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Preface

Welcome to the Cancers’ Special Issue ”Updates on Breast Cancer.” This collection of research

represents a collaborative effort from distinguished experts in the field of breast cancer, driven by a

shared commitment to advancing our understanding and treatment of this complex disease.

Breast cancer remains a global health challenge, affecting countless lives and demanding

relentless pursuit of scientific breakthroughs. In this Special Issue, we delve into the multifaceted

nature of breast cancer, exploring the latest developments in diagnostics, treatments, and patient

care.

The motivation behind this endeavor is rooted in our unwavering dedication to improving the

lives of breast cancer patients worldwide. With this collection, we aim to shed light on the remarkable

progress that has been achieved through the tireless efforts of researchers, clinicians, and healthcare

professionals.

We extend our heartfelt gratitude to all the authors whose contributions have enriched this

Special Issue: their expertise and commitment have been instrumental in bringing this body of work

to fruition, and we acknowledge their invaluable assistance.

As we embark on this journey through the pages of ”Updates on Breast Cancer,” we invite

the medical community, especially those at the forefront of breast cancer care, to embrace these

advancements. Together, we look forward to a future filled with promise and hope in the ongoing

battle against breast cancer.

Enrico Cassano and Filippo Pesapane

Editors
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Updates on Breast Cancer

Filippo Pesapane *, Luca Nicosia and Enrico Cassano

Breast Imaging Division, IEO European Institute of Oncology IRCCS, 20141 Milan, Italy; luca.nicosia@ieo.it (L.N.);
enrico.cassano@ieo.it (E.C.)
* Correspondence: filippo.pesapane@ieo.it; Tel.: +39-02-57489-1

This collection of 18 articles, comprising 12 original studies, 1 systematic review, and
5 reviews, is a collaborative effort by distinguished experts in breast cancer research, and
it has been edited by Dr. Enrico Cassano and Dr. Filippo Pesapane, who both work at an
international breast cancer referral center [1].

Breast cancer, a globally prevalent malignancy primarily afflicting women [2], remains
a pivotal focus of medical research and innovation. In our Special Issue, titled “Updates on
Breast Cancer”, we present the latest developments in breast cancer diagnostics, treatments,
and patient care, offering an in-depth exploration of the multifaceted nature of breast cancer
and the way in which science is transforming this field.

Nowadays, though precision diagnosis and personalized medicine are cornerstones
of effective breast cancer management, achieving consistent and reproducible diagnostic
assessments remains a challenge. Cserni B. et al. [3] introduce a groundbreaking method-
ology known as the ONEST (Observers Needed to Evaluate Subjective Tests) analysis.
By determining the optimal number of observers required for reliable tumor-infiltrating
lymphocyte categorization, ONEST has the potential to revolutionize diagnostic accuracy,
providing a more robust and consistent framework for assessing breast cancer pathology.

Precision diagnosis also allows clinicians to understand the molecular intricacies of
breast cancer. Monteiro F.L. et al. [4] performed a meticulous analysis that unveils the
enigmatic role played by SETD7, a lysine N-methyltransferase, in breast cancer. Among her
notable findings is the correlation between high SETD7 expression and worse recurrence-
free survival in the basal-like subtype, underscoring this molecule’s clinical significance as
a potential treatment-predictive marker.

The study of Nicosia L. et al. [5] introduces a novel nomogram aimed at predicting the
likelihood of upstaging low-grade ductal carcinoma in situ in patients who have previously
undergone vacuum-assisted breast biopsy, followed by surgical excision. This innovative
tool leverages radiological and pathological criteria to provide a tailored framework for
making treatment decisions. By identifying patients with a low risk of upstaging to
infiltrating carcinomas, this nomogram has the potential to reduce overtreatment and
improve patient outcomes, once again showing that personalized medicine is increasingly
paramount in breast cancer care.

Radiomics and artificial intelligence (AI) are also driving significant advances in
precision diagnosis. Petrillo et al. [6] launch a comprehensive investigation, leveraging
radiomics features derived from contrast-enhanced mammography to predict various
histological outcomes.

Radiomics, the extraction and analysis of quantitative features from medical images,
holds promise in terms of providing valuable information beyond what the human eye can
perceive [7–9]. The results of Petrillo et al.’s study rested on the analysis of a staggering
837 textural metrics that demonstrate an accuracy of 88.98%, enabling the differentiation
of malignant and benign lesions. Beyond this distinction, the study attempted to predict
histological grading, the presence of hormone receptors, and the status of human epidermal
growth factor receptor 2 (HER2) in breast cancer patients.

Cancers 2023, 15, 5392. https://doi.org/10.3390/cancers15225392 https://www.mdpi.com/journal/cancers1
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As we continue to harness the capabilities of radiomics and AI, we move closer to
developing more effective breast cancer management practices, offering hope and improved
prospects for afflicted women.

Mohammad Alkhaleefah M. et al. [10] present an innovative deep learning model
named Connected-SegNets. This model is engineered for the precise segmentation of breast
tumors from X-ray images, incorporating skip connections between layers, thus replacing
the conventional loss function with intersection over union to fortify robustness against
noise during training.

These findings all highlight the immense potential of radiomics and AI in the realm
of breast cancer care [7–9]. However, while the integration of AI into radiology is rev-
olutionizing breast cancer diagnosis, continuing to focus on the patient and preserving
the doctor–patient relationship is crucial. Derevianko et al.’s study [11] delves into the
impact of AI on doctor–patient communication, particularly within the context of cancer
diagnosis. Their systematic review emphasizes the need for transparent and informative
communication to establish patient trust in AI-driven diagnostic processes, ultimately
improving healthcare interactions. Ad it remains uncertain to what extent and under which
conditions the general population will embrace the use of AI [12], this study highlights the
need to conduct larger-scale research to better understand women’s demands and concerns
regarding the potential applications of AI in breast cancer care.

In addition to these improvements in breast cancer diagnosis, advances in postopera-
tive surveillance have significantly contributed to the improved survival rates identified in
breast cancer patients. Yang L. et al. [13] present a multicenter real-world study conducted
across medical centers in China. Their study investigates the prognostic value of intensive
postoperative bone scans for patients with breast cancer and bone metastasis. The find-
ings provide compelling evidence of the benefits of this screening method, showcasing its
potential to extend both overall survival and overall survival after bone metastasis.

Despite such improvement, in a breast cancer scenario, triple-negative breast cancer
(TNBC) remains a formidable clinical challenge due to its limited therapeutic options.
Kholod O. et al. [14] decode the immune-related gene signatures that hold the key to
predicting chemoimmunotherapy outcomes in TNBC patients, analyzing a vast dataset
encompassing 422 patients across 24 studies. Through an algorithmic approach, they
categorize patients into 12 homogenous subgroups based on various parameters, includ-
ing tumor mutational burden, relapse status, tumor cellularity, menopausal status, and
tumor stage.

A comprehensive analysis of the clinical utility of genomic tests in breast cancer care
is provided by Galland et al. [15], who explore the clinical utility of genomic tests evalu-
ating homologous recombination repair deficiency in breast cancer treatment decisions.
Moreover, Safe S. et al. [16] show the roles played by the aryl hydrocarbon receptor and its
ligands in breast cancer progression and the potentialities for homologous recombination
repair deficiency in early and metastatic breast cancer. Finally, Valenzuela-Palomo et al. [17]
delve into the impacts of these variants on splicing, a crucial step in gene expression regula-
tion. Their use of minigene assays to analyze 16 PALB2 variants at intron/exon boundaries
reveals that 12 of these variants disrupt splicing, with 6 variants being classified as likely
pathogenic in nature. This study offers essential insights into the clinical management of
carrier patients and their families, enabling tailored prevention and therapy protocols.

Our Special Issue exceeds the traditional boundaries of breast cancer research, ex-
ploring a diverse array of topics that all enrich our understanding of this complex disease.
From the characterization of circulating tumor cells using cutting-edge technology like
the Parsortix® PC1 System [18] to investigating the clinical landscape of HER2-Low breast
cancer [19], these studies broaden our horizons. With regard to radiation therapy, which is
a crucial component of breast cancer treatment, Riaz et al. [20] analyze recent advances in
optimizing radiation therapy decisions for early invasive breast cancer. Their exploration
of strategies to identify patients who may benefit from tailored radiation therapy regimens
shows a commitment to enhancing patient care and outcomes. Lastly, Zahari et al. [21]
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provide a review of the role played by the cancer cell secretome in breast cancer progression,
explaining how the secretome shapes the tumor microenvironment, influences treatment
resistance, and offer insights into potential therapeutic strategies targeting its components.

In conclusion, our Special Issue, titled “Updates on Breast Cancer,” shows the re-
markable progress taking place within the field of breast cancer research. Technological
innovations like radiomics and AI, together with the collective efforts of dedicated re-
searchers, have paved the way for precision diagnosis, enhanced treatment strategies, and
more personalized patient care. As we journey through this compendium of research, we
are reminded that the pursuit of knowledge and innovation is limitless. The future of
breast cancer care is being shaped right now, guided by the dedication and unwavering
commitment of the scientific community. We invite our readers to help us to embrace these
advancements, as we look forward to a brighter and more promising future in the battle
against breast cancer.

Conflicts of Interest: The authors declare no conflict of interest.
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Erika Csörgő 26, Orsolya Oláh-Németh 27, Tamás Pancsa 27, Anita Sejben 27, István Sejben 26, András Vörös 27,

Tamás Zombori 27, Tibor Nyári 28, Grace Callagy 2 and Gábor Cserni 26,27,*

1 TNG Technology Consulting GmbH, Király u. 26., 1061 Budapest, Hungary
2 Discipline of Pathology, Lambe Institute for Translational Research, School of Medicine, University of Galway,

H91 TK33 Galway, Ireland
3 Pathology Department, Atryshealth Co., Ltd., 08039 Barcelona, Spain
4 Department of Pathology, Medical University of Vienna, Währinger Gürtel 18-20, 1090 Vienna, Austria
5 Division of Pathological Anatomy, Department of Health Sciences, University of Florence,

50134 Florence, Italy
6 Tumor Pathology Department, Maria Sklodowska-Curie National Research Institute of Oncology,

Gliwice Branch, 44-102 Gliwice, Poland
7 Laboratório de Anatomia Patológica, IPO Coimbra, 3000-075 Coimbra, Portugal
8 Laboratory of Translational Cell & Tissue Research and KU Leuven, Department of Imaging and Pathology,

Department of Pathology, University Hospitals Leuven, University of Leuven, Oude Market 13,
3000 Leuven, Belgium

9 Unit of Anatomic Pathology, Department of Biomedical and Neuromotor Sciences, University of Bologna,
Bellaria Hospital, 40139 Bologna, Italy

10 Department of Clinical Pathology, Sahlgrenska University Hospital, 41345 Gothenburg, Sweden
11 Department of Pathology, Helsinki University Central Hospital, 00029 Helsinki, Finland
12 Department of Pathology, Forensic and Insurance Medicine, Semmelweis University Budapest, Üllői út 93,
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Simple Summary: Tumour-infiltrating lymphocytes (TILs) reflect the host’s response against tu-
mours. TILs have a strong prognostic effect in the so-called triple-negative (oestrogen receptor,
progesterone receptor, and human epidermal growth factor receptor-2 negative) subset of breast
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cancers and predict a better response when primary systemic (neoadjuvant) treatment is administered.
Although they are easy to assess, their quantitative assessment is subject to some inter-observer
variation. ONEST (Observers Needed to Evaluate Subjective Tests) is a new way of analysing inter-
observer variability and helps in estimating the number of observers required for a more reliable
estimation of this phenomenon. This aspect of reproducibility for TILs has not been explored previ-
ously. Our analysis suggests that between six and nine pathologists can give a good approximation
of inter-observer agreement in TIL assessments.

Abstract: Tumour-infiltrating lymphocytes (TILs) reflect antitumour immunity. Their evaluation of
histopathology specimens is influenced by several factors and is subject to issues of reproducibility.
ONEST (Observers Needed to Evaluate Subjective Tests) helps in determining the number of observers
that would be sufficient for the reliable estimation of inter-observer agreement of TIL categorisation.
This has not been explored previously in relation to TILs. ONEST analyses, using an open-source
software developed by the first author, were performed on TIL quantification in breast cancers taken
from two previous studies. These were one reproducibility study involving 49 breast cancers, 23 in
the first circulation and 14 pathologists in the second circulation, and one study involving 100 cases
and 9 pathologists. In addition to the estimates of the number of observers required, other factors
influencing the results of ONEST were examined. The analyses reveal that between six and nine
observers (range 2–11) are most commonly needed to give a robust estimate of reproducibility. In
addition, the number and experience of observers, the distribution of values around or away from
the extremes, and outliers in the classification also influence the results. Due to the simplicity and the
potentially relevant information it may give, we propose ONEST to be a part of new reproducibility
analyses.

Keywords: ONEST; observers needed to evaluate subjective tests; TILs; sTILs; tumour-infiltrating
lymphocytes; triple-negative; breast cancer; reproducibility; international immuno-oncology biomarker
working group; European Working Group for Breast Screening Pathology

1. Introduction

Tumour-infiltrating lymphocytes (TILs) are a reflection of antitumour immunity. Dif-
ferent compartments and populations are recognised; for breast carcinomas, stromal lym-
phocytes have been accepted as the most practically assessable compartment of TILs, and
their quantity correlates with that of intra-epithelial TILs [1]. On the basis of meta-analyses,
stromal TILs (sTILs) have been proven to be predictive of the response to neoadjuvant
chemotherapy [2] and to be associated with better prognosis after adjuvant treatment
of triple-negative breast carcinomas (TNBCs) [3]. TILs have also been linked to the rare
phenomenon of spontaneous regression in TNBC [4]. The accumulated data on the value
of TILs have matured enough to recommend this biomarker for implementation in daily
routine [5].

However, there are a number of other events (e.g., necrosis or previous biopsy) that
lead to the accumulation of inflammatory cells, and these have been taken into considera-
tion when defining the rules for quantifying the amount of sTILs relevant for antitumour
immunity. This has led to the formulation of guidelines recommending that sTILs should
be evaluated as the average proportion of the stromal area occupied by TILs, including
both lymphocytes and plasma cells. In the assessment, the total stromal area excludes
areas of regressive hyalinisation, necrosis, and previous needle biopsy sites. Mononuclear
cells around in situ carcinoma and normal structures should also be excluded, and all
estimations should be restricted to the tumour area [6]. A later addendum suggested that
the invasive front (1 mm at the edge of the tumour) should also be included [7]. The human
brain tries to simplify things; therefore, the rules for quantifying sTILs predispose this
biomarker to being poorly reproducible. Nevertheless, good reproducibility was docu-
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mented by the International Immuno-oncology Biomarker Working Group (IIOBMWG)
after the introduction of a direct online feedback software helping in the calibration of sTIL
percentages in pre-selected fields of view (FOVs) [8].

Members of the European Working Group for Breast Screening Pathology (EWGBSP)
have also assessed the reproducibility of scoring sTILs on digitised needle core biopsy
specimens using the same performance-improving online tool that was used for training
by Denkert et al. [8,9] and found moderate reproducibility for biopsy specimens (intraclass
correlation coefficient, ICC 0.634, 95% CI 0.539–0.735) but good reproducibility for selected
triplets of FOVs (ICC 0.798, 95% CI 0.727–0.864) [10]. In the present work, we use the
same data to perform an ONEST (Observers Needed to Evaluate Subjective Tests) analysis
of sTILs.

ONEST is a recently developed method that complements inter-observer agreement
studies by helping to estimate the number of observers required for a reliable estimation of
reproducibility [11]. ONEST uses 100 randomly selected permutations of all participating
pathologists (observers or raters) and plots the overall percent agreement (OPA) values
for an increasing number of observers, looking for the worst (lowest) curve to reach a
plateau, beyond which an increasing number of observers does not have a substantial
effect on agreement [11–13]. Additionally, ONEST has been recognised to be valuable as a
visual complement to demonstrate the degree of reproducibility of subjectively evaluated
parameters such as oestrogen receptor (ER) quantification, Ki-67 labelling, or histological
grade, as well as the difference between observers and how these compare to the overall
percent agreement (OPA) of all observers [12,13]. The aim of this study is to evaluate sTIL
quantification using ONEST and to estimate the number of observers needed for a reliable
evaluation of its reproducibility. The relatively large number of observers in our previous
study [9] allows for a better evaluation of ONEST itself as a method.

2. Materials and Methods

We used anonymised results from the EWGBSP analysis of reproducibility [9]. In that
study, 23 pathologists assessed 49 core needle biopsies from TNBCs in circulation 1 (C1),
and 14 pathologists, as a subset, assessed both C1 (this subset of C1 denoted as C1s) in
addition to 3 pre-selected digital FOVs of the same 49 cases with different labels to prevent
comparisons (C2). The corresponding author of this previous study (Grace Callagy) has
released the sTIL percentage values reported by the 23 and 14 participants for each case in a
tabulated format, with rows representing cases and columns representing one or the other
observer, and these values were used for the ONEST analyses of C1 and C2, respectively.
There were 2 missing values in all circulations (C1, C1s, and C2) which were replaced by
mean sTIL percentages rounded to the closest integer. For the ONEST analysis, as per
the introduction of the method and its subsequent uses [11–13], 100 randomly selected
permutations were selected for the values of the ONEST plots. Four selected cut-offs were
used to define categories: <60% vs. ≥60%, e.g., [14], and <50% vs. ≥50%, e.g., [15,16],
to match two different definitions of lymphocyte-predominant breast cancers, which are
the likeliest responders to neoadjuvant treatment [6]; <30% vs. ≥30% to match a cut-off
proposed for a strong prognostic role in the adjuvant setting [3]; and 0–20%, 21–49%, and
≥50% to match a three-tiered classification used in the IIOBWG ring studies [8].

In a previous study, 9 pathologists assessed the ER, the progesterone receptor (PR)
status, Ki67 labelling [12], and histological grade [13] of breast cancers in 50 core needle
biopsies and 50 resection specimens represented on a full-face glass slide for each case.
While assessing these parameters, the participants were also asked to document sTILs
based on the IIOBMWG recommendations [6,7], which are also part of the Hungarian
recommendation [17,18]. These results have never been analysed previously and were also
used for a separate ONEST analysis as circulation 3 (C3).

A full ONEST plot includes all OPA values per increasing number of observers for
the 100 randomly obtained permutations of observers, i.e., it represents 100 OPA curves
(OPACs), each representing the OPA values of a given permutation (Figure 1A). We also
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introduced a simplified ONEST plot, which includes only the maximum OPA values (maxi-
mum curve—best scenario), the minimum OPA values (minimum curve—worst scenario),
and a median value curve. The maximum and minimum curves do not necessarily repre-
sent an OPAC from the 100 randomly selected permutations, but they obviously coincide
with an OPAC from all possible permutations. Figure 1A and 1B compare the full and
simplified ONEST plots of the same entity studied. The ONEST value is the integer from
axis x (the number of pathologists), which reflects the minimum curve OPA value beyond
which there is no more relevant decrease in OPA values with further increase in observers.
Bandwidth is defined as the difference between the highest and lowest OPA values with
2 pathologists assessing sTILs, i.e., this is the difference in OPA of the maximum and
minimum curves with 2 observers. Finally, OPA(n) is the OPA value for all observers, the
percentage of cases upon which all assessing observers agree. Good reproducibility implies
a high OPA(n), a low ONEST value, and narrow bandwidth, whereas the opposite is true
for poor reproducibility. The worst scenario is when OPA(n) = 0, i.e., there are no cases
on which all observers agree. This latter scenario is unacceptable for biomarker studies
or subjective tests on relevant issues in general and should be remedied by improving
reproducibility or dropping the test and substituting it with a better one. An open-source
software designed by the first author for randomly selecting 100 permutations from all
possible ones and making a basic ONEST analysis is available at github.com (accessed on
12 November 2022) [19].

 
(a) 

 

(b) 

Figure 1. Cont.
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(c) 

(d) 

(e) 

Figure 1. ONEST plots of different cut-off values for 23 pathologists. (a) Full and (b) simplified
ONEST plots for the 49 cases assessed by 23 pathologists for a cut-off of <50% vs. ≥50% sTILs.
(c–e) Simplified ONEST plots for further cut-off values studied: (c) <60% vs. ≥60%; (d) <30% vs.
≥30%; and (e) <20%, 21–50%, >50%. Readings from the plots are included in Table 1. OPA (n = 23)
values are the OPA values at the right side of the plots and reflect the proportion of cases with full
agreement. ONEST values correspond to the number of observers on the x-axis, where the minimum
curve levels off, and no substantial decrease is noted with further increase in the number of observers
(this is highlighted by vertical segments between the x-axis value and the minimum curve). The
bandwidth of the ONEST plot is visualised on the left side of the plot as the difference between the
maximum and the minimum curves with 2 observers; this is the largest difference in agreement
between two observers.
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Table 1. ONEST analyses of different circulations and cut-off values of sTILs.

<50% vs. ≥50% C1
C1 without

Divergent Raters
7 and 20

C1s C2
C2 without

Divergent Raters
4 and 13

C3

n 23 21 14 14 12 9
OPA(n) 0.551 0.612 0.571 0.776 0.816 0.89

Bandwidth 0.327 0.245 0.265 0.184 0.143 0.07
ONEST 11 7 8 6 3 6

<60% vs. ≥60%
n 23 21 14 14 12 9

OPA(n) 0.612 0.796 0.612 0.796 0.837 0.91
Bandwidth 0.327 0.286 0.612 0.163 0.163 0.07

ONEST 9 7 4 6 2 2

<30% vs. ≥30%
n 23 21 14 14 12 9

OPA(n) 0.306 0.347 0.327 0.551 0.592 0.81
Bandwidth 0.408 0.306 0.306 0.306 0.204 0.09

ONEST 11 8 9 8 7 6

≤20%, 21–49%, ≥50%
n 23 21 14 14 12 9

OPA(n) 0.163 0.204 0.408 0.408 0.449 0.74
Bandwidth 0.469 0.388 0.143 0.265 0.245 0.12

ONEST 8 7 7 5 6 6

C1: circulation 1 with 23 pathologists and 49 digital slides of core needle biopsy samples; C1s: subset of C1 with
the 14 pathologists taking part in C2; C2: circulation 2 with 14 pathologists and 3 preselected fields of view of the
49 cases viewed in C1; C3: circulation 3 is independent from C1 and C2 and involves 9 pathologists assessing
100 cases, half from core needle biopsies and half from excision specimens. For further details, see the Materials
and Methods section.

For the analysis with a cut-off value of <50% vs. ≥50% sTILs, ONEST analyses were
repeated 3 times (3 random selections of 100 permutations in which the chances of identical
permutations are practically nil), and the minimum curves obtained were compared by
means of the Kruskal–Wallis test. In the original series, two pathologists (numbers 7 and
20) substantially diverged in their opinions from the rest of the group in C1, whereas
two pathologists (numbers 4 and 13) diverged from others in C2. To test the influence of
these divergently classifying pathologists, 3 and 3 ONEST plots for the same cut-off values
(<50% vs. ≥50%) were also generated after the removal of results by these observers, and
the ONEST values were determined from all plots. The ONEST values obtained with or
without the deviant classifiers were compared by means of the two sample Wilcoxon rank
sum test. Statistical analyses were performed in Excel with the Real Statistics Add-Ins [20]
and STATA Software version 17.0 (StataCorp LP, College Station, TX, USA).

3. Results

The results of the C1 were selected to be represented by the ONEST plots in Figure 1.
Readings of this and other ONEST analyses from C2 and C3 are represented in Table 1.
With different approaches, pathologists, and numbers of pathologists, the ONEST values
varied between 2 and 11 (Table 1). There were two pathologists, in both circulations C1 and
C2, who substantially deviated from the overall average ratings; separate ONEST analyses
were also performed without these participants. Not surprisingly, not only did the OPA(n)
values increase, but the bandwidth became smaller, and the ONEST values decreased. With
the exception of the C1 (n = 23 pathologists) for the <50% vs. ≥50% and the <30% vs. ≥30%
categorisations, the ONEST values were not greater than 9; the number of pathologists
involved in the C3 yielded the best OPA(n) values, i.e., the best reproducibility (Table 1).

10
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One of the sTIL categorisations was used to test the ONEST plots. Three random
selections of 100 permutations were compared with the Kruskal–Wallis test for the chosen
(<50% vs. ≥50%) sTIL categorisation for C1, C1 without the two substantially divergent
raters, C1s, C2, and C2 without the two substantially divergent raters. Although sometimes
there was a small shift in the ONEST and other values, these permutations were not
statistically different with regard to the minimum curves; their p-values were 0.937, 0.271,
0.877, 0.855, and 1, respectively (Figure 2).

Figure 2. Partly overlapping simplified ONEST plots of 3 randomly selected 100 permutations (A, B,
and C) for the <50% sTIL or more classification in C1 circulation without the two divergent classifiers;
this example showed the lowest p-value in the Kruskal–Wallis test. Note: the y-axis only represents
values between 0.5 and 1; despite not being statistically significantly different, the 3 randomly selected
ONEST plots of 100 permutations yield 3 different ONEST values: 7 (A), 9 (B), and 5 (C) (to ease
reading of the values, these are highlighted by vertical dashed segments between the x-axis value
and the minimum curves), whereas the bandwidth is very similar (0.245 A, 0.265 B and C), and by
definition, the OPA(21) value is identical (0.612). MAX: maximum curve; MED: median curve; MIN:
minimum curve.

Furthermore, the three random permutations from C1 and C1 without the outlying
classifiers; C2 and C2 without the outlying classifiers; and finally, C1 and C2, were also
compared with the Wilcoxon rank sum test for the ONEST values that could be derived
from them, and this demonstrated significant differences (p = 0.046, p = 0.034, and p = 0.043,
respectively) for each of these comparisons.

4. Discussion

ONEST is a recently described additional analysis that can complement reproducibility
studies [11–13]. Although it was introduced to estimate the minimum number of observers
required to provide a reliable estimate of the reproducibility of a given classification [11], it
also gives a visual impression of how much agreement is reached when categorising items
into predefined classes and the difference one can expect between two observers. However,
as a complementary tool, ONEST is not independent of the studied “population” and the
observers.

It is generally accepted that two-tiered classifications are more reproducible than
those with more than two categories, e.g., [21]. This also applies to ONEST, as reported
for PD-L1 [9] and Ki67 [10], and this is also supported by our analysis of the three-tiered
classification in the present study, which demonstrated the worst OPA(n) values in nearly
all circulations (Table 1).
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Although our attempt to analyse the data without the two observers who substantially
deviated from the majority opinion resulted in “improved” results in both C1 and C2 (i.e.,
greater OPA(n), narrower bandwidth, and lower ONEST values), the analyses without
these outliers may not reflect real-life assessments. It is well accepted that populations are
generally described with their average values of measurable things, but they also have
members that are above and below the average. Therefore, if one wishes to estimate the
real-life performance of a classification, all raters, and not only the best raters, should be
included in the analysis.

Reproducibility is also dependent on the distribution of the parameter being evaluated
in the cases. While assessing three nuclear immunostains for ER, PR, and Ki67 in a different
study, we found that using the same cut-off values for all three biomarkers resulted in
different reproducibility and ONEST estimations [12]. This was explained by the difference
in the number of cases close to or away from the extreme values (0% and 100%). Most
values for ER staining were in the 90–100% or 0% range, whereas PR values showed more
divergence, Ki67 scores were distributed over a wider range, and ONEST values increased
in a respective manner. This phenomenon is likely to be the most important contributor to
the surprisingly good results observed for the C3 circulation in the present study (Table 1).
Indeed, in C3, there were only 45/900 ratings for sTILs ≥ 50% involving 8/100 cases.

The homogeneity versus heterogeneity of the entity being observed also influences
reproducibility, and this is substantiated by earlier studies. ER staining is generally more
homogeneous than Ki67, as reflected in the lower inter-observer agreement for the latter [12].
On the other hand, sTILs often have a heterogeneous distribution, making it more difficult
to assess the overall average distribution. This phenomenon, i.e., heterogenous distribution,
was identified as the main contributor to the weaker reproducibility for some cases in our
previous study [9] and was also reported by others [22]. Scoring preselected FOVs (C2)
eliminates the variability associated with the observers selecting the areas to score in the
case of heterogeneously distributed sTILs and results in substantially better reproducibility
(ICC for absolute sTILs with preselected FOVs vs. the case when observers had selected
their FOVs to be assessed: 0.798 vs. 0.634) [9]. This improved reproducibility was also
reflected by key values of ONEST plot analyses: higher OPA(n) values, lower bandwidth,
and lower ONEST values in C2 vs. C1 for all categorical classifications.

The number of observers may also influence reproducibility and ONEST plots. For
example, C2 versus C1, without the discordant raters (with 12 observers of the former all
included in the 21 of the latter), resulted in different OPA(n) values (82% vs. 61% agreement
for, e.g., sTILs ≥ 50% or fewer). The number of observers also greatly impacts the number
of possible permutations, being 2.585 × 1022 for C1 (n = 23), 87,178,291,200 for C2 (n = 14),
and “only” 362,880 for C3 (n = 9). In a previous study, also with nine observers [12], we
verified that the minimum curve of the 100 randomly selected permutations does not
significantly differ from the minimum OPAC of all permutations. In the present analysis,
three random ONEST plots were examined for all circulations with one of the cut-offs
(<50% vs. the ≥50%), and no significant difference was found between their minimum
curves. This is also reflected in Figure 2, in which the minimum (and the maximum and
median) curves of the three plots substantially overlap with each other. Despite this, there
were minor alterations in the bandwidths and ONEST values from the three analyses of the
same datasets. This leads us to conclude that even ONEST readings are just estimations
and might have a range, but depending on how close the ONEST value is to 2, we can
estimate how a reproducibility study with a low number of participants may reflect real-life
performance for the test in question. An early study of TILs with 99 cases suggested an
85% (95% CI, 76% to 91%) agreement with no more than a 10% difference in absolute sTIL
ratings between two observers [23]. Kojima and colleagues reported an 81% agreement
between two observers when classifying sTILs into three categories in 129 cases [24]. A
report on 100 cases and >90% mean pairwise agreement on sTILs, by any of six pathologists,
with a seventh pathologist serving as the main reviewer for a study, also suggests excellent
reproducibility [25]. However, Figure 1A clearly shows that two observers randomly
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selected from a pool of observers or pairwise comparisons may have minimal discrepancies
or no discrepancy at all, but the bandwidth may be much wider than this. Four pathologists
also achieved a good agreement scoring sTILs in 121 cases [26] and substantial agreement in
75 cases [27], but Table 1 suggests that this number is still prone to underestimating real-life
conditions. Certainly, two observers [23,24,28,29] do not accurately reflect inter-observer
agreement [11], and most readings from the ONEST plots (Table 1) with a different number
or quality of readers suggest that between 6 and 11 readers are required for a reasonable
estimation of inter-observer agreement.

As a limitation, ONEST analyses can only be performed for categorical classifications.
Agreement for scoring some markers (e.g., sTILs) as a continuous variable is generally
better than the agreement observed using categories defined by given cut-off values [30].
On the other hand, therapeutic decisions are generally made using cut-off values for a
biomarker.

Finally, after considering the factors influencing the reproducibility of a subjective test,
such as scoring sTILs in breast cancer, it is the case that other variables (e.g., number and
experience of observers, distribution of the cases around or away from the extremes, and
heterogeneity between fields to assess) also influence ONEST analyses and the ONEST val-
ues. Therefore, we can state that two to four observers are certainly not sufficient to reflect
the actual inter-observer agreement for evaluating sTILs in breast cancer, but between 6 and
11 observers would be sufficient. The studies by the IIOBMWG largely fulfil this require-
ment, and their reported values of good reproducibility should be considered reliable [8].
Notwithstanding, the finding that our group, also with a sufficient number of pathologists,
was only able to match their high ICC values when scoring sTILs on preselected FOVs, but
not when full digital slides were scored, clearly means that factors other than the number
of observers contribute to reproducibility [11]. This is also substantiated by another study
involving 41 cases of digitised core needle biopsies scored by 40 pathologists, where the ICC
values ranged between −0.376 and 0.947, with a mean of 0.659 [31]. In addition to applying
methods such as ONEST, the development of tools that can quantify other contributors
to lower reproducibility will be useful in the design of reproducibility studies. Due to its
simplicity and the data it gives, we also propose that an ONEST analysis could be a part
of reproducibility studies to explore the reliability of the results presented or published
previously, as not all reports satisfy the suggested minimum number of observers to reach
the best possible conclusions. However, the limitations described in the present article
must be kept in mind.

5. Conclusions

The reproducibility of sTIL assessments in breast cancer has been examined in several
studies. Our results using ONEST indicate that between six and nine observers are expected
to give a good estimate of inter-observer variability, and studies involving fewer than these
numbers may overestimate agreement between observers. As sTIL evaluation becomes
part of daily practice [5], efforts to characterise factors interfering with the reproducibility
of scoring are welcome.
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Simple Summary: Breast cancer is the most common cancer among women, and it can be classified
into subtypes with distinct biology and prognosis. The aim of our bioinformatic study was to assess
the potential role of the protein methyltransferase SETD7 in breast cancer by using freely available
resources. We saw that SETD7 is differentially expressed across subtypes, which may determine
how SETD7 modulates cancer cell biological processes in each subtype. This translates into different
prognosis and therapeutic response in patients stratified according to SETD7 levels. SETD7 might
provide valuable additional information for discriminating patients based on subtypes and improve
therapeutic decisions.

Abstract: SETD7 is a lysine N-methyltransferase that targets many proteins important in breast cancer
(BC). However, its role and clinical significance remain unclear. Here, we used online tools and
multiple public datasets to explore the predictive potential of SETD7 expression (high or low quartile)
considering BC subtype, grade, stage, and therapy. We also investigated overrepresented biological
processes associated with its expression using TCGA-BRCA data. SETD7 expression was highest in
the Her2 (ERBB2)-enriched molecular subtype and lowest in the basal-like subtype. For the basal-like
subtype specifically, higher SETD7 was consistently correlated with worse recurrence-free survival
(p < 0.009). High SETD7-expressing tumours further exhibited a higher rate of ERBB2 mutation (20%
vs. 5%) along with a poorer response to anti-Her2 therapy. Overall, high SETD7-expressing tumours
showed higher stromal and lower immune scores. This was specifically related to higher counts
of cancer-associated fibroblasts and endothelial cells, but lower B and T cell signatures, especially
in the luminal A subtype. Genes significantly associated with SETD7 expression were accordingly
overrepresented in immune response processes, with distinct subtype characteristics. We conclude
that the prognostic value of SETD7 depends on the BC subtype and that SETD7 may be further
explored as a potential treatment-predictive marker for immune checkpoint inhibitors.

