapy and 12 hotspot HER2/ERBB2 mutations covering kinase, extracellular, transmembrane,
and cytoplasmic domains resulted in detecting the HER2 alterations only in the metastatic biopsies but not
the primary, suggesting that these alterations were acquired during the course of therapy [Figure 1].

Clonal evolution analysis to evaluate the clonal expansion structure and dynamics also concluded similar
origins of the alterations. Examination of the functional role of these alterations in T47D and MCEF7 cell
lines through lentiviral transduction showed strong resistance to oestrogen deprivation resistance to
tamoxifen and fulvestrant. Hyperphosphorylation of both ERK and AKT under conditions of oestrogen
deprivation or inhibition was also associated with the HER2 alterations. Based on the cell viability analysis,
they showed that the combined inhibition of HER2 mutants restored sensitivity to fulvestrant. Activating
HER? alterations are shown to offer a distinct mechanism of acquired resistance to varying ER-directed
combination therapies in MBC and are postulated to be overcome by an irreversible HER2 inhibitor.

Resistance via JNK activated pathway

While the novel clonal mutations can improve understanding of the underlying resistance mechanisms and
alternative therapy options, identifying the certain common characteristics or pathway alterations leading to
resistance can also help offer alternative treatments. From the FELINE clinical trial"*, using exome and
single-cell RNA sequencing of serially collected biopsies from ER+ breast cancer patients treated with
letrozole mono endocrine therapy or in combination with different doses of CDK4/6 inhibitor ribociclib,
researchers tried to understand the early-stage breast cancer evolution and develop resistance. Also, the
researchers examined how disruption of CDKe, Cyclin E2 and interaction of MAPKS-10, MAPK11-14, and
JNK103 could result in resistance to endocrine therapy. The study"*
alternative mechanism to oestrogen-independent proliferation under combined therapy. Tumour cells with
diminished endocrine signalling can bypass CDK4/6 inhibition through upregulation of the JNK pathway
and showed that in cancer cells with high oestrogen signalling, potentiation of CDK4/6 activation can occur
through ERBB4 and ERK upregulation and activation. In tumour without CDKeé amplification, the resistant
cancer cell state was deemed to reflect a phenotypic shift from ERK to JNK MAPK signalling and reduced
oestrogen signalling. When combination therapy was used in tumour without CDKe amplification, JNK
activation provided an alternative pathway to oestrogen-independent cell proliferation. Also, such showed
less ERBB4 upregulation, indicating that JNK activation is a mechanism of resistance to endocrine but not
CDK inhibition. Along with the activation of JNK signalling in tumour without CDKe amplification with
combination therapy, the absence of ERK signal further reflects the transition to an endocrine independent
resistance state, with reduced reliance on the interaction of ESR1/ERK [Figure 2].

identified JNK activation as offering an

Both JNK and ERK pathways, which are major components of the MAPK network, showed differing
activity patterns following combination therapy but not endocrine therapy alone. Along with the cell cycle,
TGF-p and TP53 pathway-related genes with frequent mutations, the majority of patients in the study
maintained persistent polyclonal populations. Earlier reports demonstrated the stress kinase pathway via
p38 and JNK to modulate ER function by phosphorylation of ER and its coregulators"*'”. Identifying the
phenotypic changes and common resistance phenotypes in the clones that survived using both exome and
single-cell RNA sequencing offered an efficient method to detect resistance mechanisms. Researchers
suggested that increased ERBB4 signalling, oestrogen signalling loss, responsive states, JNK pathway
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Figure 1. Acquired HER2 alterations in patients with endocrine resistance. The location of HER2 alterations identified by sequencing
metastatic biopsies is depicted along the length of the protein. Protein domains are indicated by colour coding. Evolutionary
classification for alterations: red triangles, acquired alterations; blue triangles, alterations shared with primary tumour; grey triangles,
indeterminate or unknown. Figure 1and legend used from Nayar et al™,
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Figure 2. A schematic diagram showing resistance mechanisms driven by upregulation of ERBB4 and CDK6 amplification (red circle
signifies amplification) or alternative signalling via FGFR2/RTK's and JNK signal transduction. Figure used from Griffiths et al."™.

activation, and increase in basal-like tumour attribute as underlying features for developing endocrine
therapy resistance and can be potential biomarkers while selecting and treating early-stage breast cancer
patients"),