Keywords: SETD7; breast cancer; molecular subtypes; survival; gene expression; biological processes

1. Introduction

SETD7 is a lysine N-methyltransferase that monomethylates the histone H3 lysine 4
(K4) and several other nonhistone proteins, including numerous transcription factors and
epigenetic regulators (reviewed in [1]). Methylation by SETD7 can modulate a protein’s
stability, subcellular localization, and/or interactions with other proteins. For example,
methylation by SETD7 improves the stability of ERα (ESR1) in breast cancer (BC), which
may be of relevance to endocrine resistance [2]. SETD7 may also be important to prevent
oxidative stress in BC cells by reducing KEAP1 and enhancing the expression of GSTT2 and
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NFE2L2 (Nrf2), and promote metastasis by enhancing VEGFA or RUNX2 expression [3].
On the other hand, SETD7 can methylate oncogenic proteins (DNMT1, E2F1, and HIF1A),
leading to their degradation (reviewed in [4]). Data obtained mainly from preclinical
models point toward a context-dependent effect mediated by SETD7, and its role in BC
remains controversial [4].

Several studies have compared SETD7 mRNA or protein expression between BC and
nontumorous tissue using public datasets or in-house cohorts, but with inconclusive results.
Some studies showed that SETD7 mRNA levels are lower in BC [5,6], others that BC has
higher SETD7 protein levels [7,8] or that no differences in SETD7 expression between BC
and normal tissue were observed [9]. The discrepancy between the studies also translates
to the correlation analysis of SETD7 expression with prognosis. While several studies
found that high SETD7 mRNA levels correlated with better overall survival (OS) [10] or
disease-free survival (DFS) [11], others reported that higher SETD7 levels were correlated
with shorter OS and DFS [3,7,8]. Breast tumours are classified into distinct molecular
subtypes based on gene expression (PAM50) profiles. The subtypes encompass luminal
A, luminal B, Her2 (ERBB2)-enriched, normal-like, and basal-like subtypes, and exhibit
fundamental differences in response to therapy and survival. Notably, in all studies that
have analysed public datasets, no clarification as to whether the analysis was done by
pooling all BC subtypes was available. Upon considering the number of cases in the studies
analysing TCGA data, it appears that all subtypes were pooled, but this remains to be
clarified in the other studies.

In a recent systematic review, we were able to associate high SETD7 activity with
inhibition of epithelial–mesenchymal transition in all the cancer types where this process
had been studied, including BC [4]. Moreover, inhibition of SETD7 function was associated
with improved response to DNA-damaging agents in most of the analysed studies [4].
Thus, while effects mediated by SETD7 are cell type- and signalling context-specific, the
lack of clarity regarding the role and clinical significance of SETD7 in BC may lead to
stagnation in this field of research before clear conclusions can be drawn. Herein, an
unbiased systematic analysis of public datasets was carried out. The main goal was to
establish the predictive potential of SETD7 expression in BC considering the impact of
clinical factors such as subtype, grade, stage, and therapy on the association between
SETD7 expression and survival outcomes. The mutation frequency of SETD7 and its target
proteins was also investigated. Additionally, we identified the significantly overrepresented
biological processes and pathways among the differentially expressed genes that emerge
when SETD7 expression is used to stratify the samples in each breast cancer subtype.

2. Materials and Methods

2.1. Description of Datasets

This study used previously published and publicly available data. No new sequencing
or protein expression data were generated. A description of all the datasets that report
SETD7 expression, available for analysis within the different online tools used, is provided
in Supplementary Table S1. Since cBioPortal (https://www.cbioportal.org/, v5.1.10, ac-
cessed on 5 August 2022) includes TCGA breast cancer data with different release dates,
we used the PanCancer Atlas study for all analyses in cBioPortal (v5.1.10).

2.2. Analysis of SETD7 Mutation and Copy Number

SETD7 mutation and copy number were analysed using cBioPortal [12,13]. All datasets
including mutation and copy number profiles (Supplementary Table S1) were pooled and
analysis was carried out pooling samples from all BC subtypes [14–26], including data from
The Metastatic Breast Cancer Project (https://www.mbcproject.org/, accessed on 5 August
2022) Count Me In (https://joincountmein.org/, accessed on 5 August 2022) (MBCproject
cBioPortal data version February 2020).
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2.3. Analysis of SETD7 Expression Using Online Tools

The analysis of SETD7 expression in tumour and adjacent normal tissue was performed
using RNA-seq data available in the TNMplot [27] online tool (https://www.tnmplot.com,
accessed on 26 April 2022). The relationship between SETD7 mRNA expression and
clinicopathological characteristics, genomic alterations, DNA methylation, phosphopro-
teome, acetylproteome, and total proteome was explored using cBioPortal [12,13] online
tool accessed between 20 January and 27 February 2022. RNA-seq and gene-chip data in
cBioPortal are based on z-scores relative to all samples precomputed from the expression
values in each dataset (fragments per kilobase of exon per million mapped fragments
(FPKM), transcripts per million (TPM), or RNA-seq by expectation maximization (RSEM)
for RNA-seq and log(microarray) for gene-chip). SETD7 differential expression was set by
comparing upper vs. lower quartiles (high and low expression, respectively). This analysis
was done both by pooling all BC subtypes and for each subtype individually.

2.4. Correlation of SETD7 with Breast Cancer Outcomes

KM plotter, cBioPortal, and the Human Protein Atlas (HPA, [28]) were used to study
the prognosis value of SETD7 mRNA or corresponding protein. ROC plotter (https://www.
rocplot.org/, accessed on 23 March 2022) [29] was used to study the potential predictive
value of SETD7, using the recommended JetSet method [30] and without the ‘no outliers’
filter. ROC plotter uses 36 publicly available BC datasets that include chemotherapy
(n = 2108), endocrine therapy (n = 971), and anti-Her2 (n = 267) treatment data. The
patients are grouped into responders or non-responders by taking into consideration
either the pathological complete response (n = 1775, incl. 639 responders and 1136 non-
responders) or the relapse-free survival (n = 1329, incl. 978 responders and 351 non-
responders) data provided by the studies. Differential expression of SETD7 was set by
comparing upper (high expression) vs. lower (low expression) quartiles, with exception of
protein data in KM plotter and mRNA data in HPA where the differential expression was
automatically set (median). Outcomes (OS, RFS—recurrence/relapse-free survival, PCR—
pathological complete response, PFS—progression-free survival, DFS, DSFS—disease-
specific free survival, DMFS—distant metastasis-free survival, PPS—palliative performance
scale) could be evaluated in specific datasets depending on the patient data available for
each dataset. Samples grouped by clinical factors or pooled BC subtypes were analysed.

2.5. Genes Associated with Differential SETD7 mRNA Expression in BC Subtypes

The TCGA-BRCA raw counts and FPKM data were downloaded on 20 March 2022
from NCI Genomic Data Commons (GDC) using the TCGAbiolinks package (version
2.22.4) [31–33] in R (version 4.1.2). SETD7 was defined as highly or lowly expressed based
on upper and lower quartiles, respectively. The samples corresponding to the middle
quartiles were considered unchanged and therefore removed. Genes with less than 1 FPKM
in both high- and low-SETD7 patients were considered not expressed and removed. Genes
that were not present in at least a quarter of the samples were also filtered out. This was
done based on counts per million using edgeR package (version 3.36.0) [34–36]. The raw
counts for the remaining samples and genes were then processed using the default process-
ing pipeline of DESeq2 (package version 1.34.0) [37]. Genes were considered significantly
expressed if the Benjamini–Hochberg adjusted p-value (or q-value) for false-discovery rate
(FDR) <0.05 and the absolute value of the log2 fold change >0.4. Principal component anal-
ysis (PCA) on gene expression (after variance stabilizing transformation to the count data)
was used for data visualization. The infiltrating immune and stromal scores for samples
expressing high- and low-SETD7 groups were calculated using immunodeconv (version
2.0.4) package [38]. Significantly differentially expressed genes between the high and low
SETD7 groups from each BC subtype were extracted using Venny 2.1 [39]. Gene ontology
enrichment analysis was performed using DAVID [40,41]. Genes associated with high- or
low-SETD7 groups were analysed regardless of direction (up or down) and also separately
in an attempt to distinguish which functional results are a subject of SETD7 expression. The
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default parameters with medium stringency were used. Biological processes containing at
least two annotations and with adjusted p-value ≤ 0.05 are reported. The ggplot2 (version
3.3.5) [42] and GOplot (version 1.0.2) [43] packages were used for visualization.

3. Results

3.1. Characterization of SETD7 Mutations, Copy Number, and Expression in BC
3.1.1. SETD7 Mutation and Copy Number Profile

The frequency of SETD7 mutations in BC was explored in publicly available data
consisting of 8177 samples from 14 independent studies (whole exome sequencing, tar-
geted sequencing, gene chip) [14–26]. SETD7 was mutated in only 0.2% of BC cases
(7/4378 profiled samples, Supplementary Figure S1A). These rare events corresponded
to missense mutations of unknown significance, found randomly across the SETD7 gene
and across subtypes (Supplementary Figure S1B and File S1). SETD7 copy number was
altered with a slightly higher frequency of 12% (972/8177 patients). Shallow deletion
(heterogeneous loss) of SETD7 was observed in 17% of cases (761/4378 profiled samples,
Supplementary Figure S1C), whereas deep deletion (deep loss, possibly a homozygous
deletion) was only observed in 0.1% (3/4378), low-level gains (a few additional copies,
often broad) in 4% (188/4378) and high-level amplification (more copies, often local) in
0.5% (23/4378) of cases (Supplementary Figure S1C). The shallow deletion was more of-
ten associated with the basal-like subtype (around 47% for basal-like vs. 35% for Her2
-enriched, 21% for luminal A, 33% for luminal B, and 4% for normal-like subtypes). The
low-level gain was more often associated with the Her2-enriched subtype (around 13% vs.
5% for basal, 6% for luminal A, 9% for luminal B, and 3% for normal-like subtypes). Overall,
the genetic alteration of SETD7 was not a common occurrence in BC, but a heterogeneous
copy number loss was frequent (47%) in basal-like tumours specifically.

3.1.2. Association of SETD7 Expression with Clinical Attributes

To compare the expression of SETD7 in breast tumours and adjacent normal tissue, we
used the publicly available online tool TNMplot comprising RNA-seq data of paired tissue
samples from 112 patients. This analysis clearly showed that SETD7 mRNA is significantly
lower in breast tumours compared with the adjacent normal tissue (Figure 1A). Analysis
by subtype was not supported by this tool. Next, the expression of SETD7 was explored
in the different BC datasets available from cBioPortal (RNA-seq, gene chip, and mass
spectrometry). A significant correlation could be observed between SETD7 expression
and PAM50 subtype (in all datasets except METABRIC [q = 0.07], Table 1). SETD7 mRNA
and protein expression were both consistently higher in the Her2-enriched and luminal
A subtypes, and lower in the basal subtype (Figures 1B,C and S2, Table 1). The mean
differences of each group (Cohen’s d) and the confidence interval for TCGA-BRCA data
grouped by subtype were further analysed (Supplementary Figure S3). Luminal A vs. Her2-
enriched (d = −0.25 [−0.54,0.04]), luminal B vs. Her2-enriched (d = −0.07 [−0.39, 0.25]),
and luminal B vs. luminal A (d = 0.18 [−0.02, 0.38]) differences had a small effect size
indicating little or no clinical relevance. However, the differences between normal-like
and luminal B (d = −0.49 [−0.92, −0.06]), Her2-enriched (d = −0.56 [−1.03, −0.08]) or
basal subtype (d = 0.36 [−0.07, 0.79]) had a medium effect size, and most importantly,
luminal A vs. basal (d = 0.67 [0.46, 0.88]) or luminal B vs. basal (d = 0.85 [0.60, 1.10]),
and Her2-enriched vs. basal (d = 0.92 [0.60, 1.25]) had strong effect sizes, supportive of
relevant clinical differences (Supplementary Figure S3). Luminal B tumours exhibited
varying mRNA levels dependent on the dataset (Supplementary Figure S2, Table 1) and
low protein levels (Figure 1C). No correlation between SETD7 differential expression and
therapy, tumour grade, or stage was observed in pooled BC samples or when divided by
subtype (Supplementary Table S2). In conclusion, our analysis across different large-scale
datasets clearly shows that SETD7 expression is significantly reduced in basal-like BC,
which may be related to the copy number loss noted above for basal-like tumours.
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Figure 1. SETD7 expression in breast cancer. (A) SETD7 mRNA expression in tumour and adjacent
normal tissue using RNA-seq data available from TNMplot; (B) SETD7 mRNA expression across
PAM50 subtypes using TCGA-BRCA data in R. ANOVA followed by Tukey’s test: * < 0.05; *** < 0.0001
(C) SETD7 protein expression across PAM50 subtypes using CPTAC data from cBioPortal.

3.1.3. Association of SETD7 Expression with Clinically Relevant Signatures

To investigate whether SETD7 differential expression was correlated with clinically
relevant mRNA and protein signatures, we first analysed datasets in cBioPortal where this
information was available (hypoxia scores were available for the TCGA PanCancer cohort,
and stromal, immune, and stemness scores for CPTAC cohort), and as a second approach,
we used a deconvolution method in R to further explore the tumour microenvironment
infiltration mRNA signatures in the TCGA-BRCA cohort. High SETD7 mRNA correlated
with lower hypoxia scores [44,45] in pooled samples from all subtypes in the TCGA Pan-
Cancer Atlas dataset (Figure 2A, left panel). High SETD7 protein correlated with higher
stromal scores [46,47] in CPTAC dataset and high SETD7 mRNA with cancer-associated
fibroblasts (CAFs), endothelial cells, and neutrophil signatures in the TCGA-BRCA dataset
(Figure 2B). On the other hand, low SETD7 mRNA and protein levels were correlated with
high xCell immune score and stemness score (CPTAC, pooled samples from all subtypes;
Table 2 and Figure 2A, middle and right panels). Further analysis of the xCell immune score
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showed enrichment of B and T cells (CD8+ T cells) in the low-SETD7 group, while, as men-
tioned above, enrichment of neutrophils was noted in the high-SETD7 group (TCGA-BRCA;
Figure 2B).

Table 1. SETD7 expression per subtype. Significant values are highlighted in bold. Chi-squared test
p-value and Benjamini–Hochberg FDR correction q-value. NA—not available; nSETD7 DE—number
of samples with differentially expressed SETD7; nTotal—total number of samples.

cBioPortal
(nSETD7 DE/n
Total Samples)

PAM50 Luminal A Luminal B Her2-Enriched Basal Normal-Like

CPTAC-RNA
(61/122)

p = 1.59−5

q = 9.85−5 High Low High Low High

CPTAC-protein
(61/122)

p = 2.04−6

q = 1.58−5 High Low High Low Unchanged

METABRIC
(952/2976)

p = 4.23−3

q = 0.07
High Unchanged High Unchanged Unchanged

SMC
(84/187)

p = 1.45−7

q = 2.33−6 High High High Low Unchanged

TCGA PanCancer
Atlas

(541/1084)

p < 10−10

q < 10−10 High High High Low Unchanged

Table 2. SETD7 association with stromal, immune, stemness and hypoxia scores. Significant values
are highlighted in bold: Wilcoxon test p-value and Benjamini–Hochberg FDR correction q-value.
NA—not available.

Scores

CPTAC TCGA PanCancer Atlas
High SETD7

Correlates
with

RNA Protein
Overall Luminal A Luminal B

Overall Luminal A

xCell
Strommal

p = 4.06−4

q = 2.17−3
p = 1.26−4

q = 8.05−4
p = 2.09−3

q = 0.01
NA NA NA High

ESTIMATE
Strommal

p = 1.83−3

q = 7.33−3
p = 5.96−4

q = 2.38 −3
p = 2.25−3

q = 0.01
NA NA NA High

xCell
Immune

p = 0.01
q = 0.03

p = 8.83−3

q = 0.03
p = 0.68
q = 0.81

NA NA NA Low

Stemness p = 0.01
q = 0.03

p = 2.33−4

q = 5.96−4
p = 0.06
q = 0.20

NA NA NA Low

Buffa
Hypoxia NA NA NA p < 1.00−10

q < 1.00−10
p < 1.00−10

q < 1.00−10
p = 5.82−4

q = 0.01
Low

Winter
Hypoxia NA NA NA p < 1.00−10

q < 1.00−10
p = 1.11−8

q = 2.51−7
p = 6.36−4

q = 0.01
Low

Analysis by molecular subtype revealed that the lower hypoxia scores in high SETD7
mRNA group was specific for luminal A and B subtypes (Table 2). Likewise, when each
subtype was investigated separately, high stromal scores were significantly correlated
with high SETD7 expression in the luminal A subtype (Table 2) whereas enrichment of
CAF, endothelial cell, and neutrophil signatures was noted in high-SETD7 samples of all
subtypes (Supplementary Figures S4 and S5).
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Figure 2. Correlation of SETD7 differential expression with clinical factors. (A) Association of SETD7
differential expression (high vs. low) with Buffa Hypoxia Score (mRNA), xCell Stromal Score and
xCell Immune Score (protein) when pooling all breast cancer types together. Wilcoxon test p-value and
Benjamini–Hochberg FDR correction q-value; (B) Association of SETD7 differential expression (high
vs. low) with tissue-infiltrating immune and stromal cell populations using mcp_count method [48]
from immunodeconv package and TCGA-BRCA data overall.

In conclusion, we saw that reduced levels of SETD7 are associated with high stemness
and immune scores in general, while high expression is associated with increased stromal
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score, including for CAFs, endothelial cells, and neutrophils, and reduced hypoxia scores
in the luminal A subtype specifically.

3.2. Association of SETD7 Expression with Genomic Alterations and DNA Methylation

SETD7 histone methyltransferase can influence chromatin remodelling. The associa-
tion of differential SETD7 expression with genomic alterations and DNA methylation was
explored in cBioPortal, using the TCGA PanCancer Atlas cohort to investigate associations
with genomic alterations and METABRIC to analyse the impact on DNA methylation. No
gene was significantly deleted or mutated in either high- or low-SETD7 mRNA groups,
even when specific mutation types were queried individually (missense, in-frame, truncat-
ing, structural variants, or CNA deletion), although there was a tendency for TP53 (p53)
gene alterations. Significant correlations between SETD7 differential expression and other
genomic alterations (such as amplifications) were observed (Supplementary File S2 and
Figure S6). The high-SETD7 group showed higher genomic alterations in ERBB2 (Her2; 21%
event frequency in the high-SETD7 group vs. 6% in the low SETD7 group; Supplementary
Figure S6), especially higher copy number amplification (16.42% or 44/268 profiled samples
in high SETD7 compared with 4.85% or 13/268 profiled samples in low SETD7 group). On
the other hand, the low-SETD7 group showed higher event frequency in the TP53 gene (c.a.
28% in high SETD7 vs. 48% in low SETD7, respectively; Supplementary Figure S6).

Analysis by molecular subtype did not disclose any significant correlation between
SETD7 differential expression and genomic alterations, although a clear tendency for a
higher number of genomic alterations in the ERBB2 gene in the high-SETD7 group was
observed for the Her2-enriched subtype (90% event frequency in high SETD7 vs. 58% in low
SETD7. Most of these alterations were copy number amplification (27/29 profiled samples).

SETD7 impacts cancer-related processes, including in BC [4,49], but it was not mu-
tated in BC (as shown above). Therefore, mutations in SETD7 target genes were queried.
Forty-two specific genes with known SETD7 target methylation sites were analysed (re-
viewed in [1,4] and detailed in Supplementary Table S3). Only one mutation in a SETD7
lysine methylation site was found, consisting of a K873E missense mutation in the tumour
suppressor RB1, in only one sample. No mutations on sites previously reported to compete
with SETD7 methylation [4] were identified.

The correlation with general DNA methylation of SETD7 target genes was investigated
in the METABRIC dataset, which is the only set with information about DNA methylation.
No correlation between SETD7 differential expression and DNA methylation throughout
the genome was observed, either when pooling all BC samples or when stratifying by
molecular subtype.

Thus, high SETD7 expression was related to increased ERBB2 copy number in the
Her2-enriched subtype, but not related with other genetic alterations.

3.3. Gene Expression and Biological Processes Associated with Differential SETD7
mRNA Expression

To avoid heterogeneity, this analysis was carried out on the TCGA data, which is the
most powerful gene expression dataset available to date. We retrieved the TCGA-BRCA
RNA-seq data, and analysis of differential gene expression between the high-SETD7 and
low-SETD7 groups was carried out for each molecular subtype (Supplementary Figure S7A).
The normal-like subtype was not included in the analysis due to the low number of samples
available. First, the overall gene expression data were validated by the PCA plot clearly
separating the basal-like and the Her2-enriched, luminal A and B subtypes, and further
showing that the luminal A and B were more similar than the other subtypes, as expected
(Supplementary Figure S7B).

Next, the comparison between high- and low-SETD7 groups for each molecular sub-
type (Venn diagram in Supplementary Figure S8A) disclosed 2834 genes that were com-
monly associated with SETD7 expression in all subtypes (Supplementary File S3). Of these,
1699 were highly expressed in the high-SETD7 group and 1133 in the low-SETD7 group.
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Only two genes (GPER1 and CYP4F22) were oppositely correlated with SETD7 expression
in different subtypes, being enriched in in low-SETD7 tumours for all subtypes except lumi-
nal B where they were upregulated in the high-SETD7 group. The commonly upregulated
genes in high-SETD7 groups of all subtypes were overrepresented for biological functions
related to protein phosphorylation and ubiquitination. Processes previously associated
with SETD7 (reviewed in [4]) also appeared overrepresented in the high-SETD7 groups.
These include cellular response to DNA damage stimulus, DNA repair, cell division, cell
cycle, and cell migration (Supplementary File S4). The genes upregulated in low-SETD7
tumours, on the other hand, were related to translation and mitochondrial respiration
(Supplementary Figure S8B).

Further, the unique genes being differentially expressed between high- or low-SETD7
groups within each subtype were analysed for enrichment of biological pathways (Figures 3
and S9). In luminal A subtype, the pathways related with immune response were over-
represented in low-SETD7 group. The highly expressed genes that related more strongly
(|log2FC| > 1) with low-SETD7 were mainly immunoglobulins, such as IGKV2-29
(q-value = 7.39−05, log2FC = −1.57) and other genes which trigger the immune response such
as AZU1 (q-value = 2.24−16, log2FC = −1.81) and S100A9 (q-value = 2.72−11, log2FC = −1.63)
(Supplementary File S3). On the other hand, pathways overrepresented in high-SETD7
tumours were linked to cell adhesion-related pathways (Supplementary Figure S9). These
included the genes FGB (q-value = 5.99−03, log2FC = 1.37) and ROBO2 (q-value = 2.54−06,
log2FC = 1.32). In the luminal B subtype, DNA repair and response to DNA damage-related
pathways were the main biological processes overrepresented in low-SETD7, while the
lipid catabolic process was strongly overrepresented in high-SETD7 tumours. Interestingly,
magnesium ion transmembrane transport and regulation of insulin secretion involved in
cellular response to glucose stimulus were solely overrepresented in the luminal B subtype,
where the genes PNPLA3 (q-value = 5.46−03, log2FC = 1.27) and ADCY5 (q-value = 4.23−03,
log2FC = 1.18) stand out as strongly correlated with SETD7 mRNA expression. In the
Her2-enriched subtype, fibroblast migration and extracellular matrix disassembly were
overrepresented in low-SETD7 tumours, from which the genes MMP7 (q-value = 3.25−02,
log2FC = −1.32), KLK5 (q-value = 6.67−03, log2FC = −1.85), and KLK7 (q-value = 8.63−03,
log2FC = −2.31) were strongly regulated (|log2FC| > 1). On the other hand, early endo-
some to late endosome transport was overrepresented in the high-SETD7 group. Finally,
in the basal-like subtype, cell differentiation-related pathways were strongly overrepre-
sented in low-SETD7 (Supplementary Figure S9) where keratins stand out (e.g., KRT13,
q-value = 5.42−13, log2FC = −4.36; KRT6A, q-value = 3.21−10, log2FC = −3.56; and KRT1, q-
value = 8.19−08, log2FC = −2.93), along with other genes, such as SNAI2 (q-value = 4.82−04,
log2FC =−1.13) and IGF2 (q-value = 1.25−02, log2FC =−1.01). In the high-SETD7 basal-like
tumours, the cellular response to DNA damage stimulus and DNA repair-related path-
ways were overrepresented. Also, PPARGC1A (q-value = 1.49−03, log2FC = 1.48), a protein
involved in cancer metabolic adaptation to stress, was upregulated.

Some biological processes were shared between subtypes, even though the genes for
each subtype were unique (Figure 4A). These included many processes related to immune
responses, such as chemotaxis, neutrophil chemotaxis and chemokine-mediated signalling,
B cell receptor signalling pathway, and inflammatory response. The genes associated
with immune response processes were often associated with low-SETD7 in luminal A and
Her2-enriched subtypes and with high-SETD7 in the basal-like subtype (Figure 4B and
Supplementary File S4). This aligns with the xCell immune score, B and T cell signatures
shown above (Figure 2A,B).
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Figure 3. Top 10 biological processes overrepresented among the genes associated with SETD7
differential expression (high and low) and unique for each subtype.

Next, the expression of genes with reported functional connection to SETD7 was
investigated. A list of 83 genes, including the 42 known SETD7 targets plus other genes
reported to be associated with SETD7 function, was used to query the genes differen-
tially expressed in high- versus low-SETD7 tumours for each subtype (Figure 5). Interest-
ingly, some of these genes were consistently associated with high-SETD7 (AR, CTNNB1,
CTNND1, EGFR, FOXO3, HIF1A, HK2, KAT2B, MED1, NFE2L2, PDPK1, PPP1R12A, RB1,
RORA, SIRT1, SPEN, STAT3, YAP1, and ZEB1) or low-SETD7 (E2F1, IRF1, MMP7, MMP9,
RPL29, SUV39H1, TAF10, TWIST1, and ZFHHC8) independently of the subtype. Others
were dependent on the subtype: CCNA1, DNMT1, PPARGC1A, and TTK were associ-
ated with high-SETD7 and SNAI2 with low-SETD7 for the basal-like subtype; LDHA
and TP53 with high-SETD7 and ESR1 (ERα) and SOX2 with low-SETD7 for the Her2-
enriched subtype. Moreover, in both luminal A and B subtypes, ESR1 (ERα) and PGR (PR)
were associated with high-SETD7, highlighting an association of SETD7 with endocrine
treatment-predictive biomarkers.
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Figure 4. Analysis of the shared biological processes overrepresented among the differentially
expressed genes associated with SETD7 (high and low) and unique for each subtype. (A) Bubble plot
representing all shared biological processes from the unique genes for each subtype; (B) GoChord
showing all unique genes representing shared immune-related biological processes.
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Figure 5. Heatmap showing the association of several genes of interest, including known SETD7
targets, with SETD7 differential expression using the TCGA-BRCA dataset (analysis performed both
by subtype and by pooling all BC samples—overall) and CPTAC dataset (SETD7 stratified by mRNA
or protein; analysis performed by pooling all BC—overall). Genes enriched in low-SETD7 group have
negative log2 fold change (blue) and the ones enriched in the high-SETD7 group have positive log2
fold change (red). Genes with a significant adjusted p-value (Bonferroni post hoc, <0.05) have a star.
Genes that were not present for a particular condition are represented as not available (NA, white
boxes). Some genes were not detected in any dataset and were excluded from the figure: ATOH1,
ESR2 (ERβ), GATA1, NANOG, NR1H4 (FXR), and PDX1.
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In summary, our analysis showed that SETD7 differential expression is correlated
with the expression of different genes depending on the subtype, which may correspond to
completely different biological processes (like cell adhesion for luminal A and lysosome
organization and early endosome to late endosome transport for Her2-enriched subtype) or
shared processes (like immune-related pathways). While no analysis per subtype showed
significant results using CPTAC proteome data, it is to be noted that this is a relatively
small cohort (total 122 samples), which does not reach a high power when dividing the
samples by subtype. Thus, expanding this cohort would be beneficial for further studies.

3.4. Association between SETD7 Expression and Its Target Proteins

SETD7 is a methyltransferase with multiple known target proteins. Thus, the protein
levels, phosphorylation, and acetylation patterns of SETD7 targets were investigated in
SETD7-high and -low groups, respectively. The proteins enriched in high- or low-SETD7
groups (all BC subtypes pooled, mRNA data from TCGA PanCancer Atlas and protein
data from CPTAC) were extracted and compared with a list of 42 known SETD7 targets
(Supplementary File S5 and Figure S10A). Nineteen targets were not found or were not
significantly associated with SETD7 expression in any dataset (light grey shade in Sup-
plementary Table S3). For low-SETD7 tumours, PARP-1 was present in all datasets from
CPTAC; Cullin 1 in the total proteome; centromere protein C, HIV Tat (HTATSF1), RIO1,
DNMT1, and TTK in total and phosphoproteome; Msx2-interacting protein (SPEN), catenin
beta-1 (CTNNB1), TAF7, PPP1R12A, and SUV39H1 in phosphoproteome; MED1 and YY1
in phosphoproteome and acetylproteome; and Sam68 (KHDRBS1) and STAT3 in acetyl-
proteome. For high-SETD7 tumours, PPP1R12A, GLI3, YAP1, and AR were found in total
and phosphoproteome from CPTAC; and pRb (RB1), RELA, ERα, MECP2, and SPEN in
phosphoproteome. AR and ERα were also found in the TCGA PanCancer Atlas data.

When analysing the samples per subtype, only the total proteome showed significant
correlations with SETD7 mRNA or protein levels, mainly in the luminal A subtype (Sup-
plementary Figure S10B), where ERα was associated with high SETD7 mRNA expression
(Supplementary Table S3). No correlations between SETD7 differential protein levels and
phosphoproteome or acetylproteome were observed by subtype.

3.5. Association of SETD7 Expression Levels with Breast Cancer Survival Outcomes

The prognostic value of SETD7 in pooled samples from all BC subtypes was explored
using the KMplotter online tool, HPA, and the datasets containing survival data available
from cBioPortal. The association of high- or low-SETD7 groups with RFS, DMFS, and OS
was variable, varied between datasets, and did not show a clear association with either
good or bad prognosis (Supplementary Table S4). This is in line with our recent findings
reported in a systematic review [4]. Notably, a cohort analysing only ER (ESR1)-negative
tumours showed that high-SETD7 was significantly correlated with a poor prognosis. This
led us to analyse the influence of clinical factors, including the molecular subtype, on the
outcome of patients divided according to high or low SETD7 expression.

3.5.1. Influence of Histological and Molecular Subtype on Outcomes Associated with
SETD7 Expression

Survival outcomes were available in METABRIC and TCGA PanCancer Atlas datasets
available at cBioPortal. Luminal A patients from the TCGA PanCancer Atlas cohort
(244/499 total samples; RNA-seq data) exhibited a correlation between high SETD7 mRNA
and worse OS (p = 0.044) and PFS (p = 0.032) (Supplementary Table S5). However, when all
microarray studies were combined (gene-chip data in KM plotter) high-SETD7 correlated
with good DMFS. In the luminal B subtype, high-SETD7 correlated with bad DMFS only
in one independent study (Supplementary Table S5). In the basal-like subtype, significant
associations between high SETD7 expression and worse RFS (gene-chip data; all the studies
pooled, Figure 6A, left panel; Supplementary Table S5), DMFS and OS (one individual
study). Analysis based on high SETD7 protein data [50] in KM plotter also showed that
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expression was associated with worse OS for ER-negative samples (33/65 total samples,
p = 0.008; Figure 6A, right panel).

 
(A) 

 
(B) 

 
(C) 

Figure 6. Analysis of the effect of differential SETD7 expression on survival outcomes of BC patients.
(A) Influence of SETD7 mRNA or protein expression levels on survival outcomes for patients with
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the basal-like molecular subtype (left panel) or the ER-negative histological subtype (right panel), re-
spectively; (B) Influence of SETD7 expression levels (mRNA) for RFS outcomes following chemother-
apy, combining all subtypes (left panel) or by subtype (right panel); (C) Influence of SETD7 expression
levels (mRNA) on survival outcomes for stage 2 tumours, using TCGA PanCancer Atlas (RNA-
seq, left panel) or METABRIC cohort (gene chip, right panel). OS—overall survival; RFS—relapse
/recurrence-free survival.

In conclusion, strong evidence suggests that expression of SETD7 is predictive of a
poor outcome for patients carrying basal-like tumours, even though this subtype has lower
SETD7 expression in comparison to the luminal A or Her2-enriched subtypes (Figure 1B,C).
For all other subtypes, an association between SETD7 expression and survival outcomes
remains inconclusive.

3.5.2. Influence of SETD7 Expression on Therapy Outcomes

Pooled gene-chip studies with information about therapy in KM plotter showed
that for patients that only received chemotherapy, high SETD7 mRNA was significantly
correlated with bad RFS (106/211 total samples; p = 0.0006; Figure 6B, left panel) and
DMFS (84/168 total samples; p = 0.0012). The same was observed when analysing two of
the studies independently (Supplementary Table S6). Most of the patients who received
chemotherapy only had basal-like (~60%) or Her2+ (~40%) tumours and, interestingly, high
SETD7 was correlated with worse RFS (Figure 6B, right panels) or DMFS (not shown) only
for patients with the basal-like subtype. In patients receiving solely endocrine therapy,
high SETD7 was correlated with worse RFS but in only one study (METABRIC: 495/1025
total samples, p = 0.0325; Supplementary Table S6). For patients that had not received
any therapy or that had received both endocrine and chemotherapy, the results were
inconclusive (Supplementary Table S6). Thus, SETD7 could be a marker of chemoresistance
for patients with basal-like tumours.

3.5.3. Influence of Tumour Stage on Outcomes Associated with SETD7 Expression

TCGA data analysed through the HPA showed that high SETD7 expression (mean
expression) was correlated with low survival for stage II patients (609 samples; p = 0.0003).
The same was observed using cBioPortal, where higher SETD7 expression was correlated
with lower OS (313/628 total samples; p = 0.0283; Figure 6C, left panel) and DFS (312/628
total samples; p = 0.0569; Supplementary Table S7) for stage 2 in TCGA PanCancer Atlas
(confirming the results obtained in the same dataset using HPA; Supplementary Table S7)
and lower RFS (400/979 total samples; p = 0.0396) for stage 2 in METABRIC (Figure 6C,
right panel). High SETD7 protein expression [50] in KM plotter was also correlated with
low OS (p = 0.036) for stage 2 patients (46/65 total samples; Supplementary Table S7). It
is important to note that stage 2 represents ~60% of all BC samples analysed, followed by
stage 1 (~30%) and 3 (~10%). Stages 0 and 4 comprise the lowest percentages of tumours in
the cohorts studied and analyses on these were limited. Also, most of the stage 2 tumours
in these studies were of the luminal subtype (~60%). Even though one might assume these
results suggest that SETD7 could serve as a prognostic marker for luminal tumours in stage
2, this was not confirmed when we pooled stage 2 samples of luminal subtypes from TCGA
PanCancer or METABRIC cohorts (not shown).

3.5.4. Influence of Tumour Grade, Lymph Node Status, and Metastasis on Survival
Outcomes Associated with SETD7 Expression

The influence of BC grade or lymph node status on the correlation of SETD7 expression
with survival outcomes was not clear, since few independent studies allowed this analysis,
and the results did not agree (Supplementary Tables S8 and S9). No association between
SETD7 expression (lower vs. upper quartile) and metastasizing tumours was observed
using MBC project in cBioPortal (not shown).
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3.5.5. Predictive Power of SETD7

Using ROC plotter, no strong association between SETD7 differential expression and
hormone or chemotherapies was observed. However, patients that did not respond to
anti-Her2 therapy expressed higher levels of SETD7 (Figure 7). This may correlate with the
higher ERBB2 mutation rate in patients of the high-SETD7 group.