Hyperactivated TORC1 driven acquired resistance

Neratinib, an irreversible pan-HER tyrosine kinase inhibitor, inhibits the growth of HER2-mutant tumour.
It has been shown to be effective in preclinical studies in different tumour, including breast", colorectal,
and non-small cell lung cancers with HER2 mutations. Following that, two clinical trials MutHER" and
SUMMIT" explored the efficacy of neratinib in metastatic breast cancer patients with HER2 mutations.
Initial findings reported by the SUMMIT trial indicated that neratinib plus fulvestrant combination has
been shown to be clinically active in heavily pre-treated HER2-mutant HR+ MBC patients, including in
those who had received prior fulvestrant and CDK4/6i therapy with clinical benefit rate of 47% among the
trial participants”. Based on the varying degrees of efficacy and clinical benefits of neratinib in HER2
mutant cancers, Sudhan et al.”" postulated the role of different genomic modifiers towards the response and
in developing resistance. They went on to identify clinically actionable mechanisms leading to resistance to
neratinib in HER2-mutant cancers. Using bladder & ovarian cancer cells, they demonstrated that neratinib
resistant cells showed enrichment of cell cycle promoting E2F targets, along with nuclear factor kappa B (
NF-KB), epithelial-to-mesenchymal transition, KRAS, TORC1, inflammation, and immunological
signatures. While TORC1 substrates such as p70 Sé kinase (S6K) and Se have increased phosphorylation in
drug resistance cells, EGFR, HER2, and HER3 phosphorylation were reported to be suppressed upon
neratinib treatment, indicating sustained drug target inhibition. Similar activity of TORC1 was shown in
neratinib-resistant breast cancer patient-derived xenografts. To confirm the role of TORC1 and to evaluate
the involvement of other PI3K isoforms in neratinib’s resistance, the researchers further tested the efficacy
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of combining neratinib with PI3Ka (alpelisib), TORC1 (everolimus), MEK1/2 (selumetinib), AKT (MK-
2206), and with the pan-PI3K inhibitor buparlisib. Pharmacological suppression testing of TORC1 resulted
in identifying PI3K or MAPK inhibitors to partially suppress TORCL1 activation and, hence, are less effective
at reversing neratinib resistance. Further investigation revealed that both PI3K and MAPK pathways work
collectively to promote TORC1 activity. Based on how RAS modulates mTOR activity through
simultaneous activation of both PI3K and MAPK pathways, researchers examined RAS pathway activation
status [Figure 3].

Interestingly, unlike in bladder and ovarian cancer cells, TORC1 activation in breast cancer cells was not
associated with an upregulation in RAS function. This suggests that different HER2-mutant cancer types
may develop distinct resistance mechanisms involving TORC1 signalling. The study identified
hyperactivation of TORC1 as a potentially actionable mechanism driving primary and secondary resistance
to neratinib in HER2-mutant cancers and concluded that the combination of TORC1 inhibitors with

neratinib should be tested in HER2-mutant cancers with de novo or acquired mTOR pathway mutations®".

Co-mutations in HER2 and HER3 and resistance

SUMMIT trial®” demonstrated an effective way of probing the underlying biology among HER2 and HER3
mutated cancers through pharmacological HER kinase inhibition in patients. It showed an effective
application of next-generation sequencing technologies in precision clinical trials while advancing our
understanding of the biological impact and consequences of HER2 and HER3 mutations in human cancers.
Although the study did not identify co-mutation of HER2 and HER3 in any of the study participants,
concurrent aberrations in cell cycle checkpoints and activation of RTK/RAS/RAF pathway were associated
with worse outcomes. While the SUMMIT trial did not report any patients with HER2-HER3 co-mutations,
another study™ reported that co-expression of mutant HER2/HER3 enhances HER2/HER3 co-
immunoprecipitation and ligand-independent activation of HER2/HER3 and PI3K/AKT, resulting in
enhanced growth, invasiveness, and resistance to HER2-targeted therapies. Computational modelling and in
vitro studies of HER2-HER3 co-mutations showed strong binding affinity and co-mutated cells grew spikes
that assisted matrix invasion, a sign of metastasis [Figure 4].

The authors suggested that patients carrying HER2-HER3 co-mutations may not be good candidates for
HER2 inhibitors alone and need a new therapeutic approach in combination with TKI and PI3Ka inhibitors
to suppress the HER3 activity””. Although HER3 lacks an active tyrosine kinase binding domain, it has
several docking sites to bind with PI3K and form heterodimers to activate PI3K pathway and improve
response to PI3K inhibitors in combination with HER2 and TKI inhibitors*.