Figure 7. ROCplotter analysis to study the correlation between SETD7 mRNA expression (microarray
data) and 5-year RFS for patients receiving any anti-Her2 therapy (29 responders and 21 non-
responders). AUC—area under the curve; TNR—true-negative rate; TPR—true-positive rate.

4. Discussion

Current knowledge on SETD7’s impact on BC biology and its prognostic and pre-
dictive potential is scarce, with numerous contradictory findings [4,51]. In this work, we
systematically analysed public datasets of BC samples to establish if SETD7 expression
is correlated with, or indicative of, diverse clinical conditions. The relevant biological
processes associated with expression of SETD7, the genes involved, and their clinical
significance were also evaluated. Stratification by molecular subtype, which has not previ-
ously been performed, showed that SETD7 expression was dependent on subtype and that
distinct processes were related to SETD7 expression and could be clinically relevant.

Previous studies comparing SETD7 expression between normal breast tissue and BC
have not reported consistent results. We found that SETD7 is significantly lower in BC
than in adjacent normal tissue (TNMplot). This agrees with previous studies analysing
mRNA [5,6] but not with studies analysing the protein level [7,8]. We observed a divergent
relationship between mRNA and protein levels specifically for the luminal B subtype. This
suggests that SETD7 may be regulated post-transcriptionally, possibly by miR-372/373 [52],
or post-translationally, possibly through TRIM21 [8]. For the remaining subtypes, SETD7
mRNA and protein followed the same pattern. We observed a significantly higher expres-
sion in the Her2-enriched and luminal A compared with the basal-like subtype, which
may be clinically relevant. This differential SETD7 expression may be related to the higher
frequency of SETD7 gene loss that we noted for the basal-like subtype and, to some extent,
the low-level gain of SETD7 that we observed among the Her2-enriched subtype tumours.

A relationship between SETD7 expression and prognosis was consistent only for
patients with basal-like tumours, where high-SETD7 was significantly associated with
worse RFS, DMFS, and OS. This aligned with worse OS for ER-negative patients expressing
high SETD7 protein and with worse OS and DMFS in basal-like patients treated with
chemotherapy. Higher SETD7 mRNA and protein in Her2-enriched tumours was correlated
with increased ERBB2 amplification and corresponding ERBB2 mRNA upregulation. This
was associated with a significantly lower response to anti-Her-2 therapy in this subgroup.
Still, no significant association with disease prognosis was found, but a trend of poorer
OS and RFS could be observed in TCGA Pan Cancer Atlas dataset. Regarding luminal
tumours, high SETD7 was also correlated with worse RFS, but only in patients receiving
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endocrine therapy and this association was not sufficiently strong, as the ROC plot did not
support a prognostic value.

As the differential expression of SETD7 between molecular subtypes may be clinically
meaningful, we compared the transcriptomes between high- and low-SETD7 groups. This
showed how SETD7 differential expression could impact the biology of the different
molecular subtypes and reinforced the experimental data showing that SETD7 function is
context-dependent [4]. Thus, the hypothesis raised by this study should be validated in
clinical specimens and stratified by molecular subtype. Although many genes associated
with SETD7 expression were different depending on subtype, in some cases, the same
biological processes were overrepresented. This includes many immune-related processes.
While immunotherapy has been increasingly used to treat cancer patients, this line of
treatment has not been effective in BC, although some success has been noted for the
triple-negative breast cancer subtype (mostly comprising the basal-like subtype) [53,54].
Herein, we show that the immune infiltration and response were highly correlated with
SETD7 expression, especially in luminal A and basal-like subtypes. The corresponding
genes were primarily upregulated in low-SETD7 luminal A tumours and also correlated
with higher xCell Immune score (represented by signatures of B and T cells). Additionally,
the upregulation of genes with a functional role in immune evasion (PD1, FOXP3, CTLA4,
IL17B and the IL17 receptors IL17RE and IL17RC) in the low-SETD7 group of luminal A
subtype supports the knowledge that lymphocyte infiltration is associated with worse
prognosis in luminal subtypes [55,56]. Immunotherapy is not currently viewed as relevant
in luminal A tumours; however, stratification by SETD7 might improve the response rate of
immune checkpoint inhibitors. On the contrary, in the basal-like subtype, immune-related
genes were upregulated in the high-SETD7 group, and this was correlated with higher
T cell infiltration, including of CD8+, as inferred from their gene expression signatures.
This usually corresponds to a better prognosis in the basal-like subtype [55,56], and thus
suggests that the tumours expressing high SETD7 might benefit from immunotherapy.
However, future studies are needed to verify if stratification by SETD7 alone or together
with additional markers can improve selection of patients for immunotherapy in subgroups
of luminal A and basal-like tumours.

In luminal subtypes, the two gold-standard biomarkers ESR1 (ERα) and PGR (PR)
were associated with high SETD7. ERα is the target of endocrine treatments and a primary
treatment-predictive marker in breast cancer [57]. However, many ERα-positive tumours
develop endocrine resistance, where ERα is active in the absence of ligand. ERα is a known
target of SETD7 [2], which stabilizes ERα through methylation in lysine 302. It is not known
if this stabilization contributes to endocrine resistance. However, the lower survival of lumi-
nal A high-SETD7 patients from the TCGA dataset, along with the upregulation of RUNX2
and GPER1 (in luminal B, with reported roles in breast carcinogenesis [58] and endocrine
resistance [59]), suggest a role for SETD7 in endocrine resistance. The idea of targeting
SETD7 to overcome endocrine resistance thus deserves further testing. This may be specifi-
cally relevant for the luminal B subtype, where the most significant biological processes
overrepresented in the high-SETD7 (mRNA) group were the ubiquitin-dependent ERAD
pathway and the positive regulation of autophagy, which is also linked to the ubiquitin–
proteosome system (UPS, also overrepresented). The association with high SETD7 was not
strong, but given that these two pathways underly endocrine resistance [60,61], the additive
contribution of all these genes to these processes should not be discarded. Autophagy is
associated with the suppression of tumour initiation [62] and the survival of dormant BC
stem cells and metastatic tumour recurrence [62,63]. Many preclinical studies have shown
that autophagy inhibition improves endocrine therapy response [64]. Although the ROC
plotter did not find a correlation between high SETD7 mRNA stratification and 5-year RFS
(suggestive of resistance to endocrine therapy), we need to consider that we could not show
a correlation between SETD7 mRNA and protein levels in this subtype. Further, these
results deserve further validation, as the majority of patients were treated with tamoxifen.
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In the Her2-enriched subtype, lysosome organization and early endosome to late en-
dosome transport were overrepresented in the high-SETD7 group. Activation of these two
biological processes has been linked to anti-Her2 therapy resistance [65,66]. Remarkably,
EGFR and ERBB3 were strongly associated with high SETD7 and also connected to anti-
Her2 therapy resistance [66]. These results together with the correlation of high SETD7 with
higher amplification of ERBB2 corroborates the ROC plotter results, where high SETD7 was
correlated with patients that did not respond well (shorter 5-year RFS) to anti-Her2 therapy.
A recent study suggests SORL1 to be a candidate therapeutic target to complement and
potentiate anti-Her2 therapy [67]. Indeed, SORL1 expression was significantly associated
with high SETD7 expression, pointing to a potential benefit of targeting SETD7 alone or
together with SORL1 in patients with high SETD7 in order to overcome resistance.

A limitation of our study is that multivariable adjustment was unavailable in the
tools used to analyse the survival and prognosis value of SETD7. Moreover, information
to correct for confounding effects was lacking, which restricts the conclusions that can
be drawn about SETD7 expression as an independent factor of diagnosis or resistance to
therapies. Further studies will be needed to validate the clinical impacts.

In previous preclinical studies, SETD7 function has consistently been associated with
altered cellular response to DNA damage stimulus, including hypoxia and oxidative stress
and independently of TP53 status [4]. Genes related to the cellular response to DNA damage
stimulus and DNA repair were common to all subtypes (Supplementary Files S3 and S4).
Two of the major players in the DNA damage response pathway, ATR and ATM were highly
expressed in the high-SETD7 group in all subtypes. This indicates that chemotherapy might
be less efficient in tumours expressing high SETD7. This was also supported by the poor
prognosis associated with SETD7 expression when analysing all BC subtypes from TCGA.
When analysis was carried out by BC subtype, the basal-like subtype also showed unique
genes associated with SETD7 expression and strongly overrepresented in cellular response
to DNA damage and DNA repair-related pathways were. This was in line with poor
outcome after chemotherapy for patients with basal-like tumours expressing high SETD7.
In the future and based on previous findings showing that inhibition of SETD7 in other
types of cancer improves response to chemotherapy [10,68–72], it would be interesting to
explore if this subgroup of patients could benefit from targeting SETD7 with inhibitors to
improve chemotherapy response.

5. Conclusions

SETD7 expression appears strongly associated with tumour stromal and immune
signatures and related to therapy resistance. In the basal-like BC subtype, high SETD7
expression was consistently predictive of bad prognosis, and this group was enriched in
immune signatures. The unique genes associated with SETD7 expression were strongly
overrepresented in cellular response to DNA damage and DNA repair-related pathways,
and this was aligned with poor outcome after chemotherapy. Future studies should focus
on the identification of the differentially expressed genes that could constitute markers
to aid decisions on prescribing immune therapy and test if inhibiting SETD7 improves
basal-like response to chemotherapy. In the Her2-enriched subtype, high SETD7 may also
have a predictive value, since SETD7 expression was associated with ERBB2 copy number
amplification and worse response to anti-Her2 therapy, as well as upregulation of EGFR,
HER-3, and overrepresentation of such biological processes as lysosome organization and
early endosome to late endosome transport known to be underlying mechanisms of anti-
Her-2 therapy resistance. In the luminal subtype, high SETD7 expression was associated
with higher ESR1 (ERα), PGR (PR), RUNX2 and GPER1, which together with previous
findings on the role of SETD7 maintaining ERα protein stability and activity, highlight the
need for further studies on the role of SETD7 in endocrine resistance. Still, no consistent
relationship with prognosis was found, except for worse OS in tumours with high SETD7
and treated with endocrine therapy.
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In summary, this study emphasizes that there is clinical potential in the study of
SETD7, which must be evaluated in the context of the BC molecular subtype.
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Simple Summary: The bone scan (BS) is widely used in follow-up to detect bone metastasis (BM) in
breast cancer (BC) patients presenting bone-related symptoms after surgery. However, it remains
controversial whether asymptomatic BS (intensive postoperative BS) screening could be translated
into a survival benefit. Therefore, we conducted this multicenter real-world study to understand
the prognostic impact of intensive postoperative BS screening among 1059 Chinese patients with
BM during the years 2005–2013. This study showed that intensive postoperative BS screening was
an independent prognostic factor and prolonged the survival in patients with BC with BM. The
prognostic value of intensive BS screening was consistently favorable for survival in patients at
clinical high-risk. These findings suggested that intensive BS screening was important for improving
survival, and should be recommended for postoperative surveillance, especially for patients with a
high risk of recurrence and metastasis.

Abstract: The prognostic value of intensive postoperative bone scan (BS) screening, which is per-
formed in asymptomatic patients with breast cancer (BC) after surgery, remained unclear. Patients
diagnosed with BC with bone metastasis (BM) from five medical centers in China during the years
2005–2013 were retrospectively collected. Propensity score matching (PSM) was performed to balance
the baseline characteristics. The survival outcomes were overall survival (OS) and overall survival
after BM (OSABM). Among 1059 eligible patients, 304 underwent intensive postoperative BS while
755 did not. During a median follow-up of 6.67 years (95%CI 6.45, 7.21), intensive postoperative BS
prolonged the median OS by 1.63 years (Log-Rank p = 0.006) and OSABM by 0.66 years (Log-Rank
p = 0.002). Intensive postoperative BS was an independent prognostic factor for both OS (adjusted HR
0.77, 95%CI 0.64, 0.93, adjusted p = 0.006) and OSABM (adjusted HR 0.71, 95%CI 0.60, 0.86, adjusted
p < 0.001). The prognostic value of intensive postoperative BS was consistently favorable for OS
among clinical high-risk patients, including those with ages younger than 50, stage II, histology grade
G3 and ER-Her2- subtype. This multicenter real-world study showed that intensive postoperative
BS screening improved survival for BC patients with BM and should probably be recommended for
postoperative surveillance, especially for patients at clinical high-risk.

Keywords: breast cancer; bone metastases; bone scan; follow-up; prognosis; survival
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1. Introduction

Breast cancer (BC) is the most commonly diagnosed malignant cancer in women [1],
and bone is the most common distant metastatic site [2–4]. The bone scan (BS), a conven-
tional and cost-effective modality for detecting the entire skeleton in one examination [5,6],
is widely used in postoperative follow-up for surveillance of bone metastasis (BM) in BC
patients presenting related symptoms after surgery. However, current guidelines do not
recommend intensive BS screening, which is referred to BS screening in asymptomatic
patients, without specific findings on clinical examination before a diagnosis of BM.

The prognostic value of intensive postoperative BS remains unclear. Two well-
designed randomized controlled trials, GIVIO (Interdisciplinary Group for Cancer Care
Evaluation) trials [7], as well as Rosselli del Turco trials [8], and the Cochrane meta-
analysis [9] demonstrated that intensive follow-up (imaging examinations including BS
and laboratory tests) does not improve overall survival compared to clinical follow-up
(physical examinations and annual mammography). Hence the American Society of Clin-
ical Oncology (ASCO) [10], National Comprehensive Cancer Network (NCCN) [11] and
European Society for Medical Oncology (ESMO) [12] do not recommend an intensive
follow-up including BS.

It is important to note that the two trials were conducted almost three decades ago
when advanced postoperative screening methods and palliative therapeutic options were
scarce. Moreover, oncologists at that time lacked an adequate understanding of the intrinsic
biological characteristics of BC. Recently, new regimens of systemic chemotherapy [13,14]
and endocrine therapy [15] have made considerable progress in increasing patients’ sur-
vival with far-advanced cancer. Anti-Her2 (human epidermal growth factor receptor 2)
therapy increased the prognosis of patients with Her2-positive metastatic BC [16,17]. Bone-
modifying agents, such as bisphosphonates [18] and denosumab [19], slowed down the
progression of skeletal-related events, thus promoting the quality of life.

It is possible that recent improvements in diagnostics and treatments could promote
earlier detection and effective treatment of BM, important for improving survival. Therefore,
we conducted this multicenter real-world study to understand the prognostic factors of BC
patients with BM, especially the prognostic impact of an intensive postoperative BS after
initial diagnosis of BC.

2. Materials and Methods

2.1. Design and Patients

According to Chinese Society of Breast Surgery (CSBrS), this multicenter real-world
study was conducted by five medical centers in China. This study has been registered in
Clinicaltrials.gov as NCT03924609 on 23 April 2019 and approved by the Ethics Committee
of the People’s Hospital of Peking University (No. 2021PHB071-001). As this study was
a retrospective study and all data were performed anonymously, the need for informed
consent from patients was waived. All data generated or analyzed during the study are
included in the published paper.

Patients eligible were required to have a histology-confirmed diagnosis of invasive
BC and undergo curative-intent primary therapy. The diagnosis of BM must be supported
by pathological or imaging evidence. The following cases were not eligible: (1) with other
malignant primary cancer; (2) de novo stage IV BC; (3) incomplete and ambiguous clinical
and pathological records.

2.2. Clinicopathological Factors

Clinicopathological factors of eligible patients were extracted from the standardized
case report forms. Intensive postoperative BS was defined as at least one asymptomatic
postoperative BS screening after initial diagnosis of BC before a diagnosis of BM. Clinical
postoperative BS was referred to postoperative BS screening only performed in patients
presenting bone-related symptoms. Primary tumor staging was defined according to the
criteria of the TNM (tumor-nodal-metastasis) staging system by AJCC (American Joint
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Committee on Cancer) [20]. The histology type of BC was defined according to criteria from
the WHO (World Health Organization) [21]. The molecular subtypes of BC were classified
based on the expression of the estrogen receptor (ER) and Her2 according to ASCO/CAP
(American Society of Clinical Oncology/College of American Pathologists) [22,23]. Based
on the timing of BM and visceral metastasis (VM), the pattern of distant metastasis was
mainly divided into the following types: (1) BM only: only diagnosed with BM; (2) BM
with VM: diagnosed with BM and VM simultaneously; (3) BM to VM: first diagnosed with
BM, followed by VM; (4) VM to BM: first diagnosed with VM, followed by BM.

2.3. Follow-Up and Outcomes Definition

Follow-up was conducted by telephone or clinical visit from the date of diagnosis
of BM until death. The follow-up information was obtained from the databases of the
participating medical centers. The survival endpoints were overall survival (OS), which
was calculated from the date BC was diagnosed to the date of death, and overall survival
after diagnosis of bone metastasis (OSABM), which was calculated from the date BM was
diagnosed to the date of death. The length of bone-metastasis free interval (BMFI) was
also retrospectively observed, which was calculated as the time from diagnosis of BC to
initial BM.

2.4. Propensity Score Matching (PSM)

When comparing survival between patients who underwent an intensive postopera-
tive BS and those who underwent a clinical postoperative BS, propensity score matching
was used to balance the baseline characteristics. We performed a 1:2 nearest-neighbor
matching procedure within a caliper of 0.02 and all clinic and pathological factors were
included in the matching model. Balance between the two groups before and after matching
was assessed using standardized mean differences (SMD) and p-value by chi-square test or
t test. SMD > 0.20 or p-value < 0.05 were considered imbalanced.

2.5. Statistical Analysis

Continuous variables were reported as mean and standard deviation, whereas cate-
gorical variables were reported as percentage. Statistical differences in the distribution of
continuous and categorical variables were conducted by t-test and chi-square test, respec-
tively. The statistical differences in the distribution of BMFI in various subgroups according
to TNM stage and molecular subtype of BC were tested using the Kruskal–Wallis method.

Survival analysis was performed using the Kaplan–Meier method before and after
PSM, thus median survival time was estimated and the Log-rank test was used for compar-
isons between groups. After PSM, univariate and multivariate Cox proportional hazards
regression analyses and associated 95% confidence intervals (95%CI) were used to assess
whether the hazard risks of survival endpoints in patients varied by certain clinical or patho-
logical factors. Factors that showed a univariate connection with survival (p-value < 0.20)
or considered clinically relevant were entered into the multivariate Cox proportional hazard
regression model. Interaction terms were tested using the qualitative method and the uni-
variate stratified Cox proportional hazard regression model, which were used to investigate
whether the association between postoperative follow-up strategies and survival outcomes
differed according to all clinical and pathological factors. Two-tailed p-values < 0.05 were
considered statistically significant. All analyses were conducted using R*64 4.0.0 (Beijing,
China, http://Rproject.org, accessed on 10 January 2022) and IBM SPSS Statistics 25.

3. Results

3.1. Patient Characteristics

From February 2005 to December 2013, we retrospectively identified 1425 patients
with BC with BM from five medical centers in China. Excluding 239 patients with de novo
stage IV BC and 127 with incomplete clinicopathological records, 1059 eligible patients

42



Cancers 2022, 14, 5835

were included in the analyses. The flow chart of the process of patients’ enrollment and
analyses is presented in Figure 1.

Figure 1. Flowchart of the process of patient’s enrollment and analyses. Abbreviations:
BC = breast cancer; BM = bone metastasis; BMFI = bone metastasis-free interval; BS = bone scan;
CT = chemotherapy; ER = estrogen receptor; Her2 = Human epidermal growth factor receptor 2;
ET = endocrine therapy; OS = overall survival; OSABM = overall survival after diagnosis of bone
metastasis; PSM = propensity scores matching.

Among 1059 eligible patients, 304 underwent an intensive postoperative BS while 755
underwent a clinical postoperative BS. The median time when a patient received the first
intensive postoperative BS was 2.5 years after initial diagnosis of BC. Baseline characteristics
in the two groups stratified by postoperative follow-up strategy were balanced after PSM
(shown in Table 1).

Table 1. Clinicopathological characteristics of eligible patients (N = 1059) stratified by postoperative
follow-up strategy (Clinical postoperative BS vs. Intensive postoperative BS) before and after PSM.

Clinicopathological Characteristics

Before PSM After PSM

Clinical
n = 755

Intensive
n = 304

P SMD Clinical
n = 430

Intensive
n = 264

P SMD

Age * (mean (SD)) 51.66 (10.42) 51.76 (11.04) 0.891 0.009 51.08 (10.32) 51.48 (11.06) 0.633 0.037

Year of diagnosis of BM (%) 2010~2013 474 (62.8) 218 (71.7) 0.007 0.191 296 (68.8) 183 (69.3) 0.961 0.010
2005~2009 281 (37.2) 86 (28.3) 134 (31.2) 81 (30.7)

Histology type (%)
Ductal 661 (87.5) 258 (84.9) 0.260 0.128 376 (87.4) 235 (89.0) 0.796 0.080

Lobular 21 (2.8) 16 (5.3) 15 (3.5) 8 (3.0)
Mixed 31 (4.1) 13 (4.3) 21 (4.9) 9 (3.4)

Other ** 42 (5.6) 17 (5.6) 18 (4.2) 12 (4.5)

Histology grade (%)
G1 129 (17.1) 28 (9.2) <0.001 0.406 47 (10.9) 27 (10.2) 0.417 0.103
G2 374 (49.5) 117 (38.5) 203 (47.2) 113 (42.8)
G3 252 (33.4) 159 (52.3) 180 (41.9) 124 (47.0)

TNM (%)
Stage I 89 (11.8) 38 (12.5) 0.886 0.033 49 (11.4) 32 (12.1) 0.744 0.060
Stage II 314 (41.6) 129 (42.4) 171 (39.8) 111 (42.0)
Stage III 352 (46.6) 137 (45.1) 210 (48.8) 121 (45.8)

Molecular subtype (%)
ER+Her2- 443 (58.7) 175 (57.6) 0.139 0.153 253 (58.8) 155 (58.7) 0.922 0.054
ER+Her2+ 74 (9.8) 30 (9.9) 50 (11.6) 29 (11.0)
ER-Her2+ 51 (6.8) 33 (10.9) 30 (7.0) 22 (8.3)
ER-Her2- 187 (24.8) 66 (21.7) 97 (22.6) 58 (22.0)

Distant metastatic pattern (%)
BM only 217 (28.7) 64 (21.1) 0.003 0.251 102(23.7) 59 (22.3) 0.780 0.081

BM to VM 183 (24.2) 67 (22.0) 102 (23.7) 65 (24.6)
BM with VM 277 (36.7) 121 (39.8) 173 (40.2) 101 (38.3)

VM to BM 78 (10.3) 52 (17.1) 53 (12.3) 39 (14.8)

BMFI (%) ≤1 year 82 (10.9) 21 (6.9) 0.064 0.139 39 (9.1) 21 (8.0) 0.713 0.040
>1 year 673 (89.1) 283 (93.1) 391 (90.9) 243 (92.0)
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Table 1. Cont.

Clinicopathological Characteristics

Before PSM After PSM

Clinical
n = 755

Intensive
n = 304

P SMD Clinical
n = 430

Intensive
n = 264

P SMD

Site of osseous lesion (%)
Appendicular 122 (16.2) 55 (18.1) 0.204 0.123 72 (16.7) 44 (16.7) 0.653 0.072

Axial 235 (31.1) 78 (25.7) 129 (30.0) 71 (26.9)
Mixed 398 (52.7) 171 (56.2) 229 (53.3) 149 (56.4)

Number of osseous lesion (%) Multiple 595 (78.8) 237 (78.0) 0.825 0.021 339 (78.8) 207 (78.4) 0.970 0.010
Solitary 160 (21.2) 67 (22.0) 91 (21.2) 57 (21.6)

Palliative treatment on BM

Surgery to bone (%) No 731 (96.8) 297 (97.7) 0.573 0.054 416 (96.7) 257 (97.3) 0.824 0.036
Yes 24 (3.2) 7 (2.3) 14 (3.3) 7 (2.7)

Radiotherapy (%) No 357 (47.3) 168 (55.3) 0.023 0.160 211 (49.1) 139 (52.7) 0.402 0.072
Yes 398 (52.7) 136 (44.7) 219 (50.9) 125 (47.3)

Endocrine therapy (%) No 333 (44.1) 128 (42.1) 0.599 0.040 186 (43.3) 109 (41.3) 0.667 0.040
Yes 422 (55.9) 176 (57.9) 244 (56.7) 155 (58.7)

Chemotherapy (%) No 119 (15.8) 36 (11.8) 0.124 0.114 56 (13.0) 34 (12.9) 1.000 0.004
Yes 636 (84.2) 268 (88.2) 374 (87.0) 230 (87.1)

Anti-Her2 therapy (%) No 698 (92.5) 267 (87.8) 0.023 0.155 389 (90.5) 237 (89.8) 0.868 0.023
Yes 57 (7.5) 37 (12.2) 41 (9.5) 27 (10.2)

Bone-Modifying therapy (%) No 263 (34.8) 96 (31.6) 0.347 0.069 135 (31.4) 84 (31.8) 0.974 0.009
Yes 492 (65.2) 208 (68.4) 295 (68.6) 180 (68.2)

* Age at diagnosis of breast cancer with bone metastasis. ** Other histological types of invasive breast cancer
in addition to infiltrating ductal or lobular carcinoma according to WHO criteria. Abbreviations: BM = bone
metastasis; BMFI = bone metastasis-free interval; BS = bone scan; ER = estrogen receptor; Her2 = Human epidermal
growth factor receptor 2; PSM = propensity scores matching; SD = standard deviation; SMD = standardized mean
differences; VM = visceral metastasis.

3.2. The Impact of an Intensive Postoperative BS on Survival

Follow-up was regularly performed until December 2018. During a median follow-up
of 6.67 years (95%CI 6.45, 7.21), 759 out of 1059 eligible patients were dead: 197 in the
intensive postoperative BS group and 562 in the clinical postoperative BS group. Before
PSM, both median OS and OSABM of patients with an intensive postoperative BS were
longer than those with a clinical postoperative BS (median OS, 7.99 vs. 6.61 years, Log-Rank
p = 0.003, Figure 2A; median OSABM, 3.16 vs. 2.57 years, Log-Rank p = 0.003, Figure 2C).
After PSM, both OS and OSABM benefits were still statistically significant in patients with
an intensive postoperative BS (median OS, 7.88 vs. 6.25 years, Log-Rank p = 0.006, Figure 2B;
median OSABM, 3.16 vs. 2.50 years, Log-Rank p = 0.002, Figure 2D).

3.3. Univariate and Multivariate Analysis of Factors Influencing Survival

When adjusting clinicopathological covariates after PSM, intensive postoperative BS
was a favorable prognostic factor for both OS and OSABM of patients with BC with BM
and reduced the risk of mortality by 23% (OS, adjusted HR 0.77, 95%CI 0.64, 0.93, adjusted
p = 0.006; OSABM, adjusted HR 0.71, 95%CI 0.60, 0.86, adjusted p < 0.001). Histology
type, TNM stage, distant metastatic pattern and palliative endocrine therapy were also
independent prognostic factors for both OS and OSABM. Additionally, BMFI and age at
diagnosis of BM were independent prognostic factors of OS and OSABM, respectively. The
results of univariate and multivariate analysis of clinicopathological factors affecting OS
and OSABM among eligible patients after PSM are listed in Table 2.
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Figure 2. Kaplan–Meier curves showing a comparison of survival among patients with breast cancer
with BM according to postoperative follow-up strategy (Intensive postoperative BS vs. Clinical
postoperative BS). OS curves before (A) and after (B) PSM. OSABM curves before (C) and after (D)
PSM. Abbreviations: BS = bone scan; BM = bone metastasis; OS = overall survival; OSABM = overall
survival after diagnosis of bone metastasis; PSM = propensity scores matching.

Table 2. Univariate and multivariate analysis of clinicopathological factors affecting OS and OSABM
among eligible patients (N = 694) after PSM.

Clinicopathological Factor No. Events

OS OSABM

Univariate Multivariate Univariate Multivariate

Crude
HR

95%CI
Crude

p
Value

Adjusted
HR

95%CI Adjusted
p Value

Crude
HR

95%CI
Crude

p
Value

Adjusted
HR

95%CI Adjusted
p Value

Follow-up strategy
Clinical postoperative BS 430 326 0.77 0.64,0.93 0.006 0.77 0.64,0.93 0.006 0.75 0.63,0.90 0.002 0.71 0.60,0.86 <0.001Intensive postoperative BS 264 175

Age * (year)
<=50 312 210 0.98 0.82,1.18 0.846 Not selected 1.26 1.06,1.51 0.011 1.23 1.03,1.47 0.026>50 382 291

Year of diagnosis of BM
2005~2009 215 172 0.85 0.71,1.02 0.084 0.85 0.74,1.03 0.098 0.96 0.79,1.15 0.635 Not selected2010~2013 479 329

Histology type 0.001 <0.001 0.025 0.002
Ductal 611 449 Ref. Ref. Ref. Ref.

Lobular 23 18 1.21 0.76,1.94 0.424 1.01 0.62,1.65 0.969 0.92 0.58,1.48 0.738 0.87 0.53,1.41 0.564
Mixed 30 20 0.85 0.54,1.34 0.487 0.76 0.48,1.21 0.254 0.94 0.60,1.47 0.787 0.79 0.50,1.26 0.325

Other ** 30 14 0.32 0.18,0.55 <0.001 0.30 0.17,0.52 <0.001 0.44 0.26,0.74 0.002 0.36 0.21,0.62 <0.001

Histology grade 0.411 0.659
G1 74 61 Ref. Ref.
G2 316 225 1.04 0.78,1.38 0.809 Not selected 0.92 0.70,1.23 0.583 Not selected
G3 304 215 1.16 0.87,1.54 0.317 1.00 0.76,1.33 0.981

TNM stage <0.001 0.002 0.003 0.002
Stage I 81 58 Ref. Ref. Ref. Ref.
Stage II 282 192 1.09 0.81,1.46 0.584 1.09 0.81,1.46 0.593 1.09 0.81,1.46 0.582 1.19 0.89,1.60 0.247
Stage III 331 251 1.56 1.17,2.08 0.003 1.48 1.11,1.99 0.009 1.44 1.08,1.92 0.012 1.56 1.16,2.09 0.003

Molecular subtype <0.001 0.178 <0.001 0.310
ER+Her2- 408 275 Ref. Ref. Ref. Ref.
ER+Her2+ 79 60 1.47 1.11,1.95 0.007 1.23 0.92,1.64 0.156 1.23 0.93,1.63 0.145 0.95 0.72,1.27 0.739
ER-Her2+ 52 42 2.53 1.82,3.51 <0.001 1.42 0.98,2.05 0.065 1.95 1.41,2.71 <0.001 1.27 0.89,1.83 0.194
ER-Her2- 155 124 1.50 1.21,1.86 <0.001 1.17 0.91,1.49 0.218 1.63 1.31,2.01 <0.001 1.21 0.95,1.55 0.126

Distant metastatic pattern <0.001 <0.001 <0.001 <0.001
BM only 161 84 Ref. Ref. Ref. Ref.

BM with VM 274 227 2.04 1.59,2.63 <0.001 2.01 1.55,2.62 <0.001 2.36 1.83,3.04 <0.001 2.32 1.79,3.01 <0.001
BM to VM 167 110 1.34 1.01,1.79 0.042 1.34 1.00,1.81 0.052 1.22 0.91,1.62 0.181 1.27 0.95,1.71 0.108
VM to BM 92 80 1.64 1.20,2.23 0.002 1.89 1.37,2.61 <0.001 3.03 2.23,4.13 <0.001 3.43 2.49,4.73 <0.001
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Table 2. Cont.

Clinicopathological Factor No. Events

OS OSABM

Univariate Multivariate Univariate Multivariate

Crude
HR

95%CI
Crude

p
Value

Adjusted
HR

95%CI Adjusted
p Value

Crude
HR

95%CI
Crude

p
Value

Adjusted
HR

95%CI Adjusted
p Value

BMFI (year)
≤1 60 45 0.29 0.21,0.39 <0.001 0.29 0.21,0.41 <0.001 0.75 0.55,1.02 0.062 0.80 0.58,1.10 0.799>1 634 456

Site of osseous lesion 0.014 0.090 0.001 0.078
Appendicular 116 75 Ref. Ref. Ref. Ref.

Axial 200 135 1.26 0.95,1.68 0.107 1.14 0.85,1.52 0.377 1.14 0.86,1.51 0.370 1.09 0.82,1.45 0.561
Mixed 378 291 1.45 1.12,1.87 0.004 1.38 1.02,1.85 0.035 1.52 1.18,1.96 0.001 1.36 1.01,1.81 0.040

Number of osseous lesion
Solitary 148 101 1.29 1.04,1.61 0.022 0.98 0.74,1.30 0.908 1.37 1.10,1.71 0.005 1.12 0.85,1.48 0.437Multiple 546 400

Surgery to bone
No 673 487 0.60 0.35,1.02 0.059 0.64 0.37,1.10 0.107 0.71 0.42,1.21 0.213 Not selectedYes 21 14

Palliative radiotherapy
No 350 242 1.10 0.92,1.31 0.289 Not selected 1.08 0.91,1.29 0.388 Not selectedYes 344 259

Palliative endocrine
therapy

No 295 218 0.61 0.51,0.73 <0.001 0.62 0.50,0.78 <0.001 0.62 0.52,0.75 <0.001 0.68 0.55,0.85 0.001Yes 399 283

Palliative chemotherapy
No 90 62 0.64 0.72,1.22 0.635 Not selected 0.94 0.72,1.23 0.668 Not selectedYes 604 439

Palliative anti-Her2
therapy

No 626 452 1.14 0.85,1.54 0.375 Not selected 0.85 0.63,1.14 0.273 Not selectedYes 68 49

Bone-Modifying therapy
No 219 141 1.04 0.86,1.26 0.697 Not selected 0.99 0.81,1.20 0.901 Not selectedYes 475 360

* Age at diagnosis of breast cancer with bone metastasis. ** Other histological types of invasive breast cancer in ad-
dition to infiltrating ductal or lobular carcinoma according to WHO criteria. Abbreviations: BM = bone metastasis;
BMFI = bone metastasis-free interval; BS = bone scan; 95%CI = 95% confidence interval; ER = estrogen receptor;
Her2 = Human epidermal growth factor receptor 2; HR = hazard ratio; OS = overall survival; OSABM = overall
survival after bone metastasis; PSM = propensity scores matching; Ref. = reference; VM = visceral metastasis.

3.4. Interaction and Univariate Stratified Analysis of the Impact of an Intensive Postoperative BS
on Survival

As shown in Figure 3, eligible patients were stratified by all clinicopathological factors
and palliative treatment methods on BM to explore the relationship between postoper-
ative follow-up strategy and survival after PSM. The prognostic value of an intensive
postoperative BS was consistently favorable for OS among BC patients at clinical high-risk,
including an age at diagnosis of BM younger than 50, TNM stage II, histology grade G3 and
ER-Her2-subtype (Figure 3A). Similarly, as for OSABM, the favorable prognostic value of
an intensive postoperative BS was also significant in patients at clinical high-risk, including
TNM stage II, histology grade G3 and ER-Her2-subtype (Figure 3B).

3.5. The Impact of Palliative Treatments on Survival Stratified by Molecular Subtype

From the point of molecular subtypes of BC, we observed the association between
palliative treatments and survival of patients with BM. For patients with a Her2+ BC, 50%
(94/188) received palliative anti-Her2 therapy. Palliative anti-Her2 therapy prolonged
median OS by 2.4 years (Log-Rank p = 0.002; HR 0.60, 95%CI 0.43, 0.83; Figure 4A) and
OSABM by 1.6 years (Log-Rank p < 0.001; HR 0.49, 95%CI 0.35, 0.68; Figure 4B) among Her2+
patients. For patients with an ER + BC, 75.5% (545/722) underwent palliative endocrine
therapy. Palliative endocrine therapy improved both OS (Log-Rank p < 0.001; HR 0.70,
95%CI 0.57, 0.86; Figure 4C) and OSABM (Log-Rank p = 0.007; HR 0.75, 95%CI 0.61, 0.92;
Figure 4D) for this subgroup of patients. In addition, 87.7% (222/253) of patients with an ER-
HER2-BC received palliative chemotherapy. However, palliative chemotherapy converted
into neither OS (Log-Rank p = 0.300; HR 0.81, 95%CI 0.53, 1.24; Figure 4E) nor OSABM
(Log-Rank p = 0.070; HR 0.68, 95%CI 0.45, 1.04; Figure 4F) benefits for ER-Her2-patients.
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Figure 3. Forest plots of interaction and univariate subgroup analyses on the association between
postoperative follow-up strategies (Intensive postoperative BS vs. Clinical postoperative BS) and
(A) OS and (B) OSABM of patients with breast cancer with BM after PSM. Abbreviations:
BS = bone scan; BM = bone metastasis; BMFI = bone metastasis-free interval; 95%CI = 95% confidence
interval; ER = estrogen receptor; Her2 = Human epidermal growth factor receptor 2; HR = hazard risk;
No. = Numbers of patients; OS = overall survival; OSABM = overall survival after bone metastasis;
PSM = propensity scores matching.
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Figure 4. Kaplan–Meier curves showing a comparison of survival time among patients with breast
cancer with BM according to molecular subtype and palliative treatment. Curves for OS (A) and
OSABM (B) of patients with a Her2+ breast cancer stratified by palliative anti-Her2 therapy. Curves
for OS (C) and OSABM (D) of patients with an ER+ breast cancer stratified by palliative endocrine
therapy. Curves for OS € (E) and OSABM (F) of patients with an ER-Her2-breast cancer strati-
fied by palliative chemotherapy. Abbreviations: BM = bone metastasis; ER = estrogen receptor;
Her2 = Human epidermal growth factor receptor 2; OS = overall survival; OSABM = overall survival
after diagnosis of bone metastasis.

3.6. The Association of BMFI with BC Stage and Molecular Subtype

The median BMFI was 3.08 years for 1059 eligible patients. However, as shown in
Figure 5, BC patients with a different TNM stage and molecular subtype presented specific
distributions of the length of BMFI. The median BMFI was 3.29 years for patients at stage
I-II and 2.13 years for patients at stage III (p < 0.001, Figure 5C). The annual incidence of BM
reached a peak at the second year after initial diagnosis of BC among patients at stage III
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(24.5%, 120/489), the third year among patients at stage II (19.0%, 84/443), while the fourth
year among patients at stage I (18.1%, 23/127, Figure 5A). The median BMFI was 3.38, 2.88
and 2.30 years for patients with an ER+, ER-Her2- and Her2+ BC, respectively (p < 0.001,
Figure 5D). Compared with ER+ and ER-Her2-, patients with a Her2+ BC progressed to
BM more rapidly. The cumulative incidence of BM (two years after initial diagnosis of BC)
was 26.6% (192/722) for ER+ patients and 34.4% (87/253) for ER-Her2-patients; however, it
was 42.0% (79/188) for Her2+ patients (Figure 5B).

Figure 5. Annual incidence of BM for overall eligible patients (N = 1059) in groups stratified by
(A) TNM stage and (B) molecular subtype. The distribution of BMFI for overall eligible patients
(N = 1059) in groups stratified by (C) TNM stage and (D) molecular subtype. Abbreviations:
BM = bone metastasis; BMFI = bone metastasis-free survival; ER = estrogen receptor; Her2 = Human
epidermal growth factor receptor 2.

4. Discussion

This multicenter real-world study showed an intensive postoperative BS improved
survival for BC patients with BM. In the point of molecular subtypes of BC, palliative anti-
Her2 therapy and endocrine therapy improved both OS and OSABM among patients with
a Her2+ and ER+ BC, respectively. These results indicated that the intensive postoperative
BS and phenotype-specific palliative systemic treatments were important for improving
survival of patients with BM.

Currently, ASCO, NCCN and ESMO guidelines do not recommend an intensive
postoperative BS for BC patients [10–12]. However, in clinical practice, there are substantial
variations in adherence to guideline recommendations. Intensive follow-up is a widespread
reality that costs 2.2–3.6 times more than follow-up suggested by guidelines [24]. In a
large population-based retrospective longitudinal study (n = 11,219) of women in Canada,
8.7–14.6% of women underwent BS screening in each follow-up year, and about half of
them had greater than ASCO guideline-recommended surveillance imaging for metastatic
diseases [25]. In line with these results, Surveillance, Epidemiology, and End Results
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(SEER)-Medicare database showed that 13.3% of 37,967 patients underwent at least one
BS screening in the first year of follow-up [26]. Similarly, in our study, 28.7% (304/1059)
of patients received an intensive postoperative BS. There are several possible reasons for
the overuse of intensive BS imaging. First, the patient-driven anxiety and the feeling of
reassurance induced by intensive postoperative surveillance, including the BS. Stemmler
et al. have examined 801 questionnaires of German women with a history of BC and
reported that more than 47.8% of them needed an intensive schedule, which increased their
feeling of security [27]. Second, patients with early or limited metastatic recurrence may be
curable; thus, the monitoring of asymptomatic patients could result in better efficacy of
BC treatment, at least in theory, when tumor burden is low [26]. Third, all the high-level
evidence was conducted almost 30 years ago in an era of outdated technology and limited
therapeutic options. Current evidence demonstrated that improvements in diagnostics
and treatments could improve the survival of patients with metastatic BC, especially with
more detailed subtype classification and corresponding efficient target therapies [13–15,17].
However, there are no current well-designed trials to verify this issue. To the best of
our knowledge, this is the first study that observed the prognostic value of an intensive
postoperative BS in patients with BC with BM.

In our study, an intensive postoperative BS resulted in an independent prognostic
factor of OS and OSABM among patients with BC with BM. It was worth noticing that 85.4%
(904/1059) of patients received palliative chemotherapy, and 66.1% (700/1059) received
bone-modifying therapy. In addition, 75.5% (545/722) of ER+ patients received palliative
endocrine therapy and 50% (94/188) of Her2+ patients received palliative anti-Her2 therapy.
The strength of these treatments was much stronger than it was decades ago. Palliative
endocrine therapy had been identified as an independent prognostic factor for OS as well as
OSABM, and palliative anti-Her2 therapy also improved OS and OSABM of patients with
Her2+ BC. For ER-Her2-patients, palliative systemic chemotherapy increased 5-year OS by
14.3% (57.7% vs. 43.4%) and 2-year OSABM by 18.7% (49.7% vs. 31.0%) compared with
the patients who did not receive palliative chemotherapy. This evidence suggested that
intensive detection and effective phenotype-specific systemic intervention for BM could be
translated into a survival benefit.

In order to make intensive postoperative BSs more cost-effective, we selected high-risk
patients based on stratified analysis. A higher tumor burden led to a higher risk of distant
metastasis [28–31]. Our study showed that the patients at stage II-III progressed to BM more
rapidly compared with those at stage I. It was worth nothing that an intensive postoperative
BS particularly improved survival of patients at stage II. Consequently, it was rational
to suggest patients with a heavy local tumor burden receive intensive postoperative BS
screening. From an intrinsic biological point of view, early BC presents special metastatic
behaviors [32,33], so postoperative monitoring strategies should vary accordingly. The
ER-Her2-subtype, with a dramatically increased risk of distant relapse [34], accounted
for 23.9% (253/1059) of patients in our study. An intensive postoperative BS improved
OS as well as OSABM among ER-Her2-patients. Thus, we assumed that an intensive
postoperative BS for ER-Her2-patients might be of significance. However, an intensive
postoperative BS did not convert into a survival benefit in Her2+ patients. It is possible
that this was due to limited Her2 status detection techniques and therapeutic options,
even though early postoperative detection of BM was performed. In our study, 367 out of
1059 patients were diagnosed with BM before 2009, when Her2 status detection techniques
were not commonly used in China, and trastuzumab was not widely implemented for
relapse patients.

It is also worth noting that for all eligible patients, 26.5% (281/1059) were diagnosed
with BM only, 37.6% (398/1059) were BM with VM, 23.6% (250/1059) were BM followed by
VM, and 12.3% (130/1059) were VM followed by BM. There is probably a certain percent
of patients classified as BM with VM who developed BM first and then progressed to
VM but were not detected when simple BM originated. Previous studies showed that
26% to 50% of patients with early BC developed bone metastasis as the first site of distant
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relapse [4]. Consequently, early detection and treatment of BM may prolong the interval
to visceral metastasis. As predicted, according to interaction and univariate stratified
subgroup analysis, an intensive postoperative BS could improve OS for patients with ‘’BM
to VM”, thus supporting the idea that early detection and early treatment are effective.

This multicenter real-world study showed that an intensive postoperative BS should
probably be recommended as a follow-up strategy for patients with BC with BM. The main
limitation of the present study is the retrospective study design. When evaluating the
prognostic value of an intensive postoperative BS, cost-effectiveness and quality of life
were not included in the analyses. Future studies with a randomized design are warranted
to get an explicit estimation.

5. Conclusions

This multicenter real-world study showed that intensive postoperative BS screening
improved survival for BC patients with BM, and should be recommended for postoperative
surveillance, especially for patients at clinical high-risk.
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Simple Summary: Chemoimmunotherapy combinations have transformed the treatment landscape
for patients with triple-negative breast cancer (TNBC). However, the discovery of immune-related
biomarkers is needed to optimally identify patients requiring the addition of immune-checkpoint
inhibitors (ICIs) to chemotherapy. In this study, we identified immune-related gene signatures via
exploratory subgroup discovery algorithm that substantially increase the odds of partial remission
for TNBC patients on anti-PD-L1+chemotherapy regimen. We have also uncovered distinct cell
populations for TNBC patients with various treatment outcomes. Our framework may result in
better risk stratification for TNBC patients that undergo chemoimmunotherapy and lead to overall
improvement of their health outcomes in the future.

Abstract: Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer with limited
therapeutic options. Although immunotherapy has shown potential in TNBC patients, clinical
studies have only demonstrated a modest response. Therefore, the exploration of immunotherapy
in combination with chemotherapy is warranted. In this project we identified immune-related
gene signatures for TNBC patients that may explain differences in patients’ outcomes after anti-PD-
L1+chemotherapy treatment. First, we ran the exploratory subgroup discovery algorithm on the
TNBC dataset comprised of 422 patients across 24 studies. Secondly, we narrowed down the search to
twelve homogenous subgroups based on tumor mutational burden (TMB, low or high), relapse status
(disease-free or recurred), tumor cellularity (high, low and moderate), menopausal status (pre- or post)
and tumor stage (I, II and III). For each subgroup we identified a union of the top 10% of genotypic
patterns. Furthermore, we employed a multinomial regression model to predict significant genotypic
patterns that would be linked to partial remission after anti-PD-L1+chemotherapy treatment. Finally,
we uncovered distinct immune cell populations (T-cells, B-cells, Myeloid, NK-cells) for TNBC patients
with various treatment outcomes. CD4-Tn-LEF1 and CD4-CXCL13 T-cells were linked to partial
remission on anti-PD-L1+chemotherapy treatment. Our informatics pipeline may help to select
better responders to chemoimmunotherapy, as well as pinpoint the underlying mechanisms of drug
resistance in TNBC patients at single-cell resolution.

Keywords: triple-negative breast cancer; exploratory subgroup discovery; chemoimmunotherapy
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1. Introduction

Triple-negative breast cancer (TNBC) occurs in about 10 to 20% of diagnosed breast
cancers and defined by the absence or minimal expression of estrogen receptor (ER),
progesterone receptor (PR) and epidermal growth factor receptor 2 (HER2) [1,2]. Due to
its aggressive clinical phenotype and limited response to hormonal therapy, one in three
TNBC patients will likely to relapse within the first three years of primary diagnosis [3].
Although numerous therapeutic agents have been evaluated for the treatment of early
TNBC [4], only Olaparib has been approved for the treatment of the small group of patients
with high-risk TNBC harboring germline BRCA1 or BRCA2 pathogenic variants in the
adjuvant setting [5]. The emergence of cancer immunotherapy, however, is altering the
paradigm in TNBC treatment.

TNBC, unlike other breast cancer subtypes, has high tumor mutational burden (TMB),
which has been correlated with responsiveness to immune checkpoint inhibitors (ICIs) [6].
Indeed, checkpoint inhibition with the anti-PD1 antibody Pembrolizumab has been ap-
proved for advanced-stage, PD-L1 positive TNBC due to improved outcomes when com-
bined with frontline chemotherapy [7]. Interestingly, ICIs are more effective in treating
TNBC when given early in the course of the disease, which may be a result of immune
escape mechanisms emerging as the condition progresses [8]. More recently, results from
the KEYNOTE-522 trial indicated that adding checkpoint inhibition in the early stage
setting does in fact improve long-term outcomes [9]. However, subgroup analyses did not
pinpoint any strongly predictive biomarkers. For example, PD-L1 expression did not distin-
guish responders from non-responders in the early setting, with both PD-L1-negative and
PD-L1-positive patients obtaining a benefit from Pembrolizumab. Moreover, the addition
of immunotherapy increased adverse effects (AEs) [10]. In another study—IMPASSION131–
the combination of Paclitaxel with the PD-L1 inhibitor Atezolizumab failed to improve
progression-free survival (PFS) or overall survival (OS) in TNBC patients [11]. These
findings could be due to imbalances in prognostic features or accidental discoveries in a
relatively small trial. Therefore, the exploration of immune-related biomarkers is needed to
optimally identify patients requiring the addition of ICIs to chemotherapy [12,13].

In this work we determined homogenous TNBC subgroups based on both pheno-
typic and genotypic parameters using exploratory subgroup mining. We have also identi-
fied significant predictors that increase chances of partial remission in TNBC patients on
chemoimmunotherapy treatment using multinomial regression model on TNBC scRNA-seq
dataset. Lastly, we uncovered distinct immune cell populations (T-cells, B-cells, Myeloid,
NK-cells) for TNBC patients with various treatment outcomes. We interpreted our results
using biomedical knowledge, including findings from existing clinical trials, immunohis-
tochemistry experiments and functional characterization of specific genes. The proposed
informatics pipeline may assist health care professionals in the selection of chemoim-
munotherapy responders, as well as determine the underlying causes of drug resistance in
TNBC patients at a single-cell level and resolution.

2. Materials and Methods

2.1. Data Mapping

In this study we employed two datasets. Each dataset consisted of multiple phenotypic
(either categorical or continuous) and genotypic (continuous only) variables. Each categorical
variable was labeled based on the National Comprehensive Cancer Network (NCCN) Guide-
lines in Oncology [14]. For example, relapse-free status was categorized as (1) disease-free or
(2) recurred. Continuous variables were converted into categoric variables by grouping values
into several categories. For example, normalized gene expression values were categorized as
(1) downregulated, (2) upregulated, or (3) non-differentially expressed.

The first TNBC dataset comprised of 422 patients. These patients were selected from
24 breast cancer studies available at the cBioPortal platform [15]. The final dataset included
breast cancer patients based on the following immunohistochemical profile: ER-negative,
PR-negative and HER2-negative. This dataset consisted of 12 phenotypic variables, in-
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cluding clinical-pathologic data (age at diagnosis, menopausal status, tumor type, tumor
stage, tumor cellularity, histologic grade, TMB), treatment regimen (chemotherapy, radio-
therapy, hormone therapy) and survival status (overall survival status, relapse-free status).
There were 1067 genotypic variables in the form of normalized gene expression values
derived from human immunome (immune-related genes) and human kinome (protein
kinase genes).

The second TNBC dataset consisted of scRNA-seq profiles for 22 TNBC patients
that underwent chemotherapy (Pactilaxel) or chemoimmunotherapy treatment (Paclitaxel
with Atezolizumab) [16]. For this study we selected six phenotypic variables, including
information about treatment timeline (pre-, post-treatment, progression), tissue type (tumor
or blood), tumor site (brain, breast, chest wall, liver, lymph nodes), treatment type (anti-PD-
L1+chemotherapy or chemotherapy only), treatment response (partial response (PR), stable
disease (SD), progressive disease (PD) and cell cluster (T-cells, B-cells, Myeloid, NK-cells)).
We used the same genotypic variables as in the TNBC subgroup discovery dataset.

2.2. The Informatics Pipeline

Our informatics pipeline has three modules: (1) exploratory subgroup discovery,
(2) inference module based on multinomial regression model and (3) immune cell pop-
ulations discovery. Our goal was two-fold: (1) to identify significant genes from ex-
ploratory subgroup discovery that increase odds of having partial remission after anti-PD-
L1+chemotherapy treatment and (2) to uncover unique immune cell populations for TNBC
subgroups with various treatment outcomes.

The main goal of exploratory subgroup discovery module was to determine homoge-
nous patient subgroups based on expanatory phenotypic characteristics (Module A on
Figure 1), where prevailing number of patients in that subgroup exemplify distinctive
genotypic patterns (Module B on Figure 1). Each genotypic pattern had been repre-
sented as a combination of differentially expressed genes. For example, the genotypic
pattern may consist of three genes: upregulated EGFR, downregulated MTOR and upregu-
lated MAPK1 genes. On the first step, the algorithm determines the base subgroup (e.g.,
Chemotherapy = Yes) contingent on the most significant contrast against the rest of the
population. On the next inclusion step it adds a new phenotypic variable, e.g., TMB = High,
to the previous subgroup to generate a more focused subgroup (Chemotherapy = Yes and
TMB = High). Subsequently, the exclusion step is employed to remove a less relevant
inclusion move after each inclusion step. The exploratory search selects multiple paths that
form multiple subgroups and have equally relevant genotypic patterns within each sub-
group. When the algorithm reaches the most focused subgroup with the highest contrast
score that cannot be further increased, the search would be terminated. Support [17] and
growth rate [18] were used to measure the frequency for a specific genotypic pattern in the
homogenous subgroup. We then applied a J-value [19] to prioritize each subgroup based
on the relevance (contrasts) for all patterns in each subgroup [20].

To find significant predictors of partial remission on anti-PD-L1+chemotherapy regi-
men, we employed multinomial regression model (Module C on Figure 1) on the scRNA-seq
TNBC dataset. The outcome variable was categorical and represented as a combination
of treatment response, treatment timeline, and treatment type. For example, the level of
outcome variable can be encoded as SD-Post_treatment-Chemo meaning that a fraction of
TNBC patients achieved stable disease after treatment with chemotherapy only. Overall,
there were ten levels of outcome variable. We set PD-Post_treatment-Chemo—progressive
disease after chemotherapy—as a baseline for the model. The continuous covariates were
encoded as genes with normalized gene expression values identified as a top 10% of
genotypic patterns in the exploratory subgroup discovery stage. We used the multinom
function from the nnet package [21] to estimate a multinomial logistic regression model.
We computed p-values via two-tailed z-test to identify significant predictors of response to
anti-PD-L1+chemotherapy treatment.
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Figure 1. The informatics pipeline. Modules (A) and (B)—the exploratory subgroup discovery
process, Module (C)—the inference module based on multinomial regression model, Module (D)—
immune cell populations discovery.

The immune cell populations discovery module (Module D on Figure 1) determined
distinct immune cell populations (T-cells, B-cells, Myeloid, NK-cells) for TNBC patients
with various treatment outcomes. Each TNBC subgroup had two conditions: (1) anti-PD-
L1+chemotherapy, post treatment, partial remission and (2) chemotherapy, post treatment,
PD. Using the top 10% of genotypic patterns from exploratory mining stage as an input,
we generated heatmap plots for each condition in every TNBC subgroup of interest. For
example, NME3 gene was represented as a geometric mean of NME3 expression values in
CD4-Tcm-LMNA cells [22]. Finally, we compared immune cell populations in these two
conditions to identify mutually exclusive cell populations that were associated with either
partial remission after anti-PD-L1+chemotherapy treatment or progressive disease after
chemotherapy treatment.

3. Results

3.1. The Identification of Homogenous TNBC Subgroups

First, we ran the exploratory subgroup discovery algorithm on the TNBC dataset
described in Section 2.1. The algorithm revealed 11,944 subgroups. We focused our analysis
of the 460 subgroups where TNBC patients had undergone chemotherapy. On the next
step, we narrowed down the search to twelve homogenous subgroups based on TMB
(low or high), relapse status (disease-free or recurred), tumor cellularity (high, low and
moderate), menopausal status (pre- or post) and tumor stage (I, II and III). Since the lengths
of genotypic patterns vary (up to 5 genes), we decided to make a union of top 10% of
genotypic patterns for each subgroup of interest. Let us assume that each genotypic pattern
is a set of elements, where each element is a unique differentially expressed gene (e.g.,
upregulated MTOR gene). The union would represent a set of a collection of genotypic
patterns, where each element would not be repetitive. These genotypic patterns were used
as covariates for the multinomial regression model in the next section.

3.2. Significant Predictors of Partial Remission after Anti-PD-L1+Chemotherapy

The multinomial regression model on scRNA-seq TNBC dataset was able to identify
significant predictors from exploratory subgroup discovery results that increase odds of
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having partial remission after anti-PD-L1+chemotherapy treatment versus progressive
disease after chemotherapy (Table 1).

Table 1. Significant predictors that increase odds of partial remission after anti-PD-L1+chemotherapy
identified by our informatics pipeline.

Subgroups Predictors Coefficients p-Values Odds Ratio

Chemotherapy (Yes) TMB (High) ACVR1B 0.4506 0.0136 1.5692
PDPK1 0.1271 0.0169 1.1355

Chemotherapy (Yes) TMB (Low) CLK3 0.1402 0.0017 1.1505
TAOK2 0.6603 <0.0001 1.9354

Chemotherapy (Yes) Relapse Status (Disease Free)
CDK9 0.4152 <0.0001 1.5146
CFP 0.2368 0.0438 1.2673

VRK3 0.1591 0.0011 1.1725

Chemotherapy (Yes) Relapse Status (Recurred) BUB1 0.6563 0.0183 1.9278
BAZ1B 0.3529 <0.0001 1.4232

Chemotherapy (Yes) Tumor Cellularity (High)

PDIK1L 0.6405 1.3243 × 10−5 1.8974
KIR2DL4 1.8931 0.0094 6.6403
MAPK3 0.8886 <0.0001 2.4319
STK24 0.2842 <0.0001 1.3287

Chemotherapy (Yes) Tumor Cellularity (Low)

IFI16 0.0665 0.0205 1.0688
CSK 0.2397 <0.0001 1.2709
TAP2 0.2165 0.0185 1.2417
TIGIT 0.5160 <0.0001 1.6754

Chemotherapy (Yes) Menopausal Status (Pre)

CCR6 0.1307 0.0023 1.1396
BCL10 0.1222 0.0064 1.1300

PRKCA 0.9982 <0.0001 2.7135
EPHB6 0.8559 <0.0001 2.3536

IFNAR2 0.4546 6.4298 × 10−6 1.5756

Chemotherapy (Yes) Menopausal Status (Post)
PDIK1L 0.4952 0.0003 1.6409

RPS6KA5 0.2836 <0.0001 1.3279
IKZF2 0.4714 <0.0001 1.6023

Chemotherapy (Yes) Tumor Stage (I) RIOK3 0.1683 2.4615 × 10−5 1.1833

Chemotherapy (Yes) Tumor Stage (II) PRKCA 1.0213 <0.0001 2.7770

Chemotherapy (Yes) Tumor Stage (III) IFIH1 0.3366 1.2977 × 10−5 0.1773
CDKL5 0.7786 0.0066 2.1785

Next, we highlight the importance of identified phenotypic features from Table 1 for
TNBC patient outcomes. Using literature, high-TMB TNBC status may benefit specifically
from ICIs in combination with chemotherapy [23] or ICIs alone [24]. TNBC patients have
high TMB due to accumulation of genomic instability, which leads to the production
neoantigens, thereby resulting in strong effector cell responses [25]. TNBC tumors have
a “hot tumor phenotype”, which characterized by a high degree of immune infiltration
and associated with improved survival outcomes regardless of tumor stage, molecular
subtype, PD-L1 status, age and treatment schedule [26]. The IMpassion130 trial tested
immunotherapy agent Durvalumab in combination with chemotherapy or chemotherapy
alone on 149 early stage TNBC patients. Median TMB was significantly higher in patients
with pathologic complete response (pCR) (median 1.87 versus 1.39, p = 0.005), and odds
ratios for pCR per mut/MB were 2.06 (95% CI 1.33–3.20) among all patients, 1.77 (95%
CI 1.00–3.13) in the Durvalumab arm, and 2.82 (95% CI 1.21–6.54) in the chemotherapy arm.
Interestingly, the association between pCR and TMB was more pronounced in patients
treated with chemotherapy alone. The KEYNOTE-119 trial evaluated metastatic TNBC
patients treated with Pembrolizumab monotherapy versus chemotherapy. The positive
association was observed between TMB and clinical response to Pembrolizumab (ORR
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p = 0.154, PSF p = 0.014, OS p = 0.018) but not to chemotherapy (ORR p = 0.114, PFS p = 0.478,
OS p = 0.906). ORR and hazard ratio (HR) for OS also suggested a trend towards increased
benefit with Pembrolizumab versus chemotherapy in TNBC patients with high TMB. This
clinical trial was constrained by the small sample size and low number of TMB-high cases.

In terms of relapse status, one study suggested that rapid versus late relapse in
TNBC might be characterized by unique clinical and genomic features [27]. Both ‘rapid
relapse’ (rrTNBC) and ‘late relapse’ (lrTNBC) groups had significantly lower expression of
immune-related genes. Intriguingly, lrTNBCs were enriched for luminal signatures. There
was no difference in TMB or percent genome altered across investigated subgroups of
TNBC patients.

In connection to menopausal status, TNBC was observed primarily in postmenopausal
patients [28]. The overexpression of the p53 protein, a significantly higher Ki-67 prolif-
eration index value, and a higher nuclear grade was detected in TNBC premenopausal
patients. A multivariate analysis estimated that menopausal status, nodal status, and tumor
size were significant contributors for disease-free survival (DFS) in TNBC cases.

We had also discovered novel phenotypic features in TNBC subgroups, such as tumor
cellularity and tumor stage. The evaluation of tumor cellularity, defined as the percentage of
invasive tumor comprised of tumor cells, may represent an informative histologic measure
of the differential response of TNBC to chemoimmunotherapy. To classify the severity of a
malignant disease in a particular patient, the tumor staging system is employed during the
course of disease. This system is essential in optimizing cancer patients treatment options
and their risk stratification. Therefore, these features can be important in the design and
analysis of intervention studies, including randomized clinical trials, to better assess their
prognostic utility for TNBC patients.

3.3. Differences in Immune Cell Populations for Discovered TNBC Subgroups

This section described immune cell populations that were discovered in scRNA-seq
TNBC data based on genotypic patterns from exploratory mining stage. We interpreted
our results using biomedical knowledge, including findings from existing clinical trials,
immunohistochemistry experiments and functional characterization of specific genes. The
summary of our findings is presented in Table 2.

Table 2. Immune cell populations that are linked to the specific TNBC outcome determined by our
informatics pipeline.

Condition T-Cells B-Cells Myeloid Cells NK-Cells

anti-PD-L1
post treatment

partial remission

CD4-Tn-LEF1
CD4-CXCL13 - - ILC3-AREG

ILC3-IL7R

chemo
post treatment

progressive disease
Tact-IFI6 pB-IGHG1

cDC1-CLEC9A
macro-CFD

macro-FOLR2
macro-MKI67
macro-SPP1

macro-TUBA1B
mono-FCN1

mono-S100A89
mono-SMIM25

ILC1-VCAM1

3.3.1. T-Cells Global Cluster

The proliferative MKI67+ T-cells (Tprf-MKI67) were exclusively present in TNBC
patients achieving progressive disease after chemotherapy. Based on literature findings, the
expression of MKI67 gene was significantly correlated with lymph node metastases, tumor
invasion and adverse survival outcome in TNBC [29]. In addition, more unfovourable sur-
vival outcomes in breast cancer patients with recurrent lesions were significantly correlated
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with high Ki-67 immunohistochemical expression levels (hazard ratio 2.307; 95% confi-
dence interval 1.207–4.407, p-value = 0.011) [30]. Therefore, MKI67 may be an important
biomarker of predictive and prognostic value in TNBC.

CD4-Tn-LEF1 and CD4-CXCL13 T-cells were linked to partial remission after anti-PD-
L1+chemotherapy treatment. Importantly, these CD4+ T-cells express very high amounts of
PD-1 and other co-stimulatory and inhibitory receptors. Therefore, they instrumental to B-
cells for efficient antibody responses and their presence in tumor samples is often correlated
with a better outcome in patients with solid tumors [31]. Based on biomedical literature,
the presence of CD4-CXCL13 T-cells in TNBC tumors responsive to chemoimmunotherapy
was detected through immunohistochemistry staining [16,32]. In addition to CXCL13+

T-cells, naïve LEF1+ T-cells (Tn-LEF1) were also linked to a favorable response to both anti-
PD-L1+chemotherapy and chemotherapy. In a recent study, the magnitude of lymphocytic
infiltration was assessed by a four-gene signature—HLF, CXCL13, SULT1E1 and GBP1,
which was indicative of favourable outcome in TNBC after neoadjuvant therapy. This
signature may help to identify early stage TNBC patients and being a novel prognostic
biomarker of this aggressive disease [33].

The activated IFI6+ T-cells (Tact-IFI6) were linked to progressive disease after chemother-
apy. The poor metastasis-free survival in breast cancer patients was linked to upregulation
of mitochondrial antiapoptotic protein IFI6 that might be involved in regulation of mito-
chondrial ROS production [34]. Therefore, to improve clinical outcomes in breast cancer
patients, the deactivation of mitochondrial functions of IFI6 is paramount.

3.3.2. B-Cells Global Cluster

The MKI67+ follicular B-cells (Bfoc-MKI67), NEIL1+ follicular B-cells (Bfoc-NEIL1)
and MKI67+ memory B-cells (Bmem-MKI67) were exclusively present in TNBC patients
with partial remission after anti-PD-L1+chemotherapy treatment. Based on biomedical
literature, follicular B-cells was associated with favorable outcomes for TCGA patients with
breast cancer [35]. The naïve B-cells, memory B-cells and follicular B-cells were present
primarily in patients responsive to chemoimmunotherapy but not in patients responsive
to chemotherapy treatment [16]. In regard with Bfoc-NEIL1 cell population, NEIL1 impli-
cated in repair of oxidative damage associated with DNA replication or transcription [36].
Reduction in NEIL1 expression was associated with a poorer outcome in patients with
breast invasive carcinoma [37]. Hence, NEIL1 could be a promising biomarker for TNBC
patients that consider chemoimmunotherapy treatment.

Plasma IGHG1+ B-cells (pB-IGHG1) were linked to progressive disease after chemother-
apy treatment. In TNBC, the expression of IGHG1 indicated the most significant prognostic
value compared to trivial clinicopathological parameters [38]. Intriguingly, IGHG1 expres-
sion in B-cells and plasma cells could be associated with immune evasion and tumor cell
proliferation in breast malignancies [39]. These data may imply that B cells or plasma cells
could have pro-tumoral roles under particular conditions; however, the factors influencing
the emergence of this pathologic phenotype and the roles played by B cells and plasma
cells in these contexts remains unclear.

3.3.3. Myeloid Cells Global Cluster

The MMP9+ macrophages (macro-MMP9) were exclusively present in TNBC patients
with partial remission after anti-PD-L1+chemotherapy treatment. The literature search
revealed that MMPs have a intricate role in cancer progression and may exert both pro-
and antitumorigenic activities [40]. Although MMP expression has been linked to tumor
progression in various cancer types including breast cancer [41], clinical trials investigat-
ing the effect of broad-spectrum MMP inhibitors have failed, and in some cases, patients
treated with these inhibitors even progressed after treatment comparing to control placebo
group [42]. Indeed, the overexpression of MMP9 results in increased production of an-
tiangiogenic fragments, decreased angiogenesis, and therapeutic effects of established
breast cancer [43]. In another study, gene transfer of MMP-9 to ex vivo breast cancer
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tumors caused tumor regression via increased neutrophil infiltration and an activation of
tumor-associated macrophages (TAMs) [44]. Therefore, MMP9 can serve as a biomarker for
predicting tumor regression in TNBC.

The macro-CCL2, macro-CX3CR1, macro-IFI27, macro-IGFBP7, macro-IL1B9, macro-
MGP and macro-SLC40A1 cells were exclusively present in TNBC patients achieving
progressive disease after chemotherapy. Based on biomedical findings, CCL2 expression
in breast carcinomas was highly associated with macrophage infiltration, and its expres-
sion was correlated with poor prognosis in breast cancer patients [45]. In another study,
chemokine receptor CX3CR1 showed a role in angiogenic macrophage survival in the
tumor microenvironment contributing to tumor metastasis [46]. In a similar fashion, IFI27
overexpression was shown to impair the tamoxifen-induced apoptosis in breast cancer
cells [47]. Finally, IL1B signalling contributed to breast cancer metastasis by enhancing
tumor cell motility and inhibiting cell proliferation [48]. These findings highlight the
importance of CCL2, CX3CR1, IFI27 and IL1B expressed in macrophages in progression
of TNBC.

The CLEC9A+ dendritic cells (cDC1-CLEC9A), macro-CFD, macro-FOLR2, macro-
MKI67, macro-SPP1, macro-TUBA1B, FCN1+ monocytes (mono-FCN1), mono-S100A89
and mono-SMIM25 cells were linked to progressive disease after chemotherapy treatment.
Notably, CFD functioned as an enhancer of tumor proliferation and cancer stem cell
properties in breast cancers [49]. In another study, SPP1-associated macrophages in the
tumor-adipose microenvironment facilitate breast cancer progression [50]. Interestingly,
S100A8/A9, which are calcium-binding proteins that are secreted primarily by granulocytes
and monocytes, may be associated with the loss of estrogen receptor and may be involved
in the poor prognosis of Her2+/basal-like subtypes of breast cancer. Therefore, myeloid
cell populations expressing CFD, SPP1 and S100A89 might be crucial biomarkers of poor
treatment response in TNBC.