HER2 low positive tumour and resistance mechanisms

To further understand the use of anti-HER2 agents, Denkert et al.”” conducted a deep clinical and
molecular analysis among 2310 patients with HER2-non-amplified primary breast cancer from four
prospective, neoadjuvant trials. Based on the standardised immunohistochemistry technique, the authors
reported that HER2-low-positive tumour can be identified as a new subgroup of breast cancer with distinct
biology and show differences in hormone receptor status, tumour proliferation, grading, and response to
neoadjuvant therapy. Significant differences in the presence of BRCA1/2 germline variants and other breast
cancer predisposition genes were observed between HER2-0 and HER2-low-positive tumour. Likewise,
varying frequencies of TP53 and PIK3CA mutations in the two subgroups indicate different genetic and
mutational backgrounds. Thus, providing enough evidence for further characterisation of the two groups to
identify the mechanisms leading to sensitivity and/or resistance to treatment. A more recent study at ESMO
2021, for the first time, presented a study in which they reported a change of HER2 negative (HER2-0) to
HER2 low negative tumour™. Among 547 primary breast tumour, they reported a 30% shift from HER2-0
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FiguEehB. Schematic representation of RAS-mediated TORC1 activation by both PI3K and MAPK pathways. Figure used from Sudhan
etal.“".
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Figure 4. A: Shows MCF10A cells stably expressing the indicated genes were grown in 3D Matrigel in EGF/insulin-free medium + 1%
charcoal/dextran-stripped serum (CSS) treated with vehicle [dimethyl sulfoxide (DMSO)], 20 nM neratinib, T mM alpelisib, or the
combination. Scale bars, 250 um. B: Shows the number of colonies with invasive branching per field of view (FOV) from (B) was
quantified. Data represent the average + SD (n = 3). Figure and legend used from Hanker et al.”**’.

to Her2 low expression on recurrence. This switch in HER2 expression status offers more therapeutic
alternatives in HER2- and also for triple-negative breast cancer patients, in which 14% tumour reportedly
had the HER2 expression change. It also shows the necessity to re-test HER2 expression at relapse for
improved care.

Beyond HER2 mutations and resistance mechanisms in hormone-receptor positive breast tumour

The past decade has shown the power of combining genomic sequencing and clinical information while
elucidating the role of molecular vulnerabilities in targeted therapies. One such study analysed 1,918
advanced breast cancers, of which 692 tumour were previously treated with hormonal therapy. Using
Memorial Sloan Kettering integrated mutation profiling of actionable cancer targets (MSK-IMPACT)
platform, identified increased frequency of alterations in MAPK and oestrogen receptor transcriptional
regulators and their exclusive occurrence with ESR1 mutations. The study identified HER2 activating
mutations, NF1 loss and EGFR amplification as potential therapeutic targets while treating the resistant
tumour®. Along with understanding the role of clinically actionable mutations, it is also important to know
if other variants contribute to cancer resistance. The known association of MAP3K1, PIK3CA, and TP53
mutations with poor prognosis in luminal A and luminal B subtypes of breast cancer, using targeted
sequencing, Griffith et al.”” reported the significant association of frameshift nonsense (FS/NS) mutations
in NF1 and variants of unknown significance in PIK3R1 and DDR1 as a marker for poor prognosis and
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resistance in oestrogen receptor-positive breast cancer cohort”” .

Transcriptomic heterogeneity and breast cancer resistance

Transcriptional heterogeneity and KDMs5i therapeutic resistance

Understanding the intra- and inter- tumour heterogeneity of breast tumour has helped advance our
understanding of how cancers evolve and develop resistance. The role of cancer-associated genetic
alterations on transcriptomes has been very well covered in earlier reviews”*” and most recently in a study
by pan-cancer analysis of a whole-genome consortium™. With growing emphasis on oncogene addiction""
and transcriptional addiction™, it becomes natural that more studies will focus on investigating various
mechanisms leading to transcriptional addiction and resistance. Earlier, the generation of genome-wide
maps of DNA-associated proteins to understand the dysregulated transcription and transcriptional
heterogeneity was limited due to the number of cells that were needed". However, precise measurement of
transcriptional heterogeneity for effective treatment alternatives has been made possible with advances in
single-cell sequencing technologies. An association of KDM5B/JARID1B, which encodes a histone H3
lysine 4 (H3K4) demethylase, with shorter disease-free survival® was reported in breast cancer patients
treated with endocrine therapy. To understand the mechanistic contribution of the KDMs5 family of histone
demethylases (HDMs) to tumourigenesis and therapy resistance, Hinohara et al.””’ carried out functional
studies using breast cancer cell lines. They hypothesised that modulating KDM5 activity will affect intra-
cellular heterogeneity, subsequently resulting in therapeutic resistance. Using single-cell RNA sequencing
and Mass spectrometry, they confirmed higher KDM5B expression levels in luminal subtypes compared
with basal-like breast cancer cells. ER+ primary tumour with higher KDM5B expression levels was more
likely to develop local and distant metastatic recurrence in tamoxifen-treated breast cancer patients. They
also confirmed heterogeneous expression of both KDM5B and KDM5A genes. KDM5 inhibitor (KDMs5i)
treatment decreased cellular transcriptomic heterogeneity in luminal ER+ breast cancer cells””. Table 1
summarises the different resistance mechanisms through which breast tumour develop resistance to
endocrine and combinatorial therapies. Less cellular heterogeneity could lead to more responses, thus
providing evidence of an association between heterogeneity and KDMs5-driven resistance.