3.3.4. NK-Cells Global Cluster

The CNOT2+ group 2 innate lymphoid cells (ILC2-CNOT2) were exclusively present
in TNBC patients achieving partial remission after anti-PD-L1+chemotherapy treatment.
Indeed, ILC2s involved in both anti-tumor and pro-tumoral immunity in a variety of
human cancers [51]. In terms of pro-tumoral immunity, the promotion of tumor growth and
metastasis is achieved by crosstalk between ILC2s and tumor microenviroment (TME) [52].
In addition, the ILC2s trigger the apoptosis of tumor cells by recruiting and activating
eosinophils [53], CXCL1L/CXCL2L molecules and macrophages with M1 profile [54].

The ZNF683+ group 1 innate lymphoid cells (ILC1-ZNF683) cells were exclusively
present in TNBC patients achieving progressive disease after chemotherapy. The biomedical
literature demonstrates that ILC1 cells involved in inhibiting the antitumoral immune
response, enabling the differential tumor infiltration of ILC1 cells in patients to improve
the levaraging of immunity in cancer therapies [55]. However, the role of ZNF683 gene in
particular remains elusive.

ILC3-AREG and ILC3-IL7R cells were linked to partial remission after anti-PD-L1
+chemotherapy treatment. It had been shown that ILC3-IL7R could predict a favorable
response to both treatment regimens, indicating its potential role in effective antitumor
immunity [16]. In contrary, ILC1-VCAM1 cells were linked to progressive disease after
chemotherapy treatment. Recent studies have shown that vascular cell adhesion molecule-1
(VCAM1) is aberrantly expressed in breast cancer cells and mediates prometastatic tumor-
stromal interactions [56]. Therefore, AREG+, IL7R+ and VCAM1+ innate lymphoid cells
can help determine prognosis for breast cancer patients.

4. Discussion

The analysis of the TNBC scRNA-seq data revealed distinct immune cell populations
that are linked to either partial remission after anti-PD-L1+chemotherapy or progressive
disease after chemotherapy only. In terms of T-cells, CD4-Tn-LEF1 and CD4-CXCL13 T-cells
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were linked to partial remission after anti-PD-L1+chemotherapy treatment, while Tact-IFI6
T-cells were linked to progressive disease after chemotherapy. The naïve B-cells, memory B-
cells and follicular B-cells were mainly enriched in tumors responsive to chemoimmunother-
apy but not in tumors responsive to chemotherapy treatment. The MMP9+ macrophages
(macro-MMP9) were exclusively present in TNBC patients with partial remission after
anti-PD-L1+chemotherapy treatment, while heterogenous population of macrophages,
including macro-CCL2, macro-CX3CR1, macro-IFI27, macro-IGFBP7, macro-IL1B9, macro-
MGP and macro-SLC40A1 cells were exclusively present in TNBC patients achieving
progressive disease after chemotherapy. Finally, group 3 innate lymphoid cells (ILC3-
AREG and ILC3-IL7R) were linked to partial remission after anti-PD-L1+chemotherapy
treatment, while ZNF683+ group 1 innate lymphoid cells (ILC1-ZNF683) cells were exclu-
sively present in TNBC patients achieving progressive disease after chemotherapy. Each
of these cell populations have distinctive genetic markers that could be useful therapeutic
targets for chemoimmunotherapy.

The role of T follicular helper and B-cell crosstalk in tumor immunity has been exten-
sively studied over the last decade. Accumulating evidence suggests that tumor infiltrated
lymphocyte (TIL) subpopulations (CD4, CD8, and CD19/20) constitute of both suppressive
(pro-tumor) or effector (anti-tumor) phenotypes whose functions are influenced by the
surrounding TME [57]. Natural or treatment-induced immune activation or suppression
may determine the balance between pro- or anti-tumor immune cell crosstalk within a
given tumor. Key anti-tumor effector activities include antibody-dependent cell cytotoxicity,
complement activation, antibody-mediated tumor cell phagocytosis, antigen presentation,
T cell activation, cytokine secretion, and direct tumor killing by TIL, including CD8, NK, B
cells, and/or macrophages [58].

Despite of significant survival advantages that could be achieved after treatment
with chemoimmunotherapy, most TNBC patients would not benefit. Therefore, more and
more attention has been paid to the identification and development of biomarkers for the
response of chemoimmunotherapy in recent years. Our informatics pipeline identified
novel phenotypic and genotypic predictors in unsupervised manner that indicative of
favorable outcome after chemoimmunotherapy. These predictors could be important
biomarkers in the design and analysis of intervention studies and ultimately could help
to optimize therapy decisions for TNBC patients. In addition, it may help to select better
responders to chemoimmunotherapy, as well as pinpoint the underlying mechanisms of
drug resistance in TNBC patients at single-cell resolution.

5. Conclusions

To tackle patient heterogeneity, chemoimmunotherapy combinations represent a fea-
sible alternative for TNBC patients. However, matching patient subgroups to effective
treatments that increase their chance of survival remains a challenging endeavor. In this
work, we augmented our exploratory subgroup discovery algorithm to identify TNBC
subpopulations that may benefit from chemoimmunotherapy. Specifically, we identified
immune-related gene signatures that increased the likelihood of partial remission after anti-
PD-L1+chemotherapy regimen versus progressive disease after chemotherapy in TNBC
patients. Our novel informatics pipeline identified immune cell populations that associated
with various treatment outcomes in TNBC. We also showed the importance of TMB and
menopausal status among the investigated TNBC subgroups. The potential limitations
include the usage of two disjoint datasets and the absence of outcome variable for im-
munotherapy outcomes in TCGA datasets. Further validation of our computational results
in wet-lab studies would be a significant step toward improving survival outcomes for
TNBC patients.

62



Cancers 2022, 14, 5806

Author Contributions: Conceptualization, O.K. and C.-R.S.; methodology, O.K.; software, W.I.B.;
validation, O.K. and C.-R.S.; formal analysis, O.K., W.I.B. and C.-R.S.; data curation, O.K.; writing—
original draft preparation, O.K. and C.-R.S.; writing—review and editing, C.-R.S., J.B.M., J.T.K.,
R.D.H. and C.N.P.; visualization, O.K.; supervision, C.-R.S. and J.B.M.; project administration, C.-
R.S.; funding acquisition, C.-R.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research study was funded by University of Missouri Institute for Data Science and
Informatics to O.K and W.I.B. and Data-Driven and Artificial Intelligence Initiatives to C.-R.S., O.K.
and C.-R.S. were funded by Shumaker Endowment for Bioinformatics. J.B.M. received funding from
the Department of Veteran’s Affairs (K2BX004346-01A1). The content is solely the responsibility
of the authors and does not necessarily represent the official views of the Department of Veterans’
Affairs. The funding bodies had no role in the study design; in the collection, analysis, interpretation
of data; or in the writing of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The TCGA dataset is available online at https://www.cbioportal.org
(accessed on 22 August 2022). The scRNA-seq TNBC dataset is available online at http://tnbc_pd-l1
.cancer-pku.cn (accessed on 22 August 2022).

Acknowledgments: We appreciate the critical input of members from Interdisciplinary Data Analyt-
ics and Search (iDAS) Laboratory at University of Missouri, Columbia.

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

References

1. Moss, J.L.; Tatalovich, Z.; Zhu, L.; Morgan, C.; Cronin, K.A. Triple-negative breast cancer incidence in the United States: Ecological
correlations with area-level sociodemographics, healthcare, and health behaviors. Breast Cancer 2020, 28, 82–91. [CrossRef]

2. Lehmann, B.D.; Pietenpol, J.A. Identification and use of biomarkers in treatment strategies for triple-negative breast cancer
subtypes. J. Pathol. 2014, 232, 142–150. [CrossRef]

3. Gupta, G.K.; Collier, A.L.; Lee, D.; Hoefer, R.A.; Zheleva, V.; Van Reesema, L.L.S.; Tang-Tan, A.M.; Guye, M.L.; Chang, D.Z.;
Winston, J.S.; et al. Perspectives on Triple-Negative Breast Cancer: Current Treatment Strategies, Unmet Needs, and Potential
Targets for Future Therapies. Cancers 2020, 12, 2392. [CrossRef]

4. Tarantino, P.; Corti, C.; Schmid, P.; Cortes, J.; Mittendorf, E.A.; Rugo, H.; Tolaney, S.M.; Bianchini, G.; Andrè, F.; Curigliano,
G. Immunotherapy for early triple negative breast cancer: Research agenda for the next decade. NPJ Breast Cancer 2022, 8, 23.
[CrossRef]

5. Tutt, A.N.; Garber, J.E.; Kaufman, B.; Viale, G.; Fumagalli, D.; Rastogi, P.; Gelber, R.D.; de Azambuja, E.; Fielding, A.; Balmaña,
J.; et al. Adjuvant Olaparib for Patients with BRCA1- or BRCA2-Mutated Breast Cancer. N. Engl. J. Med. 2021, 384, 2394–2405.
[CrossRef]

6. O’Meara, T.A.; Tolaney, S.M. Tumor mutational burden as a predictor of immunotherapy response in breast cancer. Oncotarget
2021, 12, 394–400. [CrossRef]

7. Cortes, J.; Cescon, D.W.; Rugo, H.S.; Nowecki, Z.; Im, S.-A.; Yusof, M.M.; Gallardo, C.; Lipatov, O.; Barrios, C.H.; Holgado, E.; et al.
Pembrolizumab plus chemotherapy versus placebo plus chemotherapy for previously untreated locally recurrent inoperable or
metastatic triple-negative breast cancer (KEYNOTE-355): A randomised, placebo-controlled, double-blind, phase 3 clinical trial.
Lancet 2020, 396, 1817–1828. [CrossRef]

8. Hutchinson, K.E.; Yost, S.E.; Chang, C.-W.; Johnson, R.M.; Carr, A.R.; McAdam, P.R.; Halligan, D.L.; Chang, C.-C.; Schmolze,
D.; Liang, J.; et al. Comprehensive Profiling of Poor-Risk Paired Primary and Recurrent Triple-Negative Breast Cancers Reveals
Immune Phenotype Shifts. Clin. Cancer Res. 2020, 26, 657–668. [CrossRef]

9. Schmid, P.; Cortes, J.; Dent, R.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R.; et al. VP7-2021:
KEYNOTE-522: Phase III study of neoadjuvant pembrolizumab + chemotherapy vs. placebo + chemotherapy, followed by
adjuvant pembrolizumab vs. placebo for early-stage TNBC. Ann. Oncol. 2021, 32, 1198–1200. [CrossRef]

10. Criscitiello, C.; Corti, C.; Pravettoni, G.; Curigliano, G. Managing side effects of immune checkpoint inhibitors in breast cancer.
Crit. Rev. Oncol. Hematol. 2021, 162, 103354. [CrossRef]

11. Miles, D.; Gligorov, J.; André, F.; Cameron, D.; Schneeweiss, A.; Barrios, C.; Xu, B.; Wardley, A.; Kaen, D.; Andrade, L.; et al.
Primary results from IMpassion131, a double-blind, placebo-controlled, randomised phase III trial of first-line paclitaxel with or
without atezolizumab for unresectable locally advanced/metastatic triple-negative breast cancer. Ann. Oncol. Off. J. Eur. Soc. Med.
Oncol. 2021, 32, 994–1004. [CrossRef]

12. Davis, A.A.; Patel, V.G. The role of PD-L1 expression as a predictive biomarker: An analysis of all US Food and Drug Administra-
tion (FDA) approvals of immune checkpoint inhibitors. J. Immunother. Cancer 2019, 7, 278. [CrossRef]

63



Cancers 2022, 14, 5806

13. Cristescu, R.; Aurora-Garg, D.; Albright, A.; Xu, L.; Liu, X.Q.; Loboda, A.; Lang, L.; Jin, F.; Rubin, E.H.; Snyder, A.; et al. Tumor
mutational burden predicts the efficacy of pembrolizumab monotherapy: A pan-tumor retrospective analysis of participants with
advanced solid tumors. J. Immunother. Cancer 2022, 10, e003091. [CrossRef]

14. Gradishar, W.J.; Anderson, B.O.; Abraham, J.; Aft, R.; Agnese, D.; Allison, K.H.; Blair, S.L.; Burstein, H.J.; Dang, C.; Elias, A.D.;
et al. Breast Cancer, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. JNCCN 2020, 18,
452–478. [CrossRef]

15. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.E.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]

16. Zhang, Y.; Chen, H.; Mo, H.; Hu, X.; Gao, R.; Zhao, Y.; Liu, B.; Niu, L.; Sun, X.; Yu, X.; et al. Single-cell analyses reveal key immune cell
subsets associated with response to PD-L1 blockade in triple-negative breast cancer. Cancer Cell 2021, 39, 1578–1593.e8. [CrossRef]

17. Agrawal, R.; Srikant, R. Fast Algorithms for Mining Association Rules in Large Databases. In Proceedings of the 20th International
Conference on Very Large Data Bases, VLDB ’94, Santiago de Chile, Chile, 12–15 September 1994; Morgan Kaufmann Publishers
Inc.: Burlington, MA, USA, 1994; pp. 487–499.

18. Dong, G.; Li, J. Efficient mining of emerging patterns: Discovering trends and differences. In Proceedings of the Fifth ACM
SIGKDD International Conference on Knowledge Discovery and Data Mining, KDD ’99, San Diego, CA, USA, 15–18 August 1999;
Association for Computing Machinery: New York, NY, USA, 1999; pp. 43–52. [CrossRef]

19. Egghe, L. Theory and practise of the g-index. Scientometrics 2006, 69, 131–152. [CrossRef]
20. Liu, D.; Baskett, W.; Beversdorf, D.; Shyu, C.-R. Exploratory Data Mining for Subgroup Cohort Discoveries and Prioritization.

IEEE J. Biomed. Health Inform. 2020, 24, 1456–1468. [CrossRef]
21. Nnet: Feed-Forward Neural Networks and Multinomial Log-Linear Models Version 7.3-17 from CRAN. Available online:

https://rdrr.io/cran/nnet/ (accessed on 2 September 2022).
22. Azizi, E.; Carr, A.J.; Plitas, G.; Cornish, A.E.; Konopacki, C.; Prabhakaran, S.; Nainys, J.; Wu, K.; Kiseliovas, V.; Setty, M.; et al.

Single-Cell Map of Diverse Immune Phenotypes in the Breast Tumor Microenvironment. Cell 2018, 174, 1293–1308.e36. [CrossRef]
23. Karn, T.; Denkert, C.; Weber, K.; Holtrich, U.; Hanusch, C.; Sinn, B.; Higgs, B.; Jank, P.; Sinn, H.; Huober, J.; et al. Tumor mutational

burden and immune infiltration as independent predictors of response to neoadjuvant immune checkpoint inhibition in early
TNBC in GeparNuevo. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2020, 31, 1216–1222. [CrossRef]

24. Winer, E.P.; Lipatov, O.; Im, S.-A.; Goncalves, A.; Muñoz-Couselo, E.; Lee, K.S.; Schmid, P.; Testa, L.; Witzel, I.; Ohtani, S.; et al.
Association of tumor mutational burden (TMB) and clinical outcomes with pembrolizumab (pembro) versus chemotherapy
(chemo) in patients with metastatic triple-negative breast cancer (mTNBC) from KEYNOTE-119. J. Clin. Oncol. 2020, 38 (Suppl.
15), 1013. [CrossRef]

25. El Bairi, K.; Haynes, H.R.; Blackley, E.; Fineberg, S.; Shear, J.; Turner, S.; de Freitas, J.R.; Sur, D.; Amendola, L.C.; Gharib, M.; et al.
The tale of TILs in breast cancer: A report from The International Immuno-Oncology Biomarker Working Group. NPJ Breast
Cancer 2021, 7, 150. [CrossRef]

26. Thomas, A.; Routh, E.; Pullikuth, A.; Jin, G.; Su, J.; Chou, J.W.; Hoadley, K.; Print, C.; Knowlton, N.; Black, M.A.; et al. Tumor
mutational burden is a determinant of immune-mediated survival in breast cancer. OncoImmunology 2018, 7, e1490854. [CrossRef]

27. Zhang, Y.; Asad, S.; Weber, Z.; Tallman, D.; Nock, W.; Wyse, M.; Bey, J.F.; Dean, K.L.; Adams, E.J.; Stockard, S.; et al. Genomic
features of rapid versus late relapse in triple negative breast cancer. BMC Cancer 2021, 21, 568. [CrossRef]

28. Nishimura, R.; Osako, T.; Okumura, Y.; Nakano, M.; Otsuka, H.; Fujisue, M.; Arima, N. Triple Negative Breast Cancer: An
Analysis of the Subtypes and the Effects of Menopausal Status on Invasive Breast Cancer. J. Clin. Med. 2022, 11, 2331. [CrossRef]

29. A Arafah, M.; Ouban, A.; Ameer, O.Z.; Quek, K.J. KI-67 LI Expression in Triple-Negative Breast Cancer Patients and Its
Significance. Breast Cancer: Basic Clin. Res. 2021, 15, 11782234211016977. [CrossRef]

30. Inari, H.; Suganuma, N.; Kawachi, K.; Yoshida, T.; Yamanaka, T.; Nakamura, Y.; Yoshihara, M.; Nakayama, H.; Masudo, K.;
Oshima, T.; et al. Clinicopathological and prognostic significance of Ki-67 immunohistochemical expression of distant metastatic
lesions in patients with metastatic breast cancer. Breast Cancer 2017, 24, 748–755. [CrossRef]

31. Baumjohann, D.; Brossart, P. T follicular helper cells: Linking cancer immunotherapy and immune-related adverse events. J.
Immunother. Cancer 2021, 9, e002588. [CrossRef]

32. Ma, Q.; Chen, Y.; Qin, Q.; Guo, F.; Wang, Y.-S.; Li, D. CXCL13 expression in mouse 4T1 breast cancer microenvironment elicits
antitumor immune response by regulating immune cell infiltration. Precis. Clin. Med. 2021, 4, 155–167. [CrossRef]

33. Criscitiello, C.; Bayar, M.; Curigliano, G.; Symmans, F.; Desmedt, C.; Bonnefoi, H.; Sinn, B.; Pruneri, G.; Vicier, C.; Pierga, J.; et al.
A gene signature to predict high tumor-infiltrating lymphocytes after neoadjuvant chemotherapy and outcome in patients with
triple-negative breast cancer. Ann. Oncol. 2018, 29, 162–169. [CrossRef]

34. Cheriyath, V.; Kaur, J.; Davenport, A.; Khalel, A.; Chowdhury, N.; Gaddipati, L. G1P3 (IFI6), a mitochondrial localised antiapop-
totic protein, promotes metastatic potential of breast cancer cells through mtROS. Br. J. Cancer 2018, 119, 52–64. [CrossRef]

35. Hollern, D.P.; Xu, N.; Thennavan, A.; Glodowski, C.; Garcia-Recio, S.; Mott, K.R.; He, X.; Garay, J.P.; Carey-Ewend, K.; Marron, D.;
et al. B Cells and T Follicular Helper Cells Mediate Response to Checkpoint Inhibitors in High Mutation Burden Mouse Models
of Breast Cancer. Cell 2019, 179, 1191–1206.e21. [CrossRef]

36. Mori, H.; Ouchida, R.; Hijikata, A.; Kitamura, H.; Ohara, O.; Li, Y.; Gao, X.; Yasui, A.; Lloyd, R.S.; Wang, J.-Y. Deficiency of the
oxidative damage-specific DNA glycosylase NEIL1 leads to reduced germinal center B cell expansion. DNA Repair. 2009, 8,
1328–1332. [CrossRef]

64



Cancers 2022, 14, 5806

37. Shinmura, K.; Kato, H.; Kawanishi, Y.; Igarashi, H.; Goto, M.; Tao, H.; Inoue, Y.; Nakamura, S.; Misawa, K.; Mineta, H.; et al.
Abnormal Expressions of DNA Glycosylase Genes NEIL1, NEIL2, and NEIL3 Are Associated with Somatic Mutation Loads in
Human Cancer. Oxid. Med. Cell. Longev. 2016, 2016, 1546392. [CrossRef]

38. Yeong, J.; Lim, J.C.T.; Lee, B.; Li, H.; Chia, N.; Ong, C.C.H.; Lye, W.K.; Putti, T.C.; Dent, R.; Lim, E.; et al. High Densities of
Tumor-Associated Plasma Cells Predict Improved Prognosis in Triple Negative Breast Cancer. Front. Immunol. 2018, 9, 1209.
[CrossRef]

39. Pelegrina, L.T.; Lombardi, M.G.; Fiszman, G.L.; Azar, M.E.; Morgado, C.C.; Sales, M.E. Immunoglobulin G from Breast Cancer
Patients Regulates MCF-7 Cells Migration and MMP-9 Activity by Stimulating Muscarinic Acetylcholine Receptors. J. Clin.
Immunol. 2012, 33, 427–435. [CrossRef]

40. López-Otín, C.; Matrisian, L.M. Emerging roles of proteases in tumour suppression. Nat. Rev. Cancer 2007, 7, 800–808. [CrossRef]
41. Pellikainen, J.M.; Ropponen, K.M.; Kataja, V.V.; Kellokoski, J.K.; Eskelinen, M.J.; Kosma, V.-M. Expression of Matrix Metallopro-

teinase (MMP)-2 and MMP-9 in Breast Cancer with a Special Reference to Activator Protein-2, HER2, and Prognosis. Clin. Cancer
Res. 2004, 10, 7621–7628. [CrossRef]

42. Coussens, L.M.; Fingleton, B.; Matrisian, L.M. Matrix Metalloproteinase Inhibitors and Cancer—Trials and Tribulations. Science
2002, 295, 2387–2392. [CrossRef]

43. Bendrik, C.; Robertson, J.; Gauldie, J.; Dabrosin, C. Gene Transfer of Matrix Metalloproteinase-9 Induces Tumor Regression of
Breast Cancer In Vivo. Cancer Res. 2008, 68, 3405–3412. [CrossRef]

44. Leifler, K.S.; Svensson, S.; Abrahamsson, A.; Bendrik, C.; Robertson, J.; Gauldie, J.; Olsson, A.-K.; Dabrosin, C. Inflammation
Induced by MMP-9 Enhances Tumor Regression of Experimental Breast Cancer. J. Immunol. 2013, 190, 4420–4430. [CrossRef]

45. Sun, X.; Glynn, D.J.; Hodson, L.J.; Huo, C.; Britt, K.; Thompson, E.W.; Woolford, L.; Evdokiou, A.; Pollard, J.W.; Robertson, S.A.;
et al. CCL2-driven inflammation increases mammary gland stromal density and cancer susceptibility in a transgenic mouse
model. Breast Cancer Res. BCR 2017, 19, 4. [CrossRef]

46. Zheng, J.; Yang, M.; Shao, J.; Miao, Y.; Han, J.; Du, J. Chemokine receptor CX3CR1 contributes to macrophage survival in tumor
metastasis. Mol. Cancer 2013, 12, 141. [CrossRef]

47. Cervantes-Badillo, M.G.; Paredes-Villa, A.; Gómez-Romero, V.; Cervantes-Roldán, R.; Arias-Romero, L.E.; Villamar-Cruz, O.;
González-Montiel, M.; Barrios-García, T.; Cabrera-Quintero, A.J.; Rodríguez-Gómez, G.; et al. IFI27/ISG12 Downregulates
Estrogen Receptor α Transactivation by Facilitating Its Interaction With CRM1/XPO1 in Breast Cancer Cells. Front. Endocrinol.
2020, 11, 568375. Available online: https://www.frontiersin.org/articles/10.3389/fendo.2020.568375 (accessed on 27 September
2022). [CrossRef]

48. Tulotta, C.; Lefley, D.V.; Moore, C.K.; Amariutei, A.E.; Spicer-Hadlington, A.R.; Quayle, L.A.; Hughes, R.O.; Ahmed, K.; Cookson,
V.; Evans, C.A.; et al. IL-1B drives opposing responses in primary tumours and bone metastases; harnessing combination
therapies to improve outcome in breast cancer. NPJ Breast Cancer 2021, 7, 95. [CrossRef]

49. Mizuno, M.; Khaledian, B.; Maeda, M.; Hayashi, T.; Mizuno, S.; Munetsuna, E.; Watanabe, T.; Kono, S.; Okada, S.; Suzuki, M.; et al.
Adipsin-Dependent Secretion of Hepatocyte Growth Factor Regulates the Adipocyte-Cancer Stem Cell Interaction. Cancers 2021,
13, 4238. [CrossRef]

50. Liu, Z.; Gao, Z.; Li, B.; Li, J.; Ou, Y.; Yu, X.; Zhang, Z.; Liu, S.; Fu, X.; Jin, H.; et al. Lipid-associated macrophages in the
tumor-adipose microenvironment facilitate breast cancer progression. OncoImmunology 2022, 11, 2085432. [CrossRef]

51. Howard, E.; Hurrell, B.P.; Helou, D.G.; Quach, C.; Painter, J.D.; Shafiei-Jahani, P.; Fung, M.; Gill, P.S.; Soroosh, P.; Sharpe, A.H.; et al.
PD-1 Blockade on Tumor Microenvironment-Resident ILC2s Promotes TNF-α Production and Restricts Progression of Metastatic
Melanoma. Front. Immunol. 2021, 12, 733136. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2021.733136
(accessed on 29 September 2022). [CrossRef]

52. Halim, T.Y.F.; Rana, B.M.J.; Walker, J.A.; Kerscher, B.; Knolle, M.D.; Jolin, H.E.; Serrao, E.M.; Haim-Vilmovsky, L.; Teichmann, S.A.;
Rodewald, H.R.; et al. Tissue-Restricted Adaptive Type 2 Immunity Is Orchestrated by Expression of the Costimulatory Molecule
OX40L on Group 2 Innate Lymphoid Cells. Immunity 2018, 48, 1195–1207.e6. [CrossRef]

53. Grisaru-Tal, S.; Itan, M.; Klion, A.D.; Munitz, A. A new dawn for eosinophils in the tumour microenvironment. Nat. Rev. Cancer
2020, 20, 594–607. [CrossRef]

54. Carretero, R.; Sektioglu, I.M.; Garbi, N.; Salgado, O.C.; Beckhove, P.; Hämmerling, G.J. Eosinophils orchestrate cancer rejection by
normalizing tumor vessels and enhancing infiltration of CD8+ T cells. Nat. Immunol. 2015, 16, 609–617. [CrossRef]

55. Vienne, M.; Etiennot, M.; Escalière, B.; Galluso, J.; Spinelli, L.; Guia, S.; Fenis, A.; Vivier, E.; Kerdiles, Y.M. Type 1 Innate Lymphoid
Cells Limit the Antitumoral Immune Response. Front. Immunol. 2021, 12, 768989. Available online: https://www.frontiersin.org/
articles/10.3389/fimmu.2021.768989 (accessed on 29 September 2022). [CrossRef]

56. Chen, Q.; Massagué, J. Molecular Pathways: VCAM-1 as a Potential Therapeutic Target in Metastasis. Clin. Cancer Res. Off. J. Am.
Assoc. Cancer Res. 2012, 18, 5520–5525. [CrossRef]

57. Kalaora, S.; Nagler, A.; Wargo, J.A.; Samuels, Y. Mechanisms of immune activation and regulation: Lessons from melanoma. Nat.
Rev. Cancer 2022, 22, 195–207. [CrossRef]

58. Salemme, V.; Centonze, G.; Cavallo, F.; Defilippi, P.; Conti, L. The Crosstalk Between Tumor Cells and the Immune Microenviron-
ment in Breast Cancer: Implications for Immunotherapy. Front. Oncol. 2021, 11, 610303. [CrossRef]

65



Citation: Cohen, E.N.; Jayachandran,

G.; Moore, R.G.; Cristofanilli, M.;

Lang, J.E.; Khoury, J.D.; Press, M.F.;

Kim, K.K.; Khazan, N.; Zhang, Q.;

et al. A Multi-Center Clinical Study

to Harvest and Characterize

Circulating Tumor Cells from Patients

with Metastatic Breast Cancer Using

the Parsortix® PC1 System. Cancers

2022, 14, 5238. https://doi.org/

10.3390/cancers14215238

Academic Editor: Emilie

Mamessier-Birnbaum

Received: 23 September 2022

Accepted: 20 October 2022

Published: 26 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

A Multi-Center Clinical Study to Harvest and Characterize
Circulating Tumor Cells from Patients with Metastatic Breast
Cancer Using the Parsortix® PC1 System

Evan N. Cohen 1,†, Gitanjali Jayachandran 1,†, Richard G. Moore 2, Massimo Cristofanilli 3, Julie E. Lang 4,

Joseph D. Khoury 5, Michael F. Press 5, Kyu Kwang Kim 2, Negar Khazan 2, Qiang Zhang 3, Youbin Zhang 3,

Pushpinder Kaur 4, Roberta Guzman 5, Michael C. Miller 6, James M. Reuben 1,* and Naoto T. Ueno 7,*

1 Department of Hematopathology Research, Division of Pathology and Laboratory Medicine,
The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA

2 Division of Gynecologic Oncology, Department of Obstetrics and Gynecology, Wilmot Cancer Institute,
University of Rochester Medical Center, Rochester, NY 14620, USA

3 Department of Medicine-Hematology and Oncology, Robert H Lurie Comprehensive Cancer Center,
Feinberg School of Medicine, Northwestern University, Chicago, IL 60611, USA

4 USC Breast Cancer Program, Keck School of Medicine, Norris Comprehensive Cancer Center,
University of Southern California, Los Angeles, CA 90033, USA

5 Department of Pathology, Breast Cancer Analysis Laboratory, Keck School of Medicine,
Norris Comprehensive Cancer Center, University of Southern California, Los Angeles, CA 90033, USA

6 ANGLE Clinical Studies, ANGLE Europe Limited, Guildford, Surrey GU2 7AF, UK
7 Department of Breast Medical Oncology, The University of Texas MD Anderson Cancer Center,

Houston, TX 77030, USA
* Correspondence: jreuben@mdanderson.org (J.M.R.); nueno@mdanderson.org (N.T.U.)
† These authors contributed equally to this work.

Simple Summary: There is a great need to understand the cellular and molecular characteristics of
cancer when access to the tumor is limited. Circulating tumor cells (CTCs) captured from the blood
of cancer patients may serve as a surrogate source of tumor material. However, the only FDA-cleared
CTC assay has been limited to counting CTC in blood and and lack further characterization of
the CTCs. In this study, we tested the Parsortix® PC1 System that captures and harvests a wide
range of CTCs from peripheral blood that are amenable for further evaluation. The device was
assessed in a large, multicenter clinical trial including patients with metastatic breast cancer and
healthy volunteers, with enriched CTC evaluated by 4 downstream techniques commonly available
in clinical laboratories. The data generated from this study was used to support FDA clearance for
the Parsortix System.

Abstract: Circulating tumor cells (CTCs) captured from the blood of cancer patients may serve as
a surrogate source of tumor material that can be obtained via a venipuncture (also known as a
liquid biopsy) and used to better understand tumor characteristics. However, the only FDA-cleared
CTC assay has been limited to the enumeration of surface marker–defined cells and not further
characterization of the CTCs. In this study, we tested the ability of a semi-automated device capable
of capturing and harvesting CTCs from peripheral blood based on cell size and deformability, agnostic
of cell-surface markers (the Parsortix® PC1 System), to yield CTCs for evaluation by downstream
techniques commonly available in clinical laboratories. The data generated from this study were
used to support a De Novo request (DEN200062) for the classification of this device, which the FDA
recently granted. As part of a multicenter clinical trial, peripheral blood samples from 216 patients
with metastatic breast cancer (MBC) and 205 healthy volunteers were subjected to CTC enrichment.
A board-certified pathologist enumerated the CTCs from each participant by cytologic evaluation of
Wright-Giemsa-stained slides. As proof of principle, cells harvested from a concurrent parallel sample
provided by each participant were evaluated using one of three additional evaluation techniques:
molecular profiling by qRT-PCR, RNA sequencing, or cytogenetic analysis of HER2 amplification by
FISH. The study demonstrated that the Parsortix® PC1 System can effectively capture and harvest
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CTCs from the peripheral blood of MBC patients and that the harvested cells can be evaluated using
orthogonal methodologies such as gene expression and/or Fluorescence In Situ Hybridization (FISH).

Keywords: circulating tumor cells; neoplastic cells; circulating; neoplasms/diagnosis;
circulating/pathology; biopsy; breast neoplasms/pathology; biomarkers; tumor; blood; liquid biopsy

1. Introduction

Circulating tumor cells (CTCs) are carcinoma cells which migrate through the in-
tracellular matrix, actively enter the circulation through endothelial cells, presumably of
capillaries and venules, and are disseminated through the bloodstream. Some CTCs survive
to attach and penetrate the endothelial cells of capillaries and venules in distant organs,
thereby forming metastases in these distant organs. Hence, CTCs are characteristically
found in the blood of patients with metastases. The potential of a liquid biopsy to procure
tumor cells before and during treatment in a non-invasive fashion has generated substantial
interest in its use in oncology research and clinical practice. However, isolating CTCs from
blood is inherently challenging, which has limited the use of CTCs in the clinical setting [1].

CTCs are usually rare, representing a minuscule fraction of the cells present in a
blood sample. Consequently, the number of CTCs isolated from a single-tube blood draw
(5–10 mL of peripheral blood) is typically very low, frequently being from 1 to 15 cells.
Nonetheless, these cells provide valuable data: several lines of evidence have confirmed
that the detection of CTCs represents an innovative and reliable tool to predict disease
progression and overall survival in patients with metastatic breast cancer (MBC) [2–7].
Furthermore, the enumeration of CTCs at different time points during treatment is consid-
ered a reliable surrogate marker of treatment response and a potential alternative form of
non-invasive monitoring of response to therapy [5–7].

Many technologies have been developed to isolate, enumerate, and characterize
CTCs [1,8–10]. Of these, the CELLSEARCH® System (Menarini-Silicon Biosystems, Hunt-
ingdon Valley, PA, USA) is the only CTC device cleared by the U.S. Food and Drug Adminis-
tration (FDA). The CELLSEARCH® System was cleared specifically for the enumeration of
CTCs from the blood of patients with metastatic breast, colorectal, and prostate cancer [11].

The CELLSEARCH® System captures CTCs based on immune affinity using antibodies
specific to epithelial cell adhesion molecule (EpCAM). This cell-surface protein is expressed
by many CTC subsets but is neither specific to CTCs nor is it universally expressed by all
CTCs. Antibodies against surface EpCAM are routinely used to capture CTCs from blood,
but such an approach is inherently limited to tumor cells with epithelial differentiation.

Cancer development frequently involves a transition of cells from an epithelial phe-
notype to a mesenchymal phenotype (a process referred to as epithelial-to-mesenchymal
transition, or EMT), which results in the downregulation of EpCAM expression [12,13] and
is associated with tumor-initiating potential [14,15]. During this switch to EMT, epithelial
cells undergo upregulation of mesenchymal gene expression patterns and downregulation
of epithelial genes. Furthermore, epithelial cells lose the ability to form streamlined cell–cell
connections and cell polarity due to the restructuring of their cytoskeleton. Consequently,
individual cells gain increased motility potential and an invasive phenotype [16]. EpCAM-
based methods, therefore, fail to efficiently capture mesenchymal cells, leading to the
selective isolation of CTC phenotypes that may not be representative of most cells being
shed from a tumor that have the ability to establish themselves and grow at a distal site.
In addition, not all epithelial cancer cells express EpCAM [17].

Antibody-based capture methods may also impact further characterization, such as
gene expression analyses [18]. As gene expression, by nature, reflects external signals
received by cells and consequent signaling pathways within them, the interaction of
capture antibodies with the cell surface may alter gene expression data obtained from
CTCs captured using immune-affinity enrichment methods. Altogether, these limitations

67



Cancers 2022, 14, 5238

underscore an unmet need for the agnostic enrichment of intact CTCs that can be used in
clinically meaningful downstream analyses.

The Parsortix® PC1 System is a semi-automated device based on based microfluidic
technology that enables the capture and harvest of rare cells (e.g., CTCs) from peripheral
blood based on cell size and deformability [19–25]. It addresses several issues encoun-
tered with current CTC capture technologies because it does not use antibodies or other
cell-surface affinity agents to capture the target cells. The isolation/capture mechanism em-
ployed by the system is a purely physical method rather than a chemical or biological one,
making it epitope independent and consequently agnostic to cellular phenotypes [21–23]
and able to capture cells with mesenchymal features.

This multi-center clinical study, entitled “Harvest of Circulating Tumor Cells (CTCs)
from Patients with Metastatic Breast Cancer (MBC) Using the Parsortix® PC1 System” (the
ANG-002 HOMING study; ClinicalTrials.gov identifier: NCT03427450), was designed and
conducted to demonstrate that the Parsortix® PC1 System can capture and harvest CTCs
from the peripheral blood of patients with MBC and that the CTCs harvested by the system
can be used for subsequent downstream evaluation. Cytology evaluation, quantitative
polymerase chain reaction (PCR), fluorescence in situ hybridization (FISH), and RNA-
seq were chosen as representative downstream evaluation methods, covering a range of
molecular, histopathological, and cytomorphological techniques currently used in clinical
laboratories. The results from the HOMING study demonstrated that CTCs can indeed
be harvested from the peripheral blood of patients with MBC and utilized in subsequent
downstream analysis methods. The data generated under this study were included in a
De Novo request for classification of the Parsortix® PC1 System (DEN200062) as a Class II
prescription device, and the FDA granted the request on 24 May 2022 (https://www.
accessdata.fda.gov/cdrh_docs/pdf20/DEN200062.pdf, accessed on 20 October 2022).

2. Materials and Methods

2.1. Ethical Conduct of the Study

The ANG-002 HOMING study was an IRB-approved prospective clinical trial regis-
tered with ClinicalTrials.gov (identifier: NCT03427450) and sponsored by ANGLE Europe
Limited (Guildford, UK), the manufacturer of the Parsortix® PC1 System. The study in-
volved the collection of whole-blood samples from patients with MBC (either women
with newly diagnosed MBC who were about to start a new line of therapy of any type to
treat and/or manage their disease or those with currently progressive or recurrent MBC)
as well as from a control population of healthy female volunteers (HVs) consisting of
women who self-declared no prior/current history of cancer and no known history of
breast disease. All study participants provided informed consent before participation in
the study. All laboratory testing was performed by operators blinded to the clinical status
of the participants.

Participants were enrolled, and samples were collected and processed at four institu-
tions: The University of Texas MD Anderson Cancer Center, Houston, TX, USA; University
of Southern California, Los Angeles, CA, USA; University of Rochester Medical Center,
Rochester, NY, USA; and Northwestern University, Chicago, IL, USA. The study was con-
ducted with the approval of each institution’s institutional review board and in accordance
with the Declaration of Helsinki. A study-specific online database was designed, con-
structed, and maintained using the University of Rochester Medical Center’s REDCap
system [26,27].

2.2. Blood Collection and Processing

Each participant provided between ~7 mL and 23 mL of whole blood collected specif-
ically for this study into one 3 mL K2EDTA tube followed by two 10 mL K2EDTA tubes
at a single time point. For patients with MBC, blood was collected before the initiation of
their new therapy and a minimum of 7 days after the last administration of any previous
cytotoxic treatment, either from venipuncture or through an existing port. For patients
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continuing an existing oral hormonal and/or targeted immunotherapy in addition to start-
ing a new treatment, blood was drawn before the next administration of their oral hormonal
therapy and/or immunotherapy and before the initiation of their new therapy treatment.
For HVs, blood was collected via venipuncture on the day of study.

For the capture of CTCs, all samples were processed using the Parsortix® PC1 System
within 8 h of collection. First, the blood volume in each of the K2EDTA tubes was estimated
using an engineering ruler. The initial portion of blood collected into the 3 mL K2EDTA tube
immediately following the venipuncture or the port flushing was used for a complete blood
count with leukocyte differential testing. For the two 10 mL K2EDTA tubes, a minimum
combined volume of ≥5 mL of blood was required for processing using the Parsortix®

PC1 System equipped with a Parsortix GEN3D6.5 Cell Separation Cassette. If both tubes
contained a combined total of <5 mL of blood, the participant was considered non-evaluable,
and the blood was discarded. If only one of the 10 mL K2EDTA tubes contained ≥5 mL of
blood, then only the blood in that tube was processed for the primary cytological evaluation.
If both tubes had <5 mL of blood, but the combined volume of blood in both tubes was
≥5 mL, then the blood from the two tubes was combined in a 10 mL K2EDTA tube into
≥5 mL of blood that was processed for the primary cytological evaluation. If both 10 mL
K2EDTA tubes had ≥5 mL of blood, then the tube with the higher volume of blood was
processed for the primary cytological evaluation, and the other tube was processed for one
of the exploratory evaluations (qPCR, FISH, or RNA-seq).

Information about samples was blinded from the processors, and no follow-up in-
formation was collected for any participants. The population of cells captured from each
blood sample by the Parsortix® PC1 System was harvested directly from the cell separation
cassettes (each harvest consisting of a total volume of 210 μL of phosphate-buffered saline)
into collection vessels and used for downstream processing and characterization.

2.3. Downstream Characterization
2.3.1. Primary Evaluation

For all participants, the cells harvested from the 10 mL K2EDTA tube containing the
larger volume of blood were subjected to cytomorphological evaluation by a qualified
pathologist (JDK) to determine the presence and number of observable CTCs.

Cytology Processing

Following enrichment, cells were harvested into a 1.5 mL microfuge tube containing
60 μL of fetal bovine serum (FBS). The harvested cells suspended in FBS were pipetted into a
Cytospin 4 Cytofunnel assembly (ThermoFisher Scientific, Waltham, MA, USA) containing
a positively charged glass Cytoslide (ThermoFisher Scientific). The slide assembly was
cytocentrifuged at 800 rpm for 3 min on low acceleration, and the slide was removed from
the assembly and allowed to air-dry at room temperature for 1 min. The air-dried slide
was then submersed in 100% methanol for 1 min, removed, gently tapped at the edge on a
paper towel to remove any excess methanol, and allowed to air-dry at room temperature
for 30 min. The fixed slides were stored at room temperature until shipment weekly to the
designated central testing laboratory located at the MD Anderson Cancer Center.

At the laboratory, the slides underwent Wright-Giemsa staining on an automated
stainer, and examination by a qualified pathologist (JDK) with expertise in blood evaluation
and cytopathology who identified and enumerated CTCs using conventional cytomor-
phological criteria of malignancy, which included: increased nuclear-to-cytoplasmic ratio,
cellular pleomorphism, large size relative to white blood cells, irregular nuclear membrane,
chromatin structure, nuclear hyperchromasia, cytoplasmic vacuoles, cellular aggregates
(≥2 cells). The stained slides were evaluated by light microscopy, and the cells that had been
cytomorphologically identified as CTCs by the qualified pathologist were photographed,
identified, and counted. Cells without definite features of malignancy but distinct from
usual peripheral blood–formed elements (e.g., neutrophils, immature granulocytic precur-
sors, monocytes, nucleated red blood cells) were not counted as CTCs. Naked nuclei or cell
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fragments were not evaluated. Samples in which technical artifacts caused substantial de-
formation of peripheral blood elements to an extent that compromised their morphological
evaluation were considered unsatisfactory.

2.3.2. Exploratory Evaluations

For participants for whom both 10 mL K2EDTA tubes contained ≥5 mL of blood, the
cells harvested from the second tube were subjected to one of the following exploratory
evaluations.

Gene Expression Evaluation by qRT-PCR Processing

Cells captured in the cassette were harvested directly into a 2.0 mL microfuge tube and
centrifuged at ~400× g for 5 min at 4 ◦C, and as much of the supernatant as possible was
removed without disturbing the cell pellet. The cell pellet was resuspended in 320 μL of
Qiagen buffer RLT containing 1% 2-mercaptoethanol. Lysates were stored at −80 ◦C until
batch shipment to the designated central qPCR testing laboratory at The MD Anderson
Cancer Center for gene expression analysis using quantitative reverse-transcriptase real-
time PCR (qRT-PCR). Each lysate was evaluated for expression of the following genes using
hydrolysis (TaqMan) probes (Bio-Rad Laboratories, Hercules, CA, USA): GAPDH and B2M
(housekeeping genes), GYPA (a nucleated red blood cell marker), PTPRC (a white blood cell
marker), EpCAM and KRT19 (epithelial cell markers), ERBB2 (a breast tumor marker), and
TWIST1 and SNAI2 (mesenchymal cell markers). Each gene was analyzed in triplicate for
every sample (including samples from patients, healthy volunteers, positive and negative
controls), and 40 cycles of PCR were performed. PCR thermocycling and data acquisition
were performed using the appropriate instrumentation and software, which automatically
set the cycle threshold (Ct). The average of the three replicate Ct values for each gene target
for each sample and for the positive and negative controls were used for the evaluations
presented in this report. For all instances where a gene was undetectable after 40 cycles
of PCR, a Ct value of 40.0 was assigned for analysis purposes. Aliquots of nuclease-free
water were used as negative controls for the assay. The SUM149 triple-negative breast
cancer cell line was selected as a positive control since it exhibits a partial EMT phenotype.
Aliquots of SUM149 cell lysate were used as positive controls. They were expected to have
positive expression for GAPDH, B2M, KRT19, EpCAM, ERBB2, TWIST1, and SNAI2 while
lacking expression of the white blood cell marker PTPRC and the nucleated red blood cell
marker GYPA. Expression results are shown as 40-Ct values so that increased values reflect
increased expression, and undetectable values are represented as 0. Normalization was not
used so that gene expression can be interpreted as expression per tube of blood since the
number of captured CTCs is variable.

RNA-seq Processing

An aliquot of 200 μL of whole blood from the 10 mL K2EDTA tube was transferred
directly into a 1.5 mL microfuge tube containing 1 mL of RNAlater RNA Stabilization Solu-
tion before processing of the blood sample on the Parsortix® PC1 System. The remaining
blood was processed on the Parsortix® PC1 System, and the cells captured in the cassette
were harvested directly into a 0.2 mL PCR tube. The harvest was centrifuged at ~400× g
for 5 min at room temperature, and as much of the supernatant as possible was removed
without disturbing the cell pellet. The cell pellet was resuspended in 10 μL of Agilent
SideStep lysis and stabilization buffer. Both lysates (i.e., the aliquot of whole blood and the
harvest) were stored at −80 ◦C until shipment to the designated central RNA-seq testing
laboratory at the University of Southern California. The RNA-seq laboratory isolated RNA
from the whole blood lysates using Ambion RiboPure blood kits for RNA. The cDNA
generated was amplified and purified using 50 ng of the purified RNA obtained from each
of the whole blood lysates and 2 μL from each harvest lysates using NuGEN Trio RNA-Seq
kits. cDNA libraries were then prepared, amplified, refined, and filtered for each sample
using NuGEN Trio RNA-seq kits. The quantity and quality of each library preparation
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were assessed using DNA quantitation by a Qubit fluorometer. DNA fragment size dis-
tribution was determined using an Agilent 2100 Bioanalyzer. Only the cDNA libraries
from the Parsortix® harvest samples (and not the whole blood aliquots) were evaluated
as a part of this report. The cDNA libraries generated from the harvest samples were
sequenced using an Illumina HiSeq 2500 at the University of Southern California Genomics
Core with 2 × 125 bp paired-end reads. Data analysis was conducted by an experienced
bioinformatician (DC) to determine the expression patterns of breast cancer–related genes.

The RNA-seq method described above was validated in whole-transcriptome profiling
studies in CTC from patients with non-metastatic breast cancer (stage II-III). These studies’
procedures and results were previously reported [28,29], and the results demonstrated
that CTCs from patients with MBC could be used to generate cDNA libraries of sufficient
quantity and quality that enable whole-genome sequencing.

Salmon 1.5.0 mapped the HV and MBC Parsortix® PC1 harvest sequencing data
against the reference transcriptome V37 from Gencode [30]. Quantification output from
Salmon is reported in transcripts per kilobase million (TPM), computed by dividing read
counts by the length of each gene in kilobases to obtain reads per kilobase (RPK). All the
RPK values in a sample are summed, and the summation is divided by 1,000,000 to provide
a “per million” scaling factor. The RPK values are divided by the per million scaling factors
to obtain the TPM value. The sum of all TPM values is the same in each sample, making it
easier to compare the proportion of reads mapped to a gene in each sample.

In contrast, with reads per kilobase million (RPKM) and fragments per kilobase million
(FPKM), the sum of the normalized reads in each sample may be different, making it harder
to compare models directly. In a second analysis, a listing of all unmapped reads (i.e., reads
that did not map to the transcriptome) from the Salmon analysis was tabulated for each
sample. Magic-BLAST 1.5.0 was used to compare 100,000 randomly sampled from each
of the unmapped reads files to the genome ver GRCh38 from Gencode, the transcriptome
V37 from Gencode, and a file with all rDNA sequences downloaded from GenBank. The
purpose was to determine whether the unmapped reads from Salmon analysis map better
to the genome or the rDNA, instead of the transcriptome, which would support gDNA
contamination. A result can contain more than 100,000 entries because a read can map to
more than one genomic feature in the reference.

HER2 FISH Processing

Cells captured in the cassette were harvested directly into a 1.5 mL microfuge tube
containing 60 μL of FBS. The harvested cells suspended in FBS were pipetted into a
Cytospin 4 Cytofunnel assembly with a positively charged glass Cytoslide. The slide
assembly was cytocentrifuged at 800 rpm for 3 min on low acceleration, and the slide
was removed from the body and allowed to air-dry at room temperature for 1 min. The
air-dried slide was then submersed in 100% methanol for 15 min, removed, gently tapped
at the edge on a paper towel to remove any excess methanol, and allowed to air-dry at
room temperature for 30 min. The fixed slides were stored at ≤−20 ◦C until shipment
to the designated central HER2 FISH testing laboratory at the University of Southern
California for processing, as described elsewhere [31–33], using commercially available
HER2 FISH reagents (Abbott PathVysion HER2 DNA Probes [PN 30-171060/1800], DAPI II
Counterstain [PN 30-804861/8100], NP-40 [PN 30-804820/8100], 20X SSC [PN 805850], and
Vysis FISH Pretreatment Reagent Kits [PN 32-801270]) and evaluated by a board-certified
pathologist (MFP). The pathologist determined the presence or absence of cells showing
human epidermal growth factor receptor 2 (HER2/ERBB2) gene amplification. Criteria
for evaluating CTCs for HER2 gene amplification status by FISH involved an assessment
of the nuclear morphology to distinguish tumor cells from normal leukocytes in the slide
preparations, followed by an evaluation of the HER2 gene copy number and chromosome
17 centromere (CEP17) copy number in the tumor cells. The criteria used in distinguish-
ing tumor cells from white blood cells are similar to the requirements described for the
cytological evaluation of the peripheral blood cells with the Wright-Giemsa stain. These
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criteria of malignancy included an increased nucleus size, nuclear pleomorphism, increased
size relative to white blood cells, irregular nuclear membranes, increased nuclear DAPI
staining, uneven distribution of atomic chromatin (heterochromatin and euchromatin), and
aggregation of multiple, large cells. Because the CTCs contained intact tumor cell nuclei,
not 4-micron histology tissue sections through tumor cell nuclei, the average chromosome
17 number was considered a reflection of overall DNA ploidy status as well as chromosome
17 aneusomy. A sample was considered HER2-amplified if the HER2/CEP17 ratio was
greater than 2 and HER2 gene copies were present in groups as observed in human breast
cancer cell lines known to have HER2 gene amplification with HER2/ERBB2 gene copies
arranged as aggregates in homogeneous staining regions [34] CTCs with increased HER2
gene copy number greater than 4 but also paired with individual chromosome 17 cen-
tromeres, as observed in human breast cancer cell lines that lack HER2 gene amplification
and lack HER2 mRNA/protein overexpression, were evaluated as HER2-not-amplified.

3. Results and Discussion

3.1. Patient Characteristics

A flow chart of participants enrolled in the ANG-002 HOMING study is shown in
Figure 1. A total of 216 patients with metastatic breast cancer and 205 female healthy
volunteers were enrolled at the four clinical study sites between April 2018 and February
2019. Nine (4.2%) of the patients with MBC and one (0.5%) of the HVs enrolled were
ineligible for the study, leaving 207 eligible patients with MBC and 204 eligible HVs that
were evaluable for one or more of the study endpoints. The HVs tended to be younger,
healthier, and more racially diverse than the patients with MBC (Table 1).

Figure 1. Study enrollment, eligibility, and evaluation. HV, healthy volunteer; MBC, metastatic breast
cancer; Cyto, cytology evaluation; qPCR, quantitative polymerase chain reaction; FISH, fluorescence
in situ hybridization.

Table 1. Summary of eligible MBC patients and HVs demographics and clinical characteristics.

Parameter
and Categories

Eligible HV
Subjects with

Evaluable Results

Eligible MBC
Patients with

Evaluable
Results

Eligible MBC Patients
with Evaluable Results

Newly
Diagnosed

Progression
/Recurring

No. of eligible
participants 204 207 74 (35.7%) 133 (64.3%)
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Table 1. Cont.

Parameter
and Categories

Eligible HV
Subjects with

Evaluable Results

Eligible MBC
Patients with

Evaluable
Results

Eligible MBC Patients
with Evaluable Results

Newly
Diagnosed

Progression
/Recurring

Age at the time of the blood collection
<57 years old 170 (83.3%) 103 (49.8%) 37 (50.0%) 66 (49.6%)
≥57 years old 34 (16.7%) 104 (50.2%) 37 (50.0%) 67 (50.4%)
Fisher exact

p-value <0.001 1.000

Blood collection
method

Venipuncture 204 (100.0%) 171 (82.6%) 70 (94.6%) 101 (75.9%)
Port 0 (0.0%) 36 (17.4%) 4 (5.4%) 32 (24.1%)

Fisher exact
p-value <0.001 <0.001

Menopausal status
Pre-menopausal 130 (63.7%) 36 (17.4%) 15 (20.3%) 21 (15.8%)
Post-menopausal 53 (26.0%) 158 (76.3%) 50 (67.6%) 108 (81.2%)

Unknown 21 (10.3%) 13 (6.3%) 9 (12.2%) 4 (3.0%)
Fisher exact

p-value * <0.001 0.328

Race/ethnicity
White 109 (53.4%) 151 (72.9%) 55 (74.3%) 96 (72.2%)
Black 20 (9.8%) 22 (10.6%) 8 (10.8%) 14 (10.5%)

Hispanic 40 (19.6%) 21 (10.1%) 8 (10.8%) 13 (9.8%)
Other/unknown 35 (17.2%) 13 (6.3%) 3 (4.1%) 10 (7.5%)

Fisher exact
p-value <0.001 0.826

Previous history of
cancer?

Yes 0 (0.0%) 15 (7.2%) 5 (6.8%) 10 (7.5%)
No 204 (100.0%) 192 (92.8%) 69 (93.2%) 123 (92.5%)

Fisher exact
p-value <0.001 1.000

Breast cancer ER
status

Positive — 160 (77.3%) 55 (74.3%) 105 (78.9%)
Negative — 45 (21.7%) 18 (24.3%) 27 (20.3%)
Unknown — 2 (1.0%) 1 (1.4%) 1 (0.8%)

Fisher exact
p-value * — 0.487

Breast cancer PR
status

Positive — 127 (61.4%) 44 (59.5%) 83 (62.4%)
Negative — 73 (35.3%) 27 (36.5%) 46 (34.6%)
Unknown — 7 (3.4%) 3 (4.1%) 4 (3.0%)

Fisher exact
p-value * — 0.761

Breast cancer HR
status

Positive — 39 (79.7%) 57 (77.0%) 108 (81.2%)
Negative — 165 (18.8%) 16 (21.6%) 23 (17.3%)
Unknown — 3 (1.4%) 1 (1.4%) 2 (1.5%)

Fisher exact
p-value * — 0.448
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Table 1. Cont.

Parameter
and Categories

Eligible HV
Subjects with

Evaluable Results

Eligible MBC
Patients with

Evaluable
Results

Eligible MBC Patients
with Evaluable Results

Newly
Diagnosed

Progression
/Recurring

Breast cancer
HER2-Neu status

Negative — 165 (79.7%) 66 (89.2%) 99 (74.4%)
Positive — 27 (13.0%) 4 (5.4%) 23 (17.3%)

Equivocal — 8 (3.9%) 1 (1.4%) 7 (5.3%)
Unknown — 7 (3.4%) 3 (4.1%) 4 (3.0%)

Fisher exact
p-value * — 0.014

Breast cancer
TNBC status

TNBC — 33 (15.9%) 54 (50.5%) 98 (73.7%)
Non-TNBC — 152 (73.4%) 13 (12.1%) 20 (15.0%)
Unknown — 22 (10.6%) 7 (6.5%) 15 (11.3%)

Fisher exact
p-value * — 0.675

Metastatic disease status determined by (more than one may apply) Fisher exact
p-value **

Imaging — 198 (95.7%) 70 (94.6%) 128 (96.2%) 0.724
Rising tumor

markers — 5 (2.4%) 2 (2.7%) 3 (2.3%) 1.000

Physical signs and
symptoms — 17 (8.2%) 8 (10.8%) 9 (6.8%) 0.306

Physician
determination — 4 (1.9%) 1 (1.4%) 3 (2.3%) 1.000

Other (primarily
biopsy) — 62 (30.0%) 49 (66.2%) 13 (9.8%) 0.000

Sites of metastasis (more than one may apply) Fisher exact
p-value **

Abdomen — 6 (2.9%) 3 (4.1%) 3 (2.3%) 0.669
Adrenal gland — 3 (1.4%) 0 (0.0%) 3 (2.3%) 0.554

Ascites — 1 (0.5%) 1 (1.4%) 0 (0.0%) 0.357
Bone — 139 (67.1%) 42 (56.8%) 97 (72.9%) 0.021
Brain — 29 (14%) 5 (6.8%) 24 (18.0%) 0.035

Chest wall — 16 (7.7%) 4 (5.4%) 12 (9.0%) 0.425
Liver — 80 (38.6%) 10 (13.5%) 70 (52.6%) 0.000
Lung — 77 (37.2%) 23 (31.1%) 54 (40.6%) 0.181

Lymph nodes — 107 (51.7%) 33 (44.6%) 74 (55.6%) 0.148
Other site(s) — 33 (15.9%) 9 (12.2%) 24 (18.0%) 0.325

* Comparisons do not include the “Unknown” category. MBC, metastatic breast cancer; HV, healthy volunteer;
TNBC, triple-negative breast cancer; ER, estrogen receptor; PR, progesterone receptor; HR, hormone receptor.
** Fisher exact p-value for comparison between MBC patients with newly diagnosed disease and those with
progression/recurring disease.

As enrollment was open to any patient with MBC starting a new line of therapy,
the patient population was split between those with newly diagnosed metastatic disease
and others with progressive or recurrent disease at the time of the sample collection.
Patient characteristics between these two cohorts were generally well-balanced. Overall,
27 (13.0%) of the patients with MBC had HER2-positive tumors (as determined from their
medical records using the available HER2 IHC and/or FISH testing results on their primary
and/or metastatic tumor tissue); only 4 (5.4%) of patients with newly diagnosed MBC had
HER2-positive tumors, in contrast to 23 (17.3%, p = 0.014) of the patients with MBC with
progressive and/or recurrent disease (Table 1). Despite these differences, the MBC patients
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enrolled in the ANG-002 study were representative of patients with MBC that would be
seen in the general population [35].

3.2. Cytology Evaluation

To enumerate CTCs agnostic to protein expression bias, we used standard cytology
techniques to identify cells based on longstanding morphologic features associated with
malignancy. In validation studies, the cytocentrifugation (cytospin) method used to prepare
slides for cytology and FISH evaluation showed significant cell loss for three cell lines
(Figure S1). These results indicated that 37–51% of the cells harvested by the Parsortix® PC1
System were lost due to the cytology slide preparation method and/or the Wright-Giemsa
staining procedure (compared to harvesting the cells directly into 96-well plates).

For the identification and enumeration of CTCs, the cells harvested from blood samples
were fixed, Wright-Giemsa stained, and reviewed by a single pathologist; the resulting
CTC prevalence rates in HVs and patients with MBC are shown in (Table 2). A flow
diagram of the eligible subjects with evaluable cytology slides is shown in Figure 2a. In the
204 eligible HVs and 207 eligible patients with MBC, 12 (5.9%) and 13 (6.3%), respectively,
did not produce evaluable slides for cytology examination, leaving a total of 192 HVs and
194 patients with MBC with evaluable Wright-Giemsa-stained cytology slides.

Table 2. CTC prevalence rates from initial cytopathology review in MBC patients and HVs by
demographic and clinical characteristics.

Parameter and
Categories

Eligible HV Subjects and MBC Patients with Evaluable Cytology Slides
All Eligible and

Evaluable
HV Subjects

All Eligible and
Evaluable

MBC Patients

Newly Diagnosed
MBC Patients

Progression/Recurring
MBC Patients

N
≥1

CTC
≥5

CTC
N

≥1
CTC

≥5
CTC

N
≥1

CTC
≥5

CTC
N

≥1
CTC

≥5
CTC

All participants 192 19
(9.9%) 2 (1.0%) 194 94

(48.5%)
44

(22.7%) 69 23
(33.3%)

9
(13.0%) 125 71

(56.8%)
35

(28.0%)
Age at the time of the blood collection

<57 Years Old 159 15
(9.4%) 1 (0.6%) 96 41

(42.7%)
17

(17.7%) 33 6
(18.2%) 3 (9.1%) 63 35

(55.6%)
14

(22.2%)

≥57 Years Old 33 4
(12.1%) 1 (3.0%) 98 53

(54.1%)
27

(27.6%) 36 17
(47.2%)

6
(16.7%) 62 36

(58.1%)
21

(33.9%)
Fisher exact test p-value 0.748 0.315 0.117 0.123 0.012 0.481 0.857 0.167

Blood collection method

via Venipuncture 192 19
(9.9%) 2 (1.0%) 159 61

(38.4%)
22

(13.8%) 65 19
(29.2%)

7
(10.8%) 94 42

(44.7%)
15

(16.0%)

via Port 0 0 (0.0%) 0 (0.0%) 35 33
(94.3%)

22
(62.9%) 4 4

(100.0%)
2

(50.0%) 31 29
(93.5%)

20
(64.5%)

Fisher exact test p-value — — <0.001 <0.001 0.010 0.080 <0.001 <0.001

Menopausal status

Pre-Menopausal 124 12
(9.7%) 1 (0.8%) 34 14

(41.2%)
7

(20.6%) 14 2
(14.3%) 1 (7.1%) 20 12

(60.0%)
6

(30.0%)

Post-Menopausal 51 5 (9.8%) 1 (2.0%) 147 75
(51.0%)

35
(23.8%) 46 19

(41.3%)
8

(17.4%) 101 56
(55.4%)

27
(26.7%)

Unknown 17 2
(11.8%) 0 (0.0%) 13 5

(38.5%)
2

(15.4%) 9 2
(22.2%) 0 (0.0%) 4 3

(75.0%)
2

(50.0%)
Fisher exact test p-value 1.000 0.499 0.344 0.832 0.108 0.671 0.808 0.787

Race/ethnicity

White 102 7 (6.9%) 1 (1.0%) 141 71
(50.4%)

31
(22.0%) 51 19

(37.3%)
7

(13.7%) 90 52
(57.8%)

24
(26.7%)

Black 20 5
(25.0%) 0 (0.0%) 21 13

(61.9%)
9

(42.9%) 7 2
(28.6%)

2
(28.6%) 14 11

(78.6%)
7

(50.0%)

Hispanic 37 4
(10.8%) 1 (2.7%) 21 4

(19.0%) 1 (4.8%) 8 2
(25.0%) 0 (0.0%) 13 2

(15.4%) 1 (7.7%)

Other/Unknown 33 3 (9.1%) 0 (0.0%) 11 6
(54.5%)

3
(27.3%) 3 0 (0.0%) 0 (0.0%) 8 6

(75.0%)
3

(37.5%)
Fisher exact test p-value 0.114 0.719 0.022 0.026 0.740 0.388 0.004 0.084
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Table 2. Cont.

Parameter and
Categories

Eligible HV Subjects and MBC Patients with Evaluable Cytology Slides
All Eligible and

Evaluable
HV Subjects

All Eligible and
Evaluable

MBC Patients

Newly Diagnosed
MBC Patients

Progression/Recurring
MBC Patients

N
≥1

CTC
≥5

CTC
N

≥1
CTC

≥5
CTC

N
≥1

CTC
≥5

CTC
N

≥1
CTC

≥5
CTC

Breast cancer ER status

Positive 0 0 (0.0%) 0 (0.0%) 151 70
(46.4%)

35
(23.2%) 52 18

(34.6%)
7

(13.5%) 99 52
(52.5%)

28
(28.3%)

Negative 0 0 (0.0%) 0 (0.0%) 42 24
(57.1%)

9
(21.4%) 16 5

(31.3%)
2

(12.5%) 26 19
(73.1%)

7
(26.9%)

Fisher’s Exact Test
p-value — — 0.227 1.000 1.000 1.000 0.076 1.000

Breast Cancer PR Status

Positive 0 0 (0.0%) 0 (0.0%) 121 57
(47.1%)

26
(21.5%) 42 13

(31.0%)
6

(14.3%) 79 44
(55.7%)

20
(25.3%)

Negative 0 0 (0.0%) 0 (0.0%) 67 33
(49.3%)

15
(22.4%) 24 9

(37.5%)
3

(12.5%) 43 24
(55.8%)

12
(27.9%)

Unknown 0 0 (0.0%) 0 (0.0%) 6 4
(66.7%)

3
(50.0%) 3 1

(33.3%) 0 (0.0%) 3 3
(100.0%)

3
(100.0%)

Fisher exact test p-value — — 0.879 1.000 0.599 1.000 1.000 0.830

Breast cancer HER2-Neu status

Negative 0 0 (0.0%) 0 (0.0%) 156 70
(44.9%)

33
(21.2%) 62 21

(33.9%)
8

(12.9%) 94 49
(52.1%)

25
(26.6%)

Positive 0 0 (0.0%) 0 (0.0%) 24 17
(70.8%)

8
(33.3%) 3 1

(33.3%)
1

(33.3%) 21 16
(76.2%)

7
(33.3%)

Equivocal 0 0 (0.0%) 0 (0.0%) 8 4
(50.0%)

2
(25.0%) 1 1

(100.0%) 0 (0.0%) 7 3
(42.9%)

2
(28.6%)

Unknown 0 0 (0.0%) 0 (0.0%) 6 3
(50.0%)

1
(16.7%) 3 0 (0.0%) 0 (0.0%) 3 3

(100.0%)
1

(33.3%)
Fisher exact test p-value — — 0.061 0.378 0.533 0.452 0.098 0.809

Breast cancer TNBC status

Non-TNBC 0 0 (0.0%) 0 (0.0%) 143 66
(46.2%)

33
(23.1%) 51 17

(33.3%)
7

(13.7%) 92 49
(64.1%)

26
(28.3%)

TNBC 0 0 (0.0%) 0 (0.0%) 31 19
(61.3%)

6
(19.4%) 12 5 (4.2%) 2

(16.7%) 19 14
(73.7%)

4
(21.0%)

Unknown 0 0 (0.0%) 0 (0.0%) 20 9
(45.0%)

5
(25.0%) 6 1

(16.7%) 0 (0.0%) 14 8
(57.1%)

5
(35.7%)

Fisher exact test p-value — — 0.4499 0.6523 0.5859 0.1019 0.6209 0.5195

Sites of metastasis (more than one may apply)

Abdomen 0 0 (0.0%) 0 (0.0%) 6 3
(50.0%)

2
(33.3%) 3 1

(33.3%)
1

(33.3%) 3 2
(66.7%)

1
(33.3%)

Adrenal gland 0 0 (0.0%) 0 (0.0%) 3 2
(66.7%)

1
(33.3%) 0 0 (0.0%) 0 (0.0%) 3 2

(66.7%)
1

(33.3%)
Ascites 0 0 (0.0%) 0 (0.0%) 1 0 (0.0%) 0 (0.0%) 1 0 (0.0%) 0 (0.0%) 0 0 (0.0%) 0 (0.0%)

Bone 0 0 (0.0%) 0 (0.0%) 132 72
(54.5%)

40
(30.3%) 39 14

(35.9%)
9

(23.1%) 93 58
(62.4%)

31
(33.3%)

Brain 0 0 (0.0%) 0 (0.0%) 26 17
(65.4%)

9
(34.6%) 4 2

(50.0%)
1

(25.0%) 22 15
(68.2%)

8
(36.4%)

Chest wall 0 0 (0.0%) 0 (0.0%) 16 11
(68.8%)

4
(25.0%) 4 3

(75.0%)
2

(50.0%) 12 8
(66.7%)

2
(16.7%)

Kidney 0 0 (0.0%) 0 (0.0%) 0 0 (0.0%) 0 (0.0%) 0 0 (0.0%) 0 (0.0%) 0 0 (0.0%) 0 (0.0%)

Liver 0 0 (0.0%) 0 (0.0%) 73 41
(56.2%)

19
(26.0%) 9 2

(22.2%)
2

(22.2%) 64 39
(60.9%)

17
(26.6%)

Lung 0 0 (0.0%) 0 (0.0%) 70 35
(50.0%)

19
(27.1%) 22 6

(27.3%) 1 (4.5%) 48 29
(60.4%)

18
(37.5%)

Lymph nodes 0 0 (0.0%) 0 (0.0%) 101 48
(47.5%)

19
(18.8%) 31 10

(32.3%) 3 (9.7%) 70 38
(54.3%)

16
(22.9%)

Other site(s) 0 0 (0.0%) 0 (0.0%) 33 15
(45.5%)

4
(12.1%) 9 4

(44.4%)
1

(11.1%) 24 11
(45.8%)

3
(12.5%)

MBC, metastatic breast cancer; HV, healthy volunteer; TNBC, triple-negative breast cancer; ER, estrogen receptor;
PR, progesterone receptor; HR, hormone receptor.
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Figure 2. (a) Flow diagram for cytopathology evaluation in 207 eligible MBC patients. (b) Represen-
tative images of cells classified as CTCs (red arrows) from MBC patients that were harvested by the
Parsortix PC1 system and deposited onto cytology slides by cytocentrifugation (images not to same
scale) and Wright-Giemsa stained. (c) CTC numbers from the review of evaluable Wright-Giemsa-
stained cytology slides. CTC, circulating tumor cell; HV, healthy volunteer; MBC, metastatic breast
cancer. * p < 0.05, *** p < 0.001.