Dormant cells, HER2 status and resistance to endocrine therapy

Another line of thought among clinicians and researchers is whether endocrine therapy works by inhibiting
cell division and/or by shifting the cancer cells to dormant cells. A study using single-cell and imaging
analysis by Hong et al.” investigated the contribution of clonal genetic diversity and transcriptional
plasticity in both early and late phase tumour with endocrine therapy. Interestingly, they assigned therapy
resistance to pre-adapted or dormant cells which had undergone transcriptomic reprogramming and copy
number alterations. Earlier studies have reported that thrombospondin 1" and integrin*’ induce breast
cancer cell proliferation and chemoresistance by the interaction between the cells and secreted molecules.
Studies in mice have shown that some cancer cells with E-cadherin expression have activated HER2 and
WNT-dependent migration to distant organs and progesterone-induced migration of HER2+ cancer cells
resulting in distant metastasis'*”. This suggests that the disseminated cancer cells remain dormant for a
period of adaptation and attains positive clonal selection'”” before they proliferate!*!. The use of stage-
specific pre-adapted biomarkers to characterise the pre-adapted cells could assist in detecting resistance. A
recent in vitro study also demonstrated that activating the MET/FAK signalling axis leads to CDK4/6-
independent CDK2 activation and could thus become a target to improve the response of cancers to
CDK4/6-targeted therapies'.

Tumour microenvironment, microbiome, and therapeutic resistance
The tumour microenvironment surrounding tumour cells is extremely important for their growth. The
tumour microenvironment is characterized by stroma, fibroblasts, inflammatory cells, immune cells,
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Table 1. Summary of breast cancer resistance mechanisms and molecular vulnerabilities identified as potential therapeutic targets

Resistance mechanism Molecular vulnerability/potential biomarker Study in... Reference

Activated HERZ alterations Hyperphosphorylation of both ERK and AKT Metastatic breast cancer [13]

Activated JNK activated Increased ERBB4 signalling, oestrogen signalling loss, Early breast cancers [14]
and responsive states

Hyperactivated TORC1 PI3K and MAPK pathways HER2-mutant tumour [21]

Co-mutations in HER2 and HER3 Activation of HER2/HER3 and PI3K/AKT HER2-HER3 co-mutated [23]

tumour

HER2 low positive Varying frequencies of TP53 and PIK3CA mutations HER2 negative tumour [24,25]

HER?2 activating mutations, NF1loss and ~ HERZ activating mutations, copy number aberrationsin ~ Advanced tumour with [26]

EGFR amplification NF1and EGFR hormonal therapy

Variants of unknown significance driven ~ Frameshift nonsense (FS/NS) mutations in NF1, PIK3R1, Oestrogen receptor-positive  [27,28]

resistance and DDR1 breast cancer

KDMS5 driven resistance Higher KDM5B expression Breast cancer cell lines [37]1

vascular system, and connective tissue. As each tumour is unique, the microenvironment surrounding the
tumour is also extremely diverse. The interrelationship between tumour cells and the tumour
microenvironment is deeply involved in tumour growth, invasion, metastasis, and antitumour drug
sensitivity and resistance. Antitumour drug resistance is acquired through diverse mechanisms, such as
blocking the immune clearance of tumour cells, preventing drug absorption, and stimulating paracrine
growth factors to promote tumour cell growth. Changes in the tumour microenvironment can also be
attributed to the microbiome'”. Microbiome can alter the tumour microenvironment by regulating
circulating inflammatory and immunocompetent cells, even in a distant tumour. In treatment, the
antitumour effect of cytotoxic agents is influenced by the activation of immune cells and the microbiome'*.

Differences in the microbiome have been found to affect antitumour efficacy. A report showed that certain
types of microbiome act to enhance antitumour immunity and help immune checkpoint inhibitors.
Bifidobacterium induces immune-related genes in dendritic cells and enhances the antitumour effect of
immune check inhibitors by inducing the activity of CDs-positive cells"*”. The Bacteroides species,
Bacteroides thetaiotaomicron, and Bacteroides fragilis enhance the effect of anti-CTLA-4 antibodies". There
is growing clinical evidence that the microbiome influences the effectiveness of tumour immunotherapy.
The patients who showed drug resistance or low drug efficacy had a lower microbiome diversity"™ and
abundant Ruminococcus obeum and Roseburia intestinalis®*". These studies suggest that if the antitumour
immune activity is weak due to the insufficient microbiome, immune checkpoint inhibitors will not be
sufficiently effective. The role of the microbiome in the efficacy of immunotherapy has been increasingly
evaluated at the cellular level. Activation of macrophages and dendritic cells has been reported to be under
the control of the microbiome®". The suppression of drug resistance in breast cancer could be solved by
inducing the immunosuppressive “cold” tumour microenvironment, which inhibits the antitumour effect,
to an immunologically active state, “hot” tumour immune microenvironment, by the microbiome.
Prediction of drug efficacy and drug resistance by analysis of the intestinal microbiota and elimination of
drug resistance by alteration of the intestinal microbiota may become a new therapeutic strategy in the
future.