Examples of the Wright-Giemsa-stained CTCs are shown in Figure 2b, including
harvested CTC clusters. Among the 194 patients with MBC with evaluable results, 94 (48.5%,
95% CI 41.5–55.4%) had one or more cells classified as CTCs, whereas 100 (51.5%, 95% CI
44.6–58.5%) had no cells classified as CTCs (Tables 2 and 3, Figure 2c). Among the 192 HVs
that had evaluable results, 173 (90.1%, 95% CI 85.1–93.6%) had no cells classified as CTCs,
whereas 19 (9.9%, 95% CI 6.4–14.9%) had one or more cells classified as CTCs, representing
a significantly lower rate of CTC detection compared to that of the patients with MBC
(Fisher exact test p < 0.001, Table 3).

Table 3. Summary of CTCs from review of evaluable Wright-Giemsa stained cytology slides from
192 HV subjects and 194 MBC patients.

No. of CTCs
Observed

Cytopathology Review Results:
Eligible HV Subjects and MBC Patients with Adequate Cytology Slides (% [95% CI])

Evaluable HV
Subjects

Evaluable
MBC Patients

Fisher
Exact

p-Value

Newly Diagnosed
MBC Patients

Recurring/Progressing
MBC Patients

Fisher
Exact

p-Value

0 CTC 173 (90.1%
[85.1–93.6%])

100 (51.5%
[44.6–58.5%]) — 46 (66.7%

[54.9–76.6%]) 54 (43.2% [34.8–52.0%]) —

≥1 CTC 19 (9.9%
[6.4–14.9%])

94 (48.5%
[41.5–55.4%]) <0.001 23 (33.3%

[23.4–45.1%]) 71 (56.8% [48.0–65.2%]) 0.003

≥2 CTC 6 (3.1%
[1.4–6.6%])

77 (39.7%
[33.1–46.7%]) <0.001 18 (26.1%

[17.2–37.5%]) 59 (47.2% [38.7–55.9%]) 0.006

≥3 CTC 4 (2.1%
[0.8–5.2%])

63 (32.5%
[26.3–39.4%]) <0.001 14 (20.3%

[12.5–31.2%]) 49 (39.2% [31.1–48.0%]) 0.010

≥4 CTC 2 (1.0%
[0.3–3.7%])

53 (27.3%
[21.5–34.0%]) <0.001 12 (17.4%

[10.2–28.0%]) 41 (32.8% [25.2–41.4%]) 0.028

≥5 CTC 2 (1.0%
[0.3–3.7%])

44 (22.7%
[17.3–29.1%]) <0.001 9 (13.0%

[7.0–23.0%]) 35 (28.0% [20.9–36.4%]) 0.020
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Table 3. Cont.

No. of CTCs
Observed

Cytopathology Review Results:
Eligible HV Subjects and MBC Patients with Adequate Cytology Slides (% [95% CI])

Evaluable HV
Subjects

Evaluable
MBC Patients

Fisher
Exact

p-Value

Newly Diagnosed
MBC Patients

Recurring/Progressing
MBC Patients

Fisher
Exact

p-Value

≥10 CTC 1 (0.5%
[0.1–2.9%])

30 (15.5%
[11.0–21.2%]) <0.001 4 (5.8% [2.3–14.0%]) 26 (20.8% [14.6–28.7%]) 0.006

TOTAL N 192 194 69 125

HV, healthy volunteer; MBC, metastatic breast cancer.

A significantly larger proportion of patients with MBC with recurring or progressive
metastatic disease were found to have one or more CTCs compared to those with newly
diagnosed metastatic disease (Table 3), which is consistent with what has been reported
in the literature on CTCs in metastatic breast cancer [36]. Furthermore, CTC counts were
significantly higher in patients with recurring/progressive disease (p = 0.019, Figure 2c).

Table 2 further summarizes the proportions of HVs and patients with MBC with CTCs
observed on their cytology slides according to various demographic and clinical subgroups.
Interestingly, among women with newly diagnosed MBC, approximately twice as many
who were ≥ 57 years old (i.e., post-menopausal women) were observed to have CTCs
compared to those who were < 57 years old (47.2% vs. 18.2%, respectively, p = 0.012).

There is also some evidence that the sample collection method had an impact on the
CTC counts. A significantly larger proportion of the patients with MBC whose blood was
drawn via a central port were observed to have CTCs compared with the patients whose
blood was drawn via venipuncture (≥1 CTC: 94.3% vs. 38.4%, respectively, Fisher exact test
p < 0.001, ≥5 CTCs: 62.9% vs. 13.8%, respectively, Fisher exact test p < 0.001, Table 2). This
may be due to technical or procedural differences, volume, anatomic collection location,
or patient population (a larger percentage of patients with progressive or recurrent disease
had their blood samples collected via an installed port; Table 1). Previous reports have
also shown that CTC levels can vary by anatomical location of cancer [37,38]. Additionally,
peripheral blood drawn from antecubital veins has likely circulated through both lung
and peripheral capillaries after egressing from tumors (from either primary, i.e., breast,
or metastatic sites). In contrast, some blood from a central port comes directly from the
tumor without first filtering through additional capillary beds. The Parsortix® PC1 System
enriches for cells that cannot pass through the ~6.5-μm critical gap of the separation cassette
at 99 millibars of pressure (roughly equivalent to typical diastolic blood pressure); these
same cells may likewise be unable to traverse the microcirculation of a capillary lumen.
Another possible explanation for this observation is that patients with MBC with a central
port indwelling usually receive intravenous treatments such as chemotherapy and thus
may have a more aggressive disease compared to the wider population of patients with
MBC. Progressive disease was noted in 31 (88.6%) of the 35 patients who had blood drawn
from a central port and in only 94 (59.1%) of the 159 patients who had blood drawn via
venipuncture (Fisher exact test p = 0.001, Table 2). Consequently, this subset of patients
with MBC (i.e., those with a central port installed experiencing disease progression) is a
specific population that would likely benefit from CTC evaluation.

In summary, cytologic evaluation showed that 48.5% (95% CI 41.5–55.4%) of all patients
with MBC with evaluable staining results had one or more CTCs identified. Even though
cytocentrifugation is a widely used method for depositing cells onto cytology slides and
recent studies have shown that Parsortix-harvested cells deposited onto cytology slides
via cytocentrifugation have effectively preserved cellular morphology [39], it is essential
to note that this method caused significant loss (~57% on average) of the cells present in
the Parsortix® PC1 System harvests. Given this large observed cell loss, it is possible that a
larger proportion of patients with MBC had CTCs present in their harvests, but these cells
were simply not retained on the cytology slides. Alternative techniques to place cells on
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microscope slides without using the cytocentrifugation methods are under development.
However, other downstream analysis techniques, such as gene expression analysis, may
be able to utilize cells captured and harvested directly into a container without loss of the
harvested cells potentially caused by subsequent manipulations of the harvested material.

3.3. Gene Expression by qRT-PCR

As described above, CTCs harvested directly for gene expression may serve as more
effective biomarkers of CTCs. Although still subject to variation, gene expression analysis
is relatively less subjective than image analysis and does not require deposition of the
cells onto a slide. A subset of enrolled patients had a second blood tube processed by the
Parsortix® PC1 System, and the cells harvested were subjected to gene expression analysis
by qRT-PCR (as described in this section) or RNA-seq (as described in the next section).
The qRT-PCR assay used to evaluate gene markers for epithelial, mesenchymal and breast
cancer cells was shown to be reliable and reproducible [40] and was able to detect a single
epithelial cell that expressed KRT19, a single epithelial cell that expressed ERRB2, 10 cells
that expressed EPCAM, or approximately 25–50 mesenchymal cells that expressed SNAI2
and/or TWIST1 (data not shown).

Figure 3a provides the flow chart for the 77 eligible patients with MBC and 105 eligible
HVs where the second blood sample was used for qPCR regarding their eligibility for
this exploratory evaluation. Only one of the lysates from the 75 patients with MBC and
two lysates from the 104 HVs who had a sufficient volume of blood for processing failed
to produce a reliable PCR readout (as determined by the lack of positive signal for the
housekeeping genes), leaving a total of 74 patients with MBC and 102 HVs with evaluable
qPCR results.

Figure 3. (a) Flow diagram for qPCR evaluation in eligible HV and MBC patients. (b) CTC count
correlates with total CTC-related gene expression (40-Sum of KRT19, EPCAM, ERBB2, TWIST, and
SNAI2 Ct values). Heat map and scatter plots of CTC gene expression show correlation of gene
expression with the number of CTCs observed (c) Sum CTC related genes expression = 0.3701 * CTC
count + 6.771; R square = 0.3405, slope significantly different from zero (p < 0.0001). HV, healthy vol-
unteer; MBC, metastatic breast cancer; qPCR, quantitative polymerase chain reaction. NS = p ≥0.05,
* p < 0.05, ** p < 0.01, *** p < 0.001.
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CTC gene expression from the qPCR evaluation and the corresponding enumeration
from the cytology evaluation are summarized in Table 4. A total of 18 negative controls
(nuclease-free water) and 18 positive controls (SUM149 cell lysate) were compared with
the patient and HV samples. Using a Ct threshold of ≤35.0 for each of the genes to define
positivity, none of the negative controls were positive for any of the genes, and 100% of
the positive controls were positive for all of the genes (except the GYPA and PTPRC genes,
as expected). In both the patients with MBC and HVs, 100% were positive for one or
both of the housekeeping genes, 100% were positive for PTPRC (indicating the presence
of white blood cells in all of the harvests), and <7% were positive for GYPA (indicating a
low incidence of red blood cell contamination). As shown in Table 4, 52.7% of the patients
with MBC were positive (Ct value ≤ 35.0) for at least one of the CTC-related genes (KRT19,
EPCAM, ERBB2, TWIST1, and/or SNAI2), whereas only 19.6% of the HVs were positive for
at least one of the CTC-related genes. Optimizing the Ct thresholds for each gene based on
expression in the HVs increased the specificity of CTC genes at the expense of sensitivity
(Table S1).

Table 4. Proportions of HV subjects and MBC patients with positive gene expression using a Ct
value threshold of ≤35.0 for each gene to determine positivity and comparisons to numbers of CTCs
observed on Wright-Giemsa-stained slides during cytopathology review.

Group * N GAPDH B2M GYPA PTPRC KRT19 EpCAM ERBB2 TWIST1 SNAI2

KRT19,
EpCAM,
ERBB2,

TWIST &/or
SNAI2

KRT19,
EpCAM,

TWIST &/or
SNAI2

Negative
Controls 18 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Positive
Controls 18 100.0% 100.0% 5.6% 16.7% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

All HVs 102 99.0% 100.0% 2.0% 100.0% 0.0% 1.0% 19.6% 1.0% 0.0% 19.6% 1.0%
with a CTC

count
99

(97.1%) 100.0% 100.0% 2.0% 100.0% 0.0% 1.0% 20.2% 1.0% 0.0% 20.2% 1.0%

with 0 CTC 83
(83.8%) 100.0% 100.0% 2.4% 100.0% 0.0% 1.2% 21.7% 1.2% 0.0% 21.7% 1.2%

with 1 CTC 11
(11.1%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 18.2% 0.0% 0.0% 18.2% 0.0%

with 2–4 CTCs 3 (3.1%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
with 5–9 CTCs 1 (1.0%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

with ≥10
CTCs 1 (1.0%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

All MBC
patients 74 98.6% 100.0% 5.4% 100.0% 21.6% 13.5% 47.3% 5.4% 0.0% 52.7% 24.3%

with a CTC
count

71
(95.9%) 98.6% 100.0% 5.6% 100.0% 22.5% 14.1% 47.9% 5.6% 0.0% 53.5% 25.4%

with 0 CTC 31
(43.7%) 100.0% 100.0% 3.2% 100.0% 22.6% 9.7% 48.4% 6.5% 0.0% 54.8% 25.8%

with 1 CTC 10
(14.1%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 30.0% 0.0% 0.0% 30.0% 0.0%

with 2–4 CTCs 14
(19.7%) 92.9% 100.0% 0.0% 100.0% 28.6% 21.4% 42.9% 7.1% 0.0% 57.1% 35.7%

with 5–9 CTCs 5 (7.0%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 40.0% 0.0% 0.0% 40.0% 0.0%
with ≥10

CTCs
11

(15.5%) 100.0% 100.0% 27.3% 100.0% 45.5% 36.4% 72.7% 9.1% 0.0% 72.7% 45.5%

All newly
diagnosed

MBC patients
21 100.0% 100.0% 9.5% 100.0% 23.8% 9.5% 66.7% 14.3% 0.0% 71.4% 28.6%

with a CTC
count

20
(95.2%) 100.0% 100.0% 10.0% 100.0% 25.0% 10.0% 65.0% 15.0% 0.0% 70.0% 30.0%

with 0 CTC 12
(60.0%) 100.0% 100.0% 8.3% 100.0% 33.3% 8.3% 66.7% 16.7% 0.0% 75.0% 41.7%

with 1 CTC 2
(10.0%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 50.0% 0.0% 0.0% 50.0% 0.0%

with 2–4 CTCs 3
(15.0%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 66.7% 0.0% 0.0% 66.7% 0.0%

with 5–9 CTCs 2
(10.0%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 50.0% 0.0% 0.0% 50.0% 0.0%

with ≥10
CTCs 1 (5.0%) 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 0.0% 100.0% 100.0%
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Table 4. Cont.

Group * N GAPDH B2M GYPA PTPRC KRT19 EpCAM ERBB2 TWIST1 SNAI2

KRT19,
EpCAM,
ERBB2,

TWIST &/or
SNAI2

KRT19,
EpCAM,

TWIST &/or
SNAI2

All recur-
rent/progressive
MBC patients

53 98.1% 100.0% 3.8% 100.0% 20.8% 15.1% 39.6% 1.9% 0.0% 45.3% 22.6%

with CTC
count

51
(96.2%) 98.0% 100.0% 3.9% 100.0% 21.6% 15.7% 41.2% 2.0% 0.0% 47.1% 23.5%

with 0 CTC 19
(37.2%) 100.0% 100.0% 0.0% 100.0% 15.8% 10.5% 36.8% 0.0% 0.0% 42.1% 15.8%

with 1 CTC 8
(15.7%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 25.0% 0.0% 0.0% 25.0% 0.0%

with 2–4 CTCs 11
(21.6%) 90.9% 100.0% 0.0% 100.0% 36.4% 27.3% 36.4% 9.1% 0.0% 54.5% 45.5%

with 5–9 CTCs 3 (5.9%) 100.0% 100.0% 0.0% 100.0% 0.0% 0.0% 33.3% 0.0% 0.0% 33.3% 0.0%
with ≥10

CTCs
10

(19.6%) 100.0% 100.0% 20.0% 100.0% 40.0% 30.0% 70.0% 0.0% 0.0% 70.0% 40.0%

HV, healthy volunteer; MBC, metastatic breast cancer. * CTC count and gene expression are from separate, parallel
blood tubes.

As shown in Figure 3b, control genes, including GAPDH, B2M, and PTPRC (CD45),
were elevated in the samples from the MBC patients, suggesting both putative CTCs and
white blood cells have a higher capture rate in samples from patients with MBC compared
to samples from HVs. In the patients with MBC and HVs, respectively, 21.6% vs. 0% were
positive for KRT19, 13.5% vs. 1.0% were positive for EPCAM, 47.3% vs. 19.6% were positive
for ERBB2 (indicating a level of background expression for this gene), 5.4% vs. 1.0% were
positive for TWIST1, and none were positive for SNAI2 (Table 4). Looking at the combined
expression of only the KRT19, EPCAM, TWIST1, and/or SNAI2 genes, only 1.0% of the
HVs compared to 24.3% of the patients with MBC were positive for one or more of those
cancer cell–related genes (Fisher exact test p < 0.001) (Table 4).

When compared to the number of CTCs identified using a cytomorphological review
of the Wright-Giemsa stained cytology slides, the sum total expression of CTC-related genes
(40-Ct of KRT19, EPCAM, ERBB2, TWIST1, and SNAI2) showed a general correlation with
CTC enumeration, particularly at higher CTC burdens (R2 = 0.3405, Pearson’ rho = 0.569,
p < 0.001, Spearman’s rho [less influenced by outliers] = 0.159, p = 0.034, Figure 3b,c).
The discrepancy at lower CTC counts may reflect the utility of gene expression when
morphology may be hard to distinguish or may reflect differences between parallel blood
tubes (e.g., significant loss of harvested cells on the cytology slides due to cytocentrifugation
slide preparation method). Furthermore, as seen in Table 4, only 1 (1.2%) of the 83 HVs
with 0 CTCs identified on their cytology slides and none (0%) of the 16 HVs with ≥1 CTC
identified on their cytology slides were positive for the combination of KRT19, EPCAM,
TWIST1, and/or SNAI2, in contrast to 8 (25.8%) of the 31 patients with MBC with 0 CTCs
identified on their cytology slides and 9 (22.5%) of the 40 patients with MBC with ≥1 CTC
identified on their cytology slides (Table 4). This suggests that the orthogonal measures of
morphology and gene expression could help increase detection specificity.

As seen in Figure 3b, samples enriched from patients with MBC had significantly ele-
vated expression of EPCAM (Mann–Whitney U p = 0.016), ERBB2 (p = 0.0025), KRT19
(p = 0.049), and the mesenchymal cell–related genes SNAI2 (p < 0.001) and TWIST1
(p < 0.001). Interestingly, when no CTCs were detected on the paired cytology slide,
there was no difference in EPCAM or KRT19 expression between patients with MBC and
HVs, but ERBB2, SNAI2, and TWIST1 remained elevated in the patient samples (Figure S2).
Furthermore, samples from patients with MBC had elevated housekeeping control genes
B2M and GAPDH independent of the detection of CTCs. In contrast, the white blood cell
and red blood cell control genes PTPRC and GYPA were not elevated (Figure S2). Together,
these results suggest that CTCs with mesenchymal features are less likely to be detected
visually (or are more easily lost during the cytocentrifugation slide preparation method)
and that adding the molecular characterization aided in their detection.
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Comparing samples from patients with newly diagnosed MBC and patients with
recurrent or progressive MBC, there were no significant differences in total CTC gene
expression (Figure 4a), in contrast to the stark differences in CTC counts between patients
with MBC and HVs. However, compared to the HVs, EPCAM, KRT19, and TWIST1
were significantly higher in patients with progressive/recurrent MBC (but not in newly
diagnosed MBC); only ERBB2 and SNAI2 were elevated in both patient cohorts (Figure S3).
This may be due to the relatively smaller sample size of patients in the newly diagnosed
MBC patient cohort.

Figure 4. (a) Sum of CTC-related gene expression (40-Sum of EPCAM, KRT19, ERBB2, SNAI2, and
TWIST Ct values) in HV, newly diagnosed MBC, and MBC with recurrence or progression. (b) ERBB2
expression in CTC-enriched samples by tissue HER2 status. (c) SNAI2 expression in CTC-enriched
samples by tissue HER2 status. CTC, circulating tumor cell; HV, healthy volunteer; MBC, metastatic
breast cancer.

Patients with HER2-positive tumor tissue would be expected to have CTCs with
elevated expression of ERBB2 (the gene product for the HER2 protein). However, there
was no significant difference in the ERBB2 expression by enriched CTCs in patients with
HER2-positive tumors compared to those with HER2-negative tumors, with the caveat that
there were very few patients with HER2-positive MBC disease (40-Ct = 3.87 for patients
with HER2-positive tumors vs. 40-Ct = 4.44 for patients with HER2-negative tumors,
Wilcoxon signed rank test p = 0.4, Student’s t-test p = 0.5823, Figure 4b). Likewise, among
the patients with MBC with detectable CTCs on their cytology slide, qPCR expression of
ERBB2 was nearly identical between HER2 groups (40-Ct = 4.44 for patients with HER2-
positive tumors vs. 40-Ct = 4.53 for patients with HER2-negative tumors, Student’s t-test
p = 0.936). However, in this study, all of the patients with MBC with HER2-positive tumors
had recurring or progressing diseases at the time; none of the patients with HER2-positive
tumors were newly diagnosed. Patients with MBC with HER2-negative tumors (who
consequently did not receive HER2-targeted therapy) had higher expression of ERBB2 than
HVs (p = 0.0025), whereas MBC patients with HER2-positive tumors did not (p = 0.63)
(Figure 4b).

Furthermore, only patients with MBC with HER2-negative tumor tissue expressed
SNAI2, although this difference was not statistically significant. Eleven patients with MBC
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with HER2-negative tumors showed expression of SNAI2 by qPCR, while no patients
with MBC with HER2-positive tumors and no HVs showed SNAI2 expression (Fisher
exact test p = 0.3455); average SNAI2 expression was higher in the HER2-negative cohort
(Figure 4c). Others have noted that HER2 expression can drive EMT [41–46], including EMT
in CTCs [47], and can predict the presence of CTCs [48]. All the patients with MBC with
HER2-positive tumor tissue in the current study were enrolled with progressive and/or
recurrent disease.

There were no other significant differences in expression levels of the CTC-related
genes between various breast cancer subtypes (estrogen receptor-positive, progesterone
receptor positive, HER2-positive, triple-negative). However, some weak trends were
observed (Figure 3c, sorted by CTC count, and Figure S4, hierarchical clustering by gene
expression). High gene expression was generally associated with high CTC counts on the
corresponding cytology slide. CTC gene expression in patients with triple-negative breast
cancer was dispersed but tended to cluster with higher expression (Figure S4).

As described above, samples collected via a port had a much higher CTC count by
cytology review. However, molecular profiling (Figure S5) showed only a slight trend
for higher expression of CTC genes. Only the white blood cell marker PTPRC (CD45)
was significantly higher in samples from patients with MBC collected via the port. These
results suggest that the decrease in CTC counts by cytology review could be partially due
to sample quality related to the slide preparation method since the morphology is lost to a
greater extent compared to the gene expression.

These results demonstrated that the cells harvested from the peripheral blood of
patients with MBC by the Parsortix® PC1 System could be analyzed with a qPCR method
to evaluate the expression of genes using standard molecular techniques currently used in
many clinical and/or research laboratory settings.

3.4. Combining Gene Expression Results with CTC Counts Reduces Classification Uncertainty

Among the 176 samples evaluated for gene expression and CTC enumeration, there
were no HVs that had both >1 observed CTC and expression of any CTC-related genes
(excluding ERBB2) below a standard Ct threshold of 35.0. At the same time, 17 patients with
MBC met both criteria (Figure S6, Node 6, far-right). Furthermore, only 15 of the 74 patients
with MBC (20.3%) had both no observed CTCs and no expression of any CTC-related
genes (Figure S6, Node 7, far-left). Additionally, 8 (10.6%) patients with MBC that had no
CTCs detected by cytology were positive for at least 1 CTC-related gene, suggesting an
increased sensitivity due to the inclusion of gene expression compared to the use of CTC
counts alone.

3.5. RNA-Sequencing

For unbiased evaluation of gene expression, RNA-seq was performed using cDNA
prepared from RNA isolated from the CTC harvests of a subset of HVs and a small number
of patients with MBC. Figure 5a provides the flow chart for the 18 eligible patients with
MBC and 59 HVs whose second blood sample was intended to be used for the RNA-
seq evaluation. A total of 53 HVs and 16 patients with MBC were evaluable for the
analysis. The data contained a significant percentage of genomic DNA or other non-mRNA
materials, representing approximately 90% of the sequenced reads. However, there were
no significant differences (Student’s t-test) in the observed transcriptome reads, total reads,
or percentage mapped to the transcriptome between the Parsortix® PC1 System harvests
obtained from the HVs and the patients with MBC. There was minimal non-human and
ribosomal contamination. To assess the quality of the sequencing, a quality score (Q-score),
which is a prediction of the probability of an error in base calling, was used. A high
Q-score implies that a base call is more reliable and less likely to be incorrect, where
Q = −10 log10 (e). For example, for base calls with a quality score of Q30, one base call
in 1000 is predicted to be incorrect. The Q30 values for the sequencing data from the
53 HVs and 16 patients with MBC were all more than 90%, and the coverages (the rate
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of sequencing reads covering the reference genome cDNA sequence) were of a sufficient
level in all samples. The transcriptome mapping results were consistent across all samples,
so differential gene expression comparison was possible.

Figure 5. (a) Flow diagram for RNA-seq evaluation in eligible HV and MBC patients. (b) Sum of TPM
values for all genes differentially expressed (p < 0.001) between Parsortix PC1 harvests obtained from
HV comparators and MBC patients. (c) Genes from the KEGG Cancer Pathway were differentially
expressed between the HV and MBC harvests (p < 0.05) (d). Net TPM score of these 20 genes for HV
and MBC samples. CTC, circulating tumor cell; HV, healthy volunteer; MBC, metastatic breast cancer.

TPM-normalized expression values per gene were generated for all samples. A total
of 200 genes were found to be differentially expressed between HVs and patients with
MBC with p < 0.005 (Student’s t-test), 424 genes were differentially expressed with p < 0.01,
and 2570 genes were differentially expressed with p < 0.05. Figure 5b plots the sum of
the TPM values from each sample for the differentially expressed genes between the HVs
and patients with MBC with individual p-values of <0.001. The two groups are well
differentiated by this set of genes, with a p-value of <0.0001 (Student’s t-test).

The expression of genes in the harvests from the Parsortix® PC1 System known to
be associated with the KEGG Pathways in cancer (https://www.kegg.jp, accessed on
20 October 2022) was examined for differential expression between the HVs and patients
with MBC. Figure 5c lists the genes in the KEGG cancer pathways set that were determined
to be differentially expressed between the HVs and patients with MBC with p-values of
<0.05 (Student’s t-test). For illustrative purposes, a simple combination of the TPM values
for these genes (net TPM score equals the sum of TPM for upregulated genes minus the
sum of TPM values for downregulated genes) was calculated for each sample. Figure 5d
illustrates the net TPM values derived from the 20 KEGG cancer pathway genes with
p-values of <0.05 (Student’s t-test) for each of the HV and MBC samples. Significant
discrimination was observed between the groups (Student’s t-test p < 0.0001). Since cancer
signaling pathways were significantly enriched in the samples from the MBC patients
compared to those from the HVs, this result suggests that the population of cells captured
and harvested from the peripheral blood of patients with MBC processed by the Parsortix®

PC1 System does contain cancer cells.
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Further examples are illustrated in Figures S7–S9, where harvests from various sub-
groups of patients with MBC are compared. Genes from the KEGG cancer pathway list
were examined for differential expression between the identified groups. A net TPM score
was generated for each sample using the genes that exhibited individual p-values of <0.05.
Figure S7 lists the relevant genes and illustrates discrimination based on grouping patients
by tissue HER2 status. Figure S8 provides a list of genes that appear to be associated with
metastases to the lymph nodes. Figure S9 identifies a different gene expression profile
potentially reflecting the presence of bone metastases.

The RNA-seq data confirm that the cells harvested by the Parsortix® PC1 System from
the peripheral blood of patients with MBC (and HVs) can be used to generate RNA-seq data
that directly reflect cancer-associated gene expression patterns. This was demonstrated
despite contaminating genomic DNA, illustrating the further potential to be realized with
alternative RNA-seq sample preparation protocols.

3.6. HER2 FISH

HER2 is an important diagnostic component of breast cancer management and is
typically evaluable at the single-cell level. Therefore, one of our exploratory evaluations
involved interrogating the HER2 amplification status in the population of cells harvested
from a subset of the HVs and patients with MBC using the Parsortix® PC1 System.

Figure 6a provides the flow chart for the 40 eligible HVs and 112 patients with MBC,
collected at The MD Anderson Cancer Center, University of Rochester Medical Center, and
Northwestern University, whose second blood sample was intended to be used for the
HER2 FISH evaluation. A total of 38 (95.0%) of the 40 eligible HVs and 101 (90.2%) of the
112 eligible patients with MBC had evaluable HER2 FISH-stained cytology slides; 5 (13.2%)
of the 38 evaluable HVs and 28 (27.7%) of the 101 evaluable patients with MBC had one or
more CTCs identified on their HER2 FISH-stained cytology slides (Table S2).

Figure 6. (a) Flow diagram for HER2 FISH evaluation in eligible MBC patients. (b) Example images
of HER2 FISH-stained CTCs from MBC patients that were harvested by the Parsortix PC1 system
and deposited onto cytology slides (images not to scale). CTC, circulating tumor cell; HV, healthy
volunteer; MBC, metastatic breast cancer; FISH, fluorescence in situ hybridization.

Figure 6b provides example images of the CTCs identified on the HER2 FISH slides of
patients with MBC, including the single CTC from a newly diagnosed patient with HER2-
positive MBC that demonstrated HER2 amplification. The single sample showing HER2
amplification represents 33.3% of the patients with MBC who had HER2-positive disease
and had CTCs identified on their HER2 FISH slides (Table 5). Approximately 83% of the
patients with MBC had estrogen receptor–positive and/or progesterone receptor–positive
disease, and only 9.9% had HER2-positive breast cancer, which is lower than the proportion
generally described in the literature (~20%). Therefore, although a reasonable number of
samples were tested for HER2 status by FISH, only a minimal number were expected to
have HER2 amplification. It should be noted that a strict definition of HER2 FISH positivity
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was used for this study, permitting resolution of all CTCs into either “HER2-amplified”
or “HER2-not-amplified” status, as described previously in large cohorts of breast cancer
patients and patients screened for entry to large clinical trials [31–33].

Table 5. Results from evaluation of Parsortix harvests using HER2 FISH. The number and proportion
of samples with CTCs identified on the FISH slide and the number and proportion of samples showing
CTCs with HER2 amplification in the HV subjects and MBC patients by their tissue HER2 status.

Parameter and Categories HVs
MBC Patients by Tissue HER2 Status

Unknown Equivocal Negative Positive

n 38 3 4 84 10
No. with CTC identified 5 (13.2%) 0 (0.0%) 2 (50.0%) 23 (27.4%) 3 (30.0%)

No. with HER2 amplified in CTC 0 of 5 (0%) - 0 of 2 (0%) 0 of 23 (0%) 1 of 3 (33.3%)

FISH, fluorescence in situ hybridization; HV, healthy volunteer; MBC, metastatic breast cancer.

These results demonstrated that the Parsortix® PC1 System can capture and harvest
CTCs from the peripheral blood of patients with MBC and that the population of cells
harvested can be effectively evaluated using a commercially available HER2 FISH assay
and reagents.

4. Study Limitations

The open platform of the Parsortix system allows for multiple downstream analyses.
However, this openness may limit immediate introduction to clinical environments as it
requires additional technology, personnel, and equipment out of the box. It was difficult to
comprehensively demonstrate all potential downstream evaluation methods that a user
could employ to evaluate the cells harvested by the Parsortix® PC1 System from the periph-
eral blood of patients with MBC. In this study, we focused on cytology evaluation, qPCR,
FISH, and RNA-seq as examples of downstream analysis methods. These four methods
cover a range of cytology and molecular techniques currently used in clinical laboratories
and many FDA-cleared tests, including protein, RNA, and DNA analysis techniques.

We recognize that the study is limited by a lack of additional alternative downstream
analyses, such as interrogation for mutations. Still, the study design and amount of testing
that could be done for each subject were limited by the volume of blood that we could
safely and ethically draw from the patients with MBC. In addition, the cytology evaluation
method used to identify CTCs was based solely on morphological characteristics and,
therefore, more subjective than an immunofluorescence staining assay. Additionally, the
slide preparation method for the cytology and FISH analyses proved to have a high cell
loss, with 37–51% of the harvested cells not being deposited on the slides. This most
likely resulted in underestimation of the number of CTCs in the blood samples. However,
a correction factor would not be practical for the high number of samples with no CTCs
observed, as the cell loss caused by the cytology slide preparation method was highly
variable. However, we used cytocentrifugation (also known as cytospin) because it is a
routine procedure performed in pathology laboratory practice and readily available to most
laboratories. In addition to the cell loss caused by the cytology slide preparation method, the
degree of subjectivity around the cytomorphological interpretation/identification of CTCs
is another study limitation. CTC-specific markers (such as pan-cytokeratin), in addition
to the Wright-Giemsa staining, to assess the phenotype of the atypical, non-normal, and
malignant cells identified on the CTC slides may have provided additional evidence that the
malignant cells indeed were CTCs. However, the morphological scoring of CTCs has more
clinical value and avoids the use of potentially poor-performing antibodies. Future efforts
to establish diagnostic criteria for morphologic CTC evaluation are needed in conjunction
with broader adoption of the Parsortix® PC1 System in clinical practice.

The study specified that a minimum volume of blood needed to be available (≥5 mL)
for the processing of each sample instead of specifying that an exact volume of blood
be used for each sample (e.g., 7.5 mL or 8 mL). However, the use of varying volumes of
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blood for each sample makes it impossible to directly compare results between samples
that used different volumes of blood. Furthermore, there is known variability in the
numbers of cells present between different tubes of blood taken from the same patient
(tube-to-tube variability).

No FDA-cleared orthogonal method was tested to demonstrate the equivalency of the
Parsortix® PC1 System for the capture and harvest of CTCs. The FDA-cleared CELLSEARCH®

System was not deemed suitable for inclusion as a reference method because its techno-
logical operating characteristics are fundamentally different. The CELLSEARCH® System
enriches CTCs based on immunoaffinity to EpCAM, magnetically immobilizes the cells
inside a visualization chamber, stains the captured cells with DAPI and anti-EpCAM and
anti-CD45 antibodies, captures fluorescent images of the stained cells, and presents the
digitized images to a user for identification of CTCs. In contrast, the Parsortix® PC1 System
uses microfluidics to enrich cells based on their size and deformability, and it allows the
cells captured by the microfluidic device to be harvested into a small buffer volume for fur-
ther evaluation. The Parsortix PC1 System may have an advantage over the CELL-SEARCH
System in detecting mesenchymal CTCs, but CTCs can be epithelial, mesenchymal, or hy-
brid. Furthermore, the clinical significance of the amount and type of CTC on therapeutic
efficacy in MBC as well as primary breast cancer is still unknown. It remains to be seen how
the CTCs detected in the current study will affect the clinical outcome of MBC patients.

Follow-up studies will be required to demonstrate the clinical utility of CTC en-
richment in patients with MBC using the Parsortix® PC1 System in combination with
analytically validated subsequent downstream analysis methods for molecular characteris-
tics. This study was designed only to test the enrichment platform, and thus, the samples
obtained were de-identified, and no follow-up clinical data was collected.