CONCLUSION

The use of advanced tumour and single-cell technologies has resulted in redefining the HER2 expression
status, thus helping in identifying more accurate treatment alternatives for increased sensitivity.
Reproducing similar clinical outcomes like in MONALEESA-2 trial would be more encouraging for both
clinicians and patients. For researchers, such trials provide a unique opportunity to understand and
elucidate specific molecular vulnerabilities and potential therapeutic targets among non-responders and
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responders.

DECLARATIONS
Authors’ contributions
Manuscript planning, literature, drafting, editing, revising and finalizing: Velaga R, Tanaka S, Toi M

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES

1. Hortobagyi GN, Stemmer SM, Burris HA, et al. Overall survival with ribociclib plus letrozole in advanced breast cancer. N Engl J
Med 2022;386:942-50. DOI PubMed

2. Bao KKH, Sutanto L, Tse SSW, Man Cheung K, Chan JCH. The association of ERBB2-low expression with the efficacy of cyclin-
dependent kinase 4/6 inhibitor in hormone receptor-positive, ERBB2-negative metastatic breast cancer. JAMA Netw Open
2021;4:¢2133132. DOI PubMed PMC

3. Hanker AB, Sudhan DR, Arteaga CL. Overcoming endocrine resistance in breast cancer. Cancer Cell 2020;37:496-513. DOI
PubMed PMC

4. Heer EC, Jalving M, Harris AL. HIFs, angiogenesis, and metabolism: elusive enemies in breast cancer. J Clin Invest 2020;130:5074-
87. DOI PubMed PMC

5. Gandhi N, Das GM. Metabolic reprogramming in breast cancer and its therapeutic implications. Cells 2019;8:89. DOI PubMed PMC
Januskeviciené I, Petrikaité V. Heterogeneity of breast cancer: the importance of interaction between different tumor cell populations.
Life Sci 2019;239:117009. DOI PubMed

7. Hanamura T, Hayashi SI. Overcoming aromatase inhibitor resistance in breast cancer: possible mechanisms and clinical applications.
Breast Cancer 2018;25:379-91. DOI PubMed

8. Nagini S. Breast cancer: current molecular therapeutic targets and new players. Anticancer Agents Med Chem 2017;17:152-63. DOI
PubMed

9. Masuda N, Lee SJ, Ohtani S, et al. Adjuvant capecitabine for breast cancer after preoperative chemotherapy. N Engl J Med
2017;376:2147-59. DOI PubMed

10. Paik S, Shak S, Tang G, et al. A multigene assay to predict recurrence of tamoxifen-treated, node-negative breast cancer. N Engl J Med
2004;351:2817-26. DOI PubMed

11.  van 't Veer LJ, Dai H, van de Vijver MJ, et al. Gene expression profiling predicts clinical outcome of breast cancer. Nature
2002;415:530-6. DOI PubMed

12.  Parker JS, Mullins M, Cheang MC, et al. Supervised risk predictor of breast cancer based on intrinsic subtypes. J Clin Oncol
2009;27:1160-7. DOI PubMed PMC

13.  Nayar U, Cohen O, Kapstad C, et al. Acquired HER2 mutations in ER" metastatic breast cancer confer resistance to estrogen receptor-
directed therapies. Nat Genet 2019;51:207-16. DOI PubMed

14.  Khan QJ, O'dea A, Bardia A, et al. Letrozole + ribociclib versus letrozole + placebo as neoadjuvant therapy for ER+ breast cancer
(FELINE trial). JCO 2020;38:505-505. DOI


https://dx.doi.org/10.1056/NEJMoa2114663
http://www.ncbi.nlm.nih.gov/pubmed/35263519
https://dx.doi.org/10.1001/jamanetworkopen.2021.33132
http://www.ncbi.nlm.nih.gov/pubmed/34739066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8571658
https://dx.doi.org/10.1016/j.ccell.2020.03.009
http://www.ncbi.nlm.nih.gov/pubmed/32289273
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7169993
https://dx.doi.org/10.1172/JCI137552
http://www.ncbi.nlm.nih.gov/pubmed/32870818
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7524491
https://dx.doi.org/10.3390/cells8020089
http://www.ncbi.nlm.nih.gov/pubmed/30691108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6406734
https://dx.doi.org/10.1016/j.lfs.2019.117009
http://www.ncbi.nlm.nih.gov/pubmed/31669239
https://dx.doi.org/10.1007/s12282-017-0772-1
http://www.ncbi.nlm.nih.gov/pubmed/28389808
https://dx.doi.org/10.2174/1871520616666160502122724
http://www.ncbi.nlm.nih.gov/pubmed/27137076
https://dx.doi.org/10.1056/NEJMoa1612645
http://www.ncbi.nlm.nih.gov/pubmed/28564564
https://dx.doi.org/10.1056/NEJMoa041588
http://www.ncbi.nlm.nih.gov/pubmed/15591335
https://dx.doi.org/10.1038/415530a
http://www.ncbi.nlm.nih.gov/pubmed/11823860
https://dx.doi.org/10.1200/JCO.2008.18.1370
http://www.ncbi.nlm.nih.gov/pubmed/19204204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2667820
https://dx.doi.org/10.1038/s41588-018-0287-5
http://www.ncbi.nlm.nih.gov/pubmed/30531871
https://dx.doi.org/10.1200/jco.2020.38.15_suppl.505

Page 496 Velaga et al. Cancer Drug Resist 2022;5:487-97 | https://dx.doi.org/10.20517/cdr.2022.10

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Griffiths JI, Chen J, Cosgrove PA, et al. Serial single-cell genomics reveals convergent subclonal evolution of resistance as early-stage
breast cancer patients progress on endocrine plus CDK4/6 therapy. Nat Cancer 2021;2:658-71. DOI PubMed PMC

Wu RC, Qin J, Yi P, et al. Selective phosphorylations of the SRC-3/AIB1 coactivator integrate genomic reponses to multiple cellular
signaling pathways. Mol Cell 2004;15:937-49. DOI PubMed

Lee H, Bai W. Regulation of estrogen receptor nuclear export by ligand-induced and p38-mediated receptor phosphorylation. Mol Cell
Biol 2002;22:5835-45. DOI PubMed PMC

Bose R, Kavuri SM, Searleman AC, et al. Activating HER2 mutations in HER2 gene amplification negative breast cancer. Cancer
Discov 2013;3:224-37. DOI PubMed PMC

Ma CX, Bose R, Gao F, et al. Neratinib Efficacy and Circulating Tumor DNA Detection of HER2 Mutations in HER2 Nonamplified
Metastatic Breast Cancer. Clin Cancer Res 2017;23:5687-95. DOI PubMed PMC

Smyth L, Saura C, Piha-paul S, et al. Update on the phase II SUMMIT trial: neratinib + fulvestrant for HER2-mutant, HR-positive,
metastatic breast cancer. Annals of Oncology 2019;30:1i110-1. DOI

Sudhan DR, Guerrero-Zotano A, Won H, et al. Hyperactivation of TORC1 drives resistance to the pan-HER tyrosine kinase inhibitor
neratinib in HER2-mutant cancers. Cancer Cell 2020;37:183-199.e5. DOI PMC

Hyman DM, Piha-Paul SA, Won H, et al. HER kinase inhibition in patients with HER2- and HER3-mutant cancers. Nature
2018;554:189-94. DOI PubMed PMC

Hanker AB, Brown BP, Meiler J, et al. Co-occurring gain-of-function mutations in HER2 and HER3 modulate HER2/HER3
activation, oncogenesis, and HER2 inhibitor sensitivity. Cancer Cell 2021;39:1099-1114.e8. DOI PubMed PMC

Denkert C, Seither F, Schneeweiss A, et al. Clinical and molecular characteristics of HER2-low-positive breast cancer: pooled analysis
of individual patient data from four prospective, neoadjuvant clinical trials. The Lancet Oncology 2021;22:1151-61. DOI PubMed
Miglietta F, Griguolo G, Bottosso M, et al. Evolution of HER2-low expression from primary to recurrent breast cancer. NPJ Breast
Cancer 2021;7:137. DOI PMC

Razavi P, Chang MT, Xu G, et al. The genomic landscape of endocrine-resistant advanced breast cancers. Cancer Cell 2018;34:427-
438.¢6. DOI PubMed PMC

Griffith OL, Spies NC, Anurag M, et al. The prognostic effects of somatic mutations in ER-positive breast cancer. Nat Commun
2018;9:3476. DOI PMC

Mendes-Pereira AM, Sims D, Dexter T, et al. Genome-wide functional screen identifies a compendium of genes affecting sensitivity to
tamoxifen. Proc Natl Acad Sci U S A 2012;109:2730-5. DOI PubMed PMC

Copeland NG, Jenkins NA. Deciphering the genetic landscape of cancer-from genes to pathways. Trends Genet 2009;25:455-62. DOI
PubMed

Kandoth C, McLellan MD, Vandin F, et al. Mutational landscape and significance across 12 major cancer types. Nature 2013;502:333-
9. DOI PubMed PMC

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA Jr, Kinzler KW. Cancer genome landscapes. Science 2013;339:1546-
58. DOI PubMed PMC

Gough NR. Focus issue: from genomic mutations to oncogenic pathways. Sci Signal 2013;6:eg3. DOI PubMed

Calabrese C, Davidson NR, Demircioglu D, et al; PCAWG Transcriptome Core Group. , PCAWG Transcriptome Working Group.,
PCAWG Consortium. Genomic basis for RNA alterations in cancer. Nature 2020;578:129-36. DOI PubMed PMC

Felsher DW. Oncogene addiction versus oncogene amnesia: perhaps more than just a bad habit? Cancer Res 2008;68:3081-6. DOI
PubMed

Bradner JE, Hnisz D, Young RA. Transcriptional addiction in cancer. Cell 2017;168:629-43. DOI PubMed PMC

Yamamoto S, Wu Z, Russnes HG, et al. JARIDI1B is a luminal lineage-driving oncogene in breast cancer. Cancer Cell 2014;25:762-
77. DOI PubMed PMC

Hinohara K, Wu HJ, Vigneau S, et al. KDMS5 histone demethylase activity links cellular transcriptomic heterogeneity to therapeutic
resistance. Cancer Cell 2018;34:939-953.¢9. DOI PubMed PMC

Hong SP, Chan TE, Lombardo Y, et al. Single-cell transcriptomics reveals multi-step adaptations to endocrine therapy. Nat Commun
2019;10:3840. DOI PubMed PMC

Ghajar CM, Peinado H, Mori H, et al. The perivascular niche regulates breast tumour dormancy. Nat Cell Biol 2013;15:807-17. DOI
PubMed PMC

Carlson P, Dasgupta A, Grzelak CA, et al. Targeting the perivascular niche sensitizes disseminated tumour cells to chemotherapy. Nat
Cell Biol 2019;21:238-50. DOI PubMed PMC

Harper KL, Sosa MS, Entenberg D, et al. Mechanism of early dissemination and metastasis in Her2+ mammary cancer. Nature
2016;540:588-92. DOI PubMed PMC

Hosseini H, Obradovi¢ MMS, Hoffmann M, et al. Early dissemination seeds metastasis in breast cancer. Nature 2016;540:552-8. DOI
PubMed PMC

Yates LR, Knappskog S, Wedge D, et al. Genomic evolution of breast cancer metastasis and relapse. Cancer Cell 2017;32:169-184.¢7.
DOI PubMed PMC

Suzuki M, Mose ES, Montel V, Tarin D. Dormant cancer cells retrieved from metastasis-free organs regain tumorigenic and metastatic
potency. Am J Pathol 2006;169:673-81. DOI PubMed PMC

Zhang C, Stockwell SR, Elbanna M, et al. Signalling involving MET and FAK supports cell division independent of the activity of the


https://dx.doi.org/10.1038/s43018-021-00215-7
http://www.ncbi.nlm.nih.gov/pubmed/34712959
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8547038
https://dx.doi.org/10.1016/j.molcel.2004.08.019
http://www.ncbi.nlm.nih.gov/pubmed/15383283
https://dx.doi.org/10.1128/MCB.22.16.5835-5845.2002
http://www.ncbi.nlm.nih.gov/pubmed/12138194
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC133965
https://dx.doi.org/10.1158/2159-8290.CD-12-0349
http://www.ncbi.nlm.nih.gov/pubmed/23220880
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570596
https://dx.doi.org/10.1158/1078-0432.CCR-17-0900
http://www.ncbi.nlm.nih.gov/pubmed/28679771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6746403
https://dx.doi.org/10.1093/annonc/mdz095.029
https://dx.doi.org/10.1016/j.ccell.2019.12.013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7301608
https://dx.doi.org/10.1038/nature25475
http://www.ncbi.nlm.nih.gov/pubmed/29420467
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5808581
https://dx.doi.org/10.1016/j.ccell.2021.06.001
http://www.ncbi.nlm.nih.gov/pubmed/34171264
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8355076
https://dx.doi.org/10.1016/S1470-2045(21)00301-6
http://www.ncbi.nlm.nih.gov/pubmed/34252375
https://dx.doi.org/10.1038/s41523-021-00343-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8511010
https://dx.doi.org/10.1016/j.ccell.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30205045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6327853
https://dx.doi.org/10.1038/s41467-018-05914-x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6123466
https://dx.doi.org/10.1073/pnas.1018872108
http://www.ncbi.nlm.nih.gov/pubmed/21482774
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3286962
https://dx.doi.org/10.1016/j.tig.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19818523
https://dx.doi.org/10.1038/nature12634
http://www.ncbi.nlm.nih.gov/pubmed/24132290
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3927368
https://dx.doi.org/10.1126/science.1235122
http://www.ncbi.nlm.nih.gov/pubmed/23539594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3749880
https://dx.doi.org/10.1126/scisignal.2004149
http://www.ncbi.nlm.nih.gov/pubmed/23532330
https://dx.doi.org/10.1038/s41586-020-1970-0
http://www.ncbi.nlm.nih.gov/pubmed/32025019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7054216
https://dx.doi.org/10.1158/0008-5472.CAN-07-5832
http://www.ncbi.nlm.nih.gov/pubmed/18451131
https://dx.doi.org/10.1016/j.cell.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28187285
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5308559
https://dx.doi.org/10.1016/j.ccr.2014.04.024
http://www.ncbi.nlm.nih.gov/pubmed/24937458
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4079039
https://dx.doi.org/10.1016/j.ccell.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30472020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6310147
https://dx.doi.org/10.1038/s41467-019-11721-9
http://www.ncbi.nlm.nih.gov/pubmed/31477698
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6718416
https://dx.doi.org/10.1038/ncb2767
http://www.ncbi.nlm.nih.gov/pubmed/23728425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3826912
https://dx.doi.org/10.1038/s41556-018-0267-0
http://www.ncbi.nlm.nih.gov/pubmed/30664790
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6948102
https://dx.doi.org/10.1038/nature20609
http://www.ncbi.nlm.nih.gov/pubmed/27974798
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5471138
https://dx.doi.org/10.1038/nature20785
http://www.ncbi.nlm.nih.gov/pubmed/27974799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5390864
https://dx.doi.org/10.1016/j.ccell.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28810143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5559645
https://dx.doi.org/10.2353/ajpath.2006.060053
http://www.ncbi.nlm.nih.gov/pubmed/16877365
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1698784

Velaga et al. Cancer Drug Resist 2022;5:487-97 | https://dx.doi.org/10.20517/cdr.2022.10 Page 497

cell cycle-regulating CDK4/6 kinases. Oncogene 2019;38:5905-20. DOI PubMed PMC

46. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell
2017;168:707-23. DOI PubMed PMC

47. lida N, Dzutsev A, Stewart CA, et al. Commensal bacteria control cancer response to therapy by modulating the tumor
microenvironment. Science 2013;342:967-70. DOI PubMed PMC

48. Daillere R, Vétizou M, Waldschmitt N, et al. Enterococcus hirae and barnesiella intestinihominis facilitate cyclophosphamide-induced
therapeutic immunomodulatory effects. Immunity 2016;45:931-43. DOI PubMed

49. Sivan A, Corrales L, Hubert N, et al. Commensal bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy.
Science 2015;350:1084-9. DOI PubMed PMC

50. Vétizou M, Pitt JM, Daillére R, et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science
2015;350:1079-84. DOI PubMed PMC

51.  Gopalakrishnan V, Spencer CN, Nezi L, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients.
Science 2018;359:97-103. DOI PubMed PMC

52. Matson V, Fessler J, Bao R, et al. The commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma patients.
Science 2018;359:104-8. DOI PubMed PMC

53.  Routy B, Le Chatelier E, Derosa L, et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors.
Science 2018;359:91-7. DOI PubMed

54.  Shui L, Yang X, Li J, Yi C, Sun Q, Zhu H. Gut microbiome as a potential factor for modulating resistance to cancer immunotherapy.
Front Immunol 2019;10:2989. DOI PubMed PMC


https://dx.doi.org/10.1038/s41388-019-0850-2
http://www.ncbi.nlm.nih.gov/pubmed/31296956
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6756076
https://dx.doi.org/10.1016/j.cell.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28187290
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5391692
https://dx.doi.org/10.1126/science.1240527
http://www.ncbi.nlm.nih.gov/pubmed/24264989
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6709532
https://dx.doi.org/10.1016/j.immuni.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27717798
https://dx.doi.org/10.1126/science.aac4255
http://www.ncbi.nlm.nih.gov/pubmed/26541606
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873287
https://dx.doi.org/10.1126/science.aad1329
http://www.ncbi.nlm.nih.gov/pubmed/26541610
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4721659
https://dx.doi.org/10.1126/science.aan4236
http://www.ncbi.nlm.nih.gov/pubmed/29097493
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5827966
https://dx.doi.org/10.1126/science.aao3290
http://www.ncbi.nlm.nih.gov/pubmed/29302014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6707353
https://dx.doi.org/10.1126/science.aan3706
http://www.ncbi.nlm.nih.gov/pubmed/29097494
https://dx.doi.org/10.3389/fimmu.2019.02989
http://www.ncbi.nlm.nih.gov/pubmed/32010123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6978681