Overall, the results of this study showed that the population of cells harvested by the
Parsortix® PC1 System from the peripheral blood of patients with MBC could be evaluated
using currently available laboratory methods for the identification and characterization
of CTCs. As CTCs are obtained from peripheral blood (i.e., a liquid biopsy), additional
samples can easily be obtained with minimal impact if there is a processing error and/or
no CTCs are present in the population of cells harvested or if additional blood volume is
deemed necessary to meet downstream assay performance requirements.

5. Conclusions

The HOMING Study “Harvest of CTCs from Patients with MBC using the Parsortix®

System” was a multi-center, prospective, blinded study that enrolled over 200 evaluable
healthy volunteers and 200 patients with MBC at four US-based clinical sites to demonstrate
the ability of the system to enrich CTC for subsequent downstream analysis. The data here
showed that cells harvested from the peripheral blood of the eligible HVs and patients
with MBC using the Parsortix® PC1 System can be successfully evaluated using cytology
(i.e., Wright-Giemsa staining), qRT-PCR, RNA-sequencing, and FISH. The data generated
from this study were used to support a De Novo request for classification of the Parsortix®

PC1 system (DEN200062) as a Class II prescription device that was granted by the FDA on
24 May 2022 (https://www.accessdata.fda.gov/cdrh_docs/pdf20/DEN200062.pdf, ac-
cessed on 20 October 2022).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14215238/s1, Figure S1: Comparison of linearity, Figure S2:
Gene expression in samples with and without detected CTCs in corresponding cytology slides,
Figure S3: CTC-related gene expression in newly diagnosed and recurrent/progressive metastatic
breast cancer (MBC), Figure S4: CTC count and CTC-related gene expression hierarchical clustering,
Figure S5: Trend for higher CTC-related gene expression from samples collected from a port, Figure S6:
Decision Tree, Figure S7: Genes from the KEGG Cancer for HER Primary Tumors, Figure S8: Genes
from the KEGG Cancer for LN Positive MBC, Figure S9: Genes from the KEGG Cancer for Bone
Metastasis MBC, Table S1: Proportions of healthy volunteers and MBC patients with positive gene
expression, Table S2: Summary of CTC counts on HER2.
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Simple Summary: Breast cancers (BCs) with a HER2 immunohistochemical score of 1+ or 2+ with
negative in situ hybridization are referred as HER2-low BCs. The knowledge about the biological
and clinical characteristics of HER2-low BCs is still limited and controversial. Despite that new
anti-HER2 antibody-drug conjugates (ADCs) have demonstrated significant activity in HER2-low
BCs, no anti-HER2 agents are currently approved for this subgroup in Europe. Therefore, treatment
for HER2-low BCs is determined by HR expression status. In this study, we aimed to investigate the
prognostic significance of HER2-low status in HR+/HER2 negative (HER2-) metastatic BC (MBC)
patients treated with endocrine therapy (ET) plus palbociclib as first line. HR+ MBC patients with
HER2-low tumors who received first-line treatment with ET plus palbociclib show similar survival
outcomes compared to those HER2-0 disease.

Abstract: Background: Approximately 45–50% of breast cancers (BCs) have a HER2 immunohisto-
chemical score of 1+ or 2+ with negative in situ hybridization, defining the “HER2-low BC” subtype.
No anti-HER2 agents are currently approved for this subgroup in Europe, where treatment is still
determined by HR expression status. In this study, we investigated the prognostic significance of
HER2-low status in HR+/HER2- metastatic BC (MBC) patients treated with endocrine therapy (ET)
plus palbociclib as first line. Methods: We conducted a retrospective study including 252 consecu-
tive HR+/HER2- MBC patients who received first-line ET plus palbociclib at six Italian Oncology
Units between March 2016 and June 2021. The chi-square test was used to assess differences in the
distribution of clinical and pathological variables between the HER-0 and HER2-low subgroups.
Survival outcomes, progression-free survival (PFS) and overall survival (OS), were calculated by the
Kaplan–Meier method, and the log-rank test was performed to estimate the differences between the
curves. Results: A total of 165 patients were included in the analysis: 94 (57%) and 71 (43%) patients
had HER2-0 and HER2-low disease, respectively. The median age at treatment start was 64 years.
No correlation between patients and tumor characteristics and HER2 status was found. Median
PFS (mPFS) for the entire study cohort was 20 months (95% CI,18–25 months), while median OS
(mOS) was not reached at the time of analysis. No statistically significant differences, in terms of PFS
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(p = 0.20) and OS (p = 0.1), were observed between HER2-low and HER2-0 subgroups. Conclusions:
In our analysis, HR+ MBC patients with low HER2 expression who received first-line treatment with
ET plus Palbociclib reported no statistically different survival outcomes compared to HER2-0 patients.
Further prospective studies are needed to confirm the clinical role of HER2 expression level.

Keywords: breast cancer; cyclin-dependent kinase inhibitor 4 and 6; HER2-low; palbociclib

1. Introduction

Breast cancer (BC) is the most common malignancy and the leading cause of cancer
morbidity among women worldwide [1]. BC presents a wide spectrum of heterogeneity in
terms of gene expression, immunophenotypic features, response to treatment and clinical
outcomes [2]. In daily clinical practice, therapeutic choice is still driven by the human
epidermal growth factor receptor 2 (HER2) and hormone-receptor (HR) status, since gene
expression profiling is not routinely available. Although tumors harboring HER2 positivity
are characterized by a more aggressive behavior and poorer prognosis than other subtypes,
the development of several anti-HER2 targeted agents has dramatically improved the
survival outcomes of HER2 positive (HER2+) BC patients, both in early and advanced
settings [3–8]. According to the dichotomic classification proposed by the 2018 American
Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) guidelines,
about 80% of breast tumors, lacking HER2 protein overexpression, are classified as HER2
negative (HER2-); within them, approximately 45–55% are characterized by HER2 immuno-
histochemistry (IHC) assay score of 1+ or 2+ with negative in situ hybridization (ISH),
referred to as HER2-low BC [9,10]. In recent years, several studies have demonstrated
the activity of the new anti-HER2 antibody-drug conjugates (ADCs) in both HER2+ and
HER2-low BCs, leading researchers to shed new light on the latter type of tumors and
to investigate whether they may represent a distinct subtype with specific behavior and
prognosis [11]. The knowledge on the biological and clinical features of HER2-low BC is
still limited and controversial [12]. Likewise, published studies evaluating the prognostic
value of HER2-low expression have reported inconsistent and mixed results depending
on disease stage and HR status (early vs. advanced, HR positive vs. triple negative breast
cancer) [13–18]. Although ADCs have demonstrated to improve clinical outcomes of HER2-
low tumors, this innovative strategy is not available yet in clinical practice for this subset
of BC patients; therefore, the treatment choice is guided by HR expression status [7,8,19].
In detail, the combination of endocrine therapy (ET) plus cyclin-dependent kinase 4 and 6
inhibitors (CDK4/6i), palbociclib, ribociclib and abemaciclib, represents the mainstay of
treatment for patients with HR+/HER2- metastatic disease, while for triple negative tumors,
chemotherapy is still the standard of care, although promising drugs are emerging as novel
therapeutic weapons. The advent of CDK4/6i has significantly changed the treatment
paradigm with an impressive improvement in life expectancy for HR+/HER2- locally ad-
vanced or metastatic BC (MBC) patients. Despite this indisputable success, the knowledge
of resistance mechanisms and the identification of potential biomarkers still represent an
unmet clinical need. To this aim, several retrospective and prospective biomarker studies
have been conducted [20]. Exploratory analyses of PALOMA-2 and 3 and MONALEESA tri-
als have suggested a possible correlation between intrinsic subtypes and survival outcomes
of MBC patients treated with CDK4/6i in addition to ET [21–24]. Furthermore, the bidirec-
tional crosstalk between the HER and HR pathways as mechanisms of endocrine resistance
could indicate a potential effect of low HER2 expression on CDK4/6i efficacy [25].

Recently, based on this assumption, Bao et al. conducted a retrospective analysis in
patients treated with ET plus CDK4/6i, demonstrating a worse PFS in the HER2-low cohort
compared to the HER2-0 subgroup [26]. These findings have led to further retrospective
and subgroup analyses, which have reported opposite results [27]. Since this topic has
raised a great deal of interest, in the present study, we evaluated the prognostic value of
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HER2 expression in a retrospective series of HR+/HER2- MBC patients treated with ET
plus palbociclib as first line therapy.

2. Materials and Methods

2.1. Study Population

Data from 252 consecutive HR+/HER2- MBC patients who started treatment with
palbociclib plus ET (aromatase inhibitors or fulvestrant) as first line treatment between
March 2016 and June 2021 at six Medical Oncology Units were registered in a compre-
hensive database. We excluded patients for whom the date of diagnosis or metastatic
relapse was unknown or in cases for whom HR and HER2 status or treatments were not
documented. A total of 165 patients with HR+/HER2- MBC treated with ET plus palbo-
ciclib were eligible for the final analysis. Medical and pathology reports were reviewed
for the following clinicopathological characteristics: age, histological type, tumor size,
nodal involvement, grade of differentiation, HR and HER2 expression status, Ki67 index,
type of treatments, date of diagnosis, date of relapse, and sites of metastases. A radiolog-
ical assessment with total body computed tomography (CT) was performed at intervals
of 3–4 months as recommended by guidelines and evaluated according to the criteria of
Response Evaluation Criteria in Solid tumors (RECIST) 1.1.

This study was approved by the University of Campania Luigi Vanvitelli Ethic Com-
mittee (ID number: 15.03-20220005385*, 17 February 2022). All patients signed written
informed consent form.

2.2. Definitions of Biomarker (ER, PR, Ki67 and HER 2)

Estrogen receptor (ER), progesterone receptor (PR) and Ki67 were assessed by IHC,
and HER2 was assessed by IHC and/or ISH in primary tumor sample. When available,
biomarkers obtained from the latest biopsy specimen were also collected. Biomarker
positivity was detected and quantified as the percentage between immune-positive tumor
cells and the total number of tumor cells and classified according to the St. Gallen and
ASCO-CAP guidelines [28–30]. In particular, tumors were considered ER positive and/or
PR positive when ≥1% of tumor cells demonstrate positive nuclear staining by IHC. Ki67
and PR were analyzed both as continuous and dichotomized variables (high vs. low). The
cutoff for both variables was set at ≥20% and <20% of positively stained cells, for high and
low, respectively [31,32]. HER2 was assessed using the HercepTest (DAKO Corporation),
which uses the 0–3+ recommended scale to measure the percentage of immunoreactive
neoplastic cells defined according to the intensity and completeness of membrane staining.
A score of 3+ was considered HER2 positive. In cases of equivocal HER2 immunostaining
(2+), ISH methodologies were applied [33]. Among HER2-negative tumors, HER2-low
is referred to those with IHC score 1+ or 2+ and negative results on ISH [9]. There was
no central review of biomarkers, but the pathological evaluations were performed by
accredited anatomic pathology units, which ensure high rigor in methods and procedures
in line with the best international standards.

2.3. Statistical Analysis

The primary study aim was to evaluate the survival outcomes, progression-free sur-
vival (PFS) and overall survival (OS) in a real-life cohort of HR+/HER2- BC patients who
received ET (AI or fulvestrant) plus palbociclib as first line for metastatic disease catego-
rized according to HER2 expression status as follows: HR+/HER2-0 or HR+/HER2-low.
For descriptive analysis, percentages were used for categorical variables, and medians
and ranges were used for continuous variables. PFS was the time from the beginning
of treatment until disease progression or worsening. OS was defined as the time from
treatment start to death from any cause. Patients who were alive at the last follow-up
without recurrence or lost during follow-up and patients who had died without recurrence
were censored at the date of the last recorded visit and the date of death, respectively. The
median follow-up period was evaluated by the reverse Kaplan–Meier (KM) method. Chi
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square test was used to assess the differences in the distribution of clinical and pathological
variables between the HER-0 and HER2-low subgroups. The survival curves were created
using the KM method. The log-rank test was used to compare the differences among
the curves [34]. Unadjusted hazard ratios (HRs) and univariate PFS probabilities were
calculated using simple Cox proportional hazard regression models. Adjusted HRs for
HER2 status were estimated by multivariate regression analysis with factors found to be
statistically significantly associated with PFS in the univariate analyses using a p value
threshold of 0.05. Similar analyses were performed for OS. All statistical analyses were per-
formed using the R statistical computing environment release 4.1.2 on an Apple MacBook
Pro M1 Max. In all computations, significance was assigned at p value of less than 0.05.

3. Results

3.1. Patients and Tumor Characteristics

A total of 165 patients were included in the analysis of who 94 (57%) had HER2-0 and
71 (43%) had HER2-low disease. Median age at treatment start was 64 years (34–88 years).
Ductal carcinoma was the most common histological type found in 138 tumors (more than
83%); 112 (68%) and 131 (79%) cases displayed high (≥20%) Ki67 and PR levels, respec-
tively. The majority of patients (64%, n = 106) had recurrent disease, while 59 patients
(36%) presented with de novo metastatic breast cancer. Adjuvant ET was administered
to 102 (62%) patients according to international guidelines. Among the 63 (38%) patients
who did not receive adjuvant endocrine therapy, 59 were de novo metastatic and 4 re-
lapsed during adjuvant chemotherapy. Regarding metastatic tumor burden, 63 (38%) and
102 (62%) patients had visceral and non-visceral disease, respectively. About two-thirds of
the entire study cohort (112 patients) was AI sensitive (represented by patients who never
received AI in early BC stage, or those who relapsed≥12 months after completing adjuvant
AI-based ET, or those who have been diagnosed with de novo stage IV BC), while 32%
(53 patients) was AI-resistant (including patients who have been relapsed during adjuvant
AI, or <12 months after its completion). Palbociclib was prescribed in combination with
aromatase inhibitors or fulvestrant for AI-sensitive and AI-resistant patients, respectively.
Key patient characteristics are presented in Table 1. No correlation between patients and
tumor characteristics and HER2 status was found.

Table 1. Association of HER2 status with clinical and pathological characteristics and the derived
Chi square test p value.

Characteristics HER2-0 (94) HER2-Low (71) p Value

Age, years

<65 50 (53%) 40 (56%) 0.80

≥65 44 (47%) 31 (44%)

Ki67 index %

High ≥ 20% 59 (63%) 53 (75%) 0.14

Low < 20% 35 (37%) 18 (25%)

Progesterone Receptor

Low < 20% 16 (17%) 18 (25%) 0.26

High ≥ 20% 78 (83%) 53 (75%)

Estrogen Receptor

Low (1–9%) 1 1 0.88

Moderate (10–49%) 6 6

High (50–95%) 87 64
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Table 1. Cont.

Characteristics HER2-0 (94) HER2-Low (71) p Value

Grading

Grade 1 12 4 0.32

Grade 2 50 43

Grade 3 32 24

Adjuvant Endocrine Therapy

Tamoxifene 12 (20%) 13 (31%) 0.58

AI 40 (66,7%) 24 (57.1%)

Tam + AI 8 (13.3%) 5 (11.9%)

Not done 34 (36.2%) 29 (40.8%)

Histologic type

Ductal 78 (83%) 60 (85%) 0.90

Lobular 16 (17%) 11 (15%)

Site of metastases

Visceral 35 (37%) 28 (39%) 0.89

Non visceral 59 (63%) 43 (61%)

AI sensitivity

AI sensitive 59 (63%) 53 (75%) 0.15

AI resistant 35 (37%) 18 (25%)

M status at diagnosis

M0 61 (66%) 45 (63%) 0.97

M1 33 (34%) 26 (37%)
AI, aromatase inhibitors; Tam, tamoxifene.

3.2. Survival Analysis

The median follow-up was 31 months (27.4–34.1 months) using 31 January 2022 as the
data cut off. During this timeframe, progression of disease was registered in 105 patients
(64%), of who 58 (55%) and 47 (45%) with HER2-0 and HER2-low tumors, respectively.
Death for any cause occurred in 40 (38%) patients including 19 and 21 patients with HER2-0
and HER2-low tumors, respectively. The median PFS (mPFS) for the entire study cohort was
20 months (95% CI, 18–25 months). More than half of the study population was still alive at
the time of the analysis; thus, median OS (mOS) could not be computed. Disease outcomes,
in terms of PFS and OS, were compared between HER2-0 and HER2-low patients. No
statistically significant differences, for each survival variable, were observed between the
two subgroups. The mPFS for HER2-low was 19 months (95% CI, 14–21 months) compared
with 23 months (95%CI, 18–27 months) for HER2-zero tumors (p = 0.20). Although median
OS was not reached, the survival probabilities at 24, 36 and 48 months for HER2-0 and
HER2-low patients were 86% and 80%, 76% and 60%, 62% and 51%, respectively (p = 0.1).
(Table 2).

Table 2. Survival probability at 24, 36 and 48 months.

Months Entire Population Her2-0 Her2-Low

Survival Probability 95% CI Survival Probability 95% CI Survival Probability 95% CI

24 83% 77–88 86% 78–94 80% 70–80

36 69% 60–78 76% 65–87 60% 45–75

48 59% 47–70 62% 45–80 51% 34–69

CI, confidence interval.

Kaplan–Meier curves for PFS and OS are shown in Figure 1.
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(A) (B) 

Figure 1. Kaplan–Meier curves demonstrating (A) progression-free survival, and (B) overall survival,
according to HER2 status.

In the univariate analysis for PFS, visceral disease and AI resistance were signifi-
cantly associated with shorter PFS (p = 0.0041 and p = 0.05, respectively) while HER2-low
expression seemed to be related to slightly, but not statistically significant, worse PFS
(p = 0.18).

Results from multivariate Cox proportional hazard models, confirmed that AI resis-
tance and visceral disease were significantly associated with poorer outcome (HR: 1.64;
95% CI, 1.09–2.45; p = 0.016 and HR: 1.92; 95% CI, 1.28–2.87; p = 0.001) (Table 3).

Table 3. Prognostic variables for progression free survival in univariate analysis and multivari-
ate analysis.

Univariate Analysis Multivariate Analysis
Variables HR (95% CI for HR) p Value HR (95% CI for HR) p Value

HER2-0 vs. HER2-low 0.77 (0.52–1.1) 0.18
PR < 20% vs. PR ≥ 20% 1.5 (0.93–2.3) 0.096

M1 vs. M0 1.1 (0.71–1.6) 0.77
Ki67 < 20% vs. Ki67 ≥ 20% 1 (0.69–1.6) 0.85

Age ≥ 65 years vs. <65 years 1.2 (0.79–1.7) 0.45
AI-resistant vs. AI-Sensitive 1.5 (1–2.2) 0.05 1.64 (1.09–2.45) 0.016

Visceral vs. non-visceral disease 1.8 (1.2–2.7) 0.0041 1.92 (1.28–2.87) 0.001

HR, hazard ratio; CI, confidence interval; PR, progesterone receptor; AI, aromatase inhibitor. Significant values
are indicated in bold.

Univariate analysis for OS revealed that low PR value and visceral disease were clinical
parameters significantly associated with a worse OS. The multivariable analysis confirmed
that low PR levels and visceral disease were independently associated with shorter OS
(HR: 2.43; 95% CI, 1.24–4.74; p < 0.001 and HR: 4.19; 95% CI, 2.17–8.08, p < 0.001) (Table 4).
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Table 4. Prognostic variables for overall survival in univariate and multivariate analysis.

Univariate Analysis Multivariate Analysis
Variables HR (95% CI for HR) p Value HR (95% CI for HR) p Value

HER2 0 vs. HER2 low 0.62 (0.32–1.16) 0.13
PR < 20% vs. PR ≥ 20% 2.4 (1.2–4.6) 0.011 2.43 (1.24–4.74) <0.001

M1 vs. M0 1.29 (0.69–2.41) 0.42
Ki67 < 20% vs. Ki67 ≥ 20% 0.75 (0.37–1.52) 0.44

Age ≥ 65 vs. <65 1.24 (0.66–2.33) 0.48
AI-resistant vs. AI-sensitive 0.95 (0.48–1.87) 0.89

Visceral vs. non-visceral disease 4.12 (2.14–7.95) <0.001 4.19 (2.17–8.08) <0.001

HR, hazard ratio; CI, confidence interval; PR, progesterone receptor; AI, aromatase inhibitor. Significant values
are indicated in bold.

4. Discussion

In HR+/HER2- MBC, CDK4/6i are now considered the standard of care, in combi-
nation with ET, as first- or second-line systemic treatment for both endocrine-sensitive and
endocrine-resistant patients because of meaningful improvement in clinical outcomes [35–40].
Despite the excellent results reported in the randomized trials, in clinical practice, a wide
heterogeneity in treatment response is observed between patients due to primary or ac-
quired resistance. In our study population, the median PFS was 20 months, and although
the direct comparison of clinical outcomes data between real world and randomized trials
is not statistically appropriate, the shorter PFS of CDK4/6i in clinical practice suggests that
a proper patients’ selection might be a determinant for treatment efficacy. Therefore, in the
absence of validated biomarkers, key questions about their optimal use still remain open,
including whether all patients with HR+ MBC should receive a CDK4/6i. Mechanisms of
resistance to these agents are multifactorial, but biomarkers with the ability to recognize
early relapsers, or to predict the beneficial effect of CDK4/6i, are still to be identified. In
order to address this issue, several genomic and retrospective analyses have been per-
formed, and many others are still ongoing. In particular, research efforts are focusing
on circulating biomarkers, given their many advantages in terms of ease of application
and reproducibility at different time points that can capture spatial and temporal hetero-
geneity [41,42]. Retrospective analyses of large, randomized trials, PALOMA-2 and 3 and
MONALEESA, have suggested a correlation between intrinsic subtype and efficacy of
palbociclib and ribociclib in HR+/HER2- ABC treated with endocrine-based strategies.
In particular, a joint retrospective analysis of PALOMA-2 and PALOMA-3 clinical trials
showed an absolute advantage of palbociclib in Luminal A and Luminal B tumors defined
using The EdgeSeq Oncology Biomarker Panel on the collected FFPE samples [43]. In the
retrospective exploratory analysis of MONALEESA trials, evaluating clinical outcomes of
intrinsic subtypes defined using NanoString technologies, all breast cancers, except those
with basal-like genomic features, gained a consistent advantage in terms of PFS and OS with
ribociclib [22]. Based on these findings, we hypothesized that the surrogate BC subtype,
mirroring specific IHC features and clinical behaviors, could also have particular influence
on survival outcomes in a metastatic setting. In this context, HER2-low BC is emerging as a
potential distinct entity among the heterogenous population of HER2-tumors, comprising
a non-negligible proportion of HR+ BC. Some reports in early stage settings showed that
patients with HER2-low expression were more often associated with worse clinical features
such as lymph node positive, poorly differentiated tumor grading and higher proliferation
index [13,16]. As a result of these differences in tumor characteristics, a probable effect of
HER2-low expression on clinical outcomes has been hypothesized. Studies focused on the
prognostic value of HER2 expression level are limited, and the available results are con-
troversial, highly depending on HR status and disease setting [12,13,15,16]. In particular,
some retrospective data support a possible negative prognostic impact of HER2-low status
in early settings, since higher pCR rates were registered among HER-0 patients treated with
neoadjuvant chemotherapy [14–16]. However, data extrapolated from early stage cannot be
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translated to the metastatic setting due to the different genetic backgrounds that influence
the clinical validity of the prognostic factors in these two contexts. In particular, an ex-
ploratory OS analysis including 1304 patients with ABC extrapolated from two datasets did
not demonstrate statistically significant survival differences between the HER2-low and
HER2-0 groups (p = 0.787) regardless of HR status [13]. Similar conclusions were drawn by
Agostinetto and colleagues who compared survival outcomes between HER2-low and non-
HER-low BC [12]. The Austrian Study Group of Medical Tumor Therapy (AGMT) analyzed
data of 1729 patients, derived from a comprehensive metastatic BC registry including a
widely heterogeneous population unselected for HR status, type or line of treatment show-
ing that low HER2- expression has no impact on prognosis of metastatic BC [44]. Similarly,
the analysis of data collected in the PRAEGNANT registry did not demonstrate the validity
of a low level of HER2 to discriminate different prognostic groups among ABC patients
with either HR+ or TNBC [45]. A recent retrospective analysis focused on 106 women
with ABC treated with palbociclib or ribociclib plus ET as first or second line showed a
potential impact of low HER2 expression on survival outcomes. This specific biological
behavior could be driven by a bidirectional crosstalk between the ER and the HER2/HER3
axis, leading to ET resistance mechanisms [25]. Subsequently, Tarantino et al. performed a
subgroup analysis including only patients receiving first-line ET (AI or fulvestrant) plus
a CDK4/6 inhibitor (palbociclib, ribociclib or abemaciclib), demonstrating that treatment
outcome (PFS1) was not influenced by HER2- expression [27]. The unresolved “dilemma”
of the prognostic value of HER2- expression prompted our research to investigate whether
HER2 expression in metastatic HR-positive, HER2-negative disease could have an impact
on clinical outcomes of patients treated with ET plus palbociclib as first line. In the present
study, including only patients with HR+ MBC, HER2-low expression was found in 43%
of the participants, in line with other large studies that reported rates ranging from 31%
to 64% [46,47]. In our study cohort, the survival analyses revealed a mPFS of 19 and
23 months in HER2-low and HER2-0, respectively, and the survival probabilities at 24, 36
and 48 months were slightly better for HER2-0 in respect to HER2-low. These differences in
survival outcomes, although too small to draw conclusions, could be attributed to a higher
likelihood of developing endocrine resistance in patients with lower HER2 expression.
Overall, these results are intriguing, but we are aware that our data should be interpreted
with caution and cannot be generalized due to the retrospective nature of the design and
small sample size examined. Overall, these data highlight the high prevalence of this
subtype, strengthening that the prognostic value of HER2-low should be reconsidered and
further investigated in light of new potential treatment strategies. In this context, a new
generation of anti-HER2 agents, represented by ADCs, have recently proven clinical activity
with an acceptable safety profile in HER2-low disease [11,48]. Based on DESTINY-Breast04
results, trastuzumab deruxtecan (T-DXd), an ADC in which the trastuzumab antitumor
properties are associated with a potent cytotoxic payload, was approved in the United
States as the first HER2-directed therapy for patients with HER2-low MBC. Since signaling
interactions between ER and HER family receptors are well-known endocrine resistance
mechanisms, co-targeting of the HER2 and ER pathways with T-DXd and ET (anastrazole
or fulvestrant), respectively, is being investigated in the phase IB DESTINY-Breast08 [49].
In this direction, zenocutuzumab, a HER2-HER3 bispecific antibody combined with ET,
has demonstrated encouraging antitumor effects in xenograft models, opening the window
to a new possible chemotherapy-free approach for patients with endocrine-resistant HER2-
low BC [50]. Clearly, our study presents limitations that require attention and restrict the
validity of the conclusions drawn. In addition to the above-mentioned limits (the small
sample size, the retrospective design), technical issues related to the HER2 status evaluation
method cannot be neglected. In particular, HER2 evaluation accuracy and reproducibility
could be affected by no standardized pre-analytical and post-analytical processes and by
the lack of a central confirmation of pathological assessment. Future studies might benefit
from central assessment of HER2 to ensure standardized scoring within the low-level range,

99



Cancers 2022, 14, 4981

as well as from a molecular profile or an assessment by mRNA quantification to generate a
more refined biomarker to define low HER2-expressing tumors.

5. Conclusions

In conclusion, our exploratory analysis suggests that low HER2 expression does not
affect survival outcome in patients with MBC undergoing first-line treatment with ET plus
palbociclib. Further prospective studies are needed to confirm the clinical implication of
HER2 expression level, especially in view of the availability of new targeted agents and/or
treatment combination strategies that could be incorporated into a therapeutic sequence.
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Simple Summary: PALB2 pathogenic variants confer high risk of breast cancer. Here, we have
analyzed the impact of PALB2 variants on splicing, a gene expression step that removes introns to
form the mature messenger RNA. This process is performed by the splicing machinery through the
recognition of specific sequences, namely the 3′ and 5′ splice sites, which determine the exon ends.
Variants at these sequences may trigger anomalous splicing and aberrant transcripts that may be
associated with a disease. To test the impact of variants on splicing, we used a biotechnological tool
called minigene, which replicates, at small-scale, the human gene of interest. Thus, we checked 16
PALB2 variants at the intron/exon boundaries using the minigene mgPALB2_ex1-3. We found that
twelve variants disrupted splicing, six of which could be classified as likely pathogenic. These results
facilitate the clinical management of carrier patients and families since they may benefit from tailored
prevention protocols and therapies.

Abstract: PALB2 loss-of-function variants are associated with significant increased risk of breast cancer
as well as other types of tumors. Likewise, splicing disruptions are a common mechanism of disease
susceptibility. Indeed, we previously showed, by minigene assays, that 35 out of 42 PALB2 variants
impaired splicing. Taking advantage of one of these constructs (mgPALB2_ex1-3), we proceeded
to analyze other variants at exons 1 to 3 reported at the ClinVar database. Thirty-one variants
were bioinformatically analyzed with MaxEntScan and SpliceAI. Then, 16 variants were selected
for subsequent RNA assays. We identified a total of 12 spliceogenic variants, 11 of which did not
produce any trace of the expected minigene full-length transcript. Interestingly, variant c.49-1G > A
mimicked previous outcomes in patient RNA (transcript Δ(E2p6)), supporting the reproducibility of
the minigene approach. A total of eight variant-induced transcripts were characterized, three of which
(Δ(E1q17), Δ(E3p11), and Δ(E3)) were predicted to introduce a premature termination codon and to
undergo nonsense-mediated decay, and five (�(E1q9), Δ(E2p6), Δ(E2), �(E3q48)-a, and �(E3q48)-b)
maintained the reading frame. According to an ACMG/AMP (American College of Medical Genetics
and Genomics/Association for Molecular Pathology)-based classification scheme, which integrates
mgPALB2 data, six PALB2 variants were classified as pathogenic/likely pathogenic, five as VUS, and
five as likely benign. Furthermore, five ±1,2 variants were catalogued as VUS because they produced
significant proportions of in-frame transcripts of unknown impact on protein function.

Keywords: hereditary breast cancer; cancer susceptibility genes; PALB2; aberrant splicing; functional
assay; minigenes; clinical interpretation
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1. Introduction

Hereditary breast cancer (BC) is a highly heterogenous genetic disease, in which
more than 20 genes of the DNA repair pathway have been proposed as breast cancer
susceptibility genes [1]. Historically, genetic testing was focused on the main BC genes
BRCA1 and BRCA2 by different methods [2,3]. The development of next-generation se-
quencing (NGS) enabled the development of panels of cancer predisposing genes and the
simultaneous sequencing of multiple genes, thus boosting efficiency and cost-effectiveness.
Recently, two large-scale sequencing studies, which sequenced a panel of breast can-
cer genes in more than 170,000 women, refined the BC/OC genetic predisposition spec-
trum [4,5]. At least eight genes were found to be significantly associated with breast
cancer risk: BRCA1 (MIM#113705), BRCA2 (MIM#600185), ATM (MIM#607585), BARD1
(MIM #601593), CHEK2 (MIM#604373), PALB2 (MIM#610355), RAD51C (MIM#602774), and
RAD51D (MIM#602954) [4–6]. Biallelic loss-of-function variants of PALB2 (also known as
FANCN) and other BC susceptibility genes, such as BRCA2, RAD51C, and BRCA1, cause
Fanconi anemia [7], which is characterized by a high genomic instability and increased
cancer predisposition.

The partner and localizer of BRCA2 (PALB2) interacts with BRCA1 and BRCA2 and is
implicated in repair of double-strand DNA breaks by homologous recombination. While
BRCA1 recruits PALB2 at the sites of DNA damage, PALB2 stabilizes BRCA2 during
formation of the RAD51 nucleoprotein filament [8,9]. PALB2 loss-of-function variants
confer high risk of developing breast cancer (BC) as well as other types of cancers [10–12].
Two recent reports have shown that PALB2 protein truncating variants are associated with
a significantly increased risk of breast cancer (BC relative risk 3.83 and 5.02, respectively)
and accounts for 9.5–10.1% of the protein truncating variants of the eight core BC genes
mentioned above (0.39–0.56% of all BC cases) [4,5]. Furthermore, associations with estrogen-
negative and triple-negative BC are even higher, with relative risks of 7.35 (4.25–12.72) and
10.36 (6.42–16.71), respectively [4]. Hence, PALB2 belongs to the high-risk category of BC
susceptibility genes together with BRCA1 and BRCA2.

On the other hand, a deleterious effect on gene function cannot be assigned for a
relevant proportion of variants detected in patients, the so-called variants of uncertain
clinical significance (VUS) [13]. In the case of PALB2, VUS frequency is approximately
four times greater than that of pathogenic variants [5]. Consequently, they represent a
challenge in genetic counselling because cancer risk assessment in VUS carriers is only
based on cancer family history [14]. Apart from protein translation, there are other gene
expression steps that may be targeted by disease-causing variants, such as transcription,
splicing, as well as other post-transcriptional mechanisms [15–18]. Functional studies of
these processes provide key information for the clinical interpretation of VUS.

The splicing process Is controlled by a large collection of splicing factors and cis-acting
sequences that include: the 5′ or donor (GT) and the 3′ or acceptor (AG) splice sites (5′SS
and 3′SS, respectively), the polypyrimidine tract and the branch point, as well as exonic
and intronic elements that promote (enhancers) or repress (silencers) exon recognition [19].
All these motifs may be targets of splicing-disrupting mutations (spliceogenic variants) so
that an unexpectedly large fraction of variants can actually induce splicing anomalies [17,
20,21]. In fact, it was estimated that about 62% of pathogenic variants impair splicing [22].
Interestingly, several cancer susceptibility genes, such as MLH1, MSH2, and PMS2, are
enriched in spliceogenic variants [23].

We have focused our efforts on the study of the impact of genetic variants on the
splicing of the BC genes by minigene assays, by which we found a large proportion of
spliceogenic variants [24]. We comprehensively analyzed by minigene assays several BC
susceptibility genes, such as BRCA2 [25], along with RAD51C, RAD51D, PALB2, and ATM
within the framework of the European Project BRIDGES (Breast Cancer Risk after Diagnostic
Gene Sequencing; https://bridges-research.eu/, accessed on 12 July 2022) [26–29].

In a recent work, we studied the PALB2 gene and tested, in three different minigenes,
42 candidate BRIDGES variants [28], 35 of which disrupted splicing, with 23 of them being
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classified as pathogenic or likely pathogenic, demonstrating the usefulness of minigenes for
RNA assays and clinical interpretation of variants. Moreover, these constructs are highly
valuable since any other potentially spliceogenic variants of the gene of interest can be
so assayed.

Taking advantage of the minigene mgPALB2_ex1-3, we selected 31 ClinVar splice-site
variants located at exons 1–3 (https://www.ncbi.nlm.nih.gov/clinvar/, accessed on 3
August 2021) to carry out splicing assays of the potentially damaging variants.

2. Materials and Methods

2.1. Variant and Transcript Annotations

The analysis of the ClinVar data identified a total of 31 variants at exons 1, 2, and
3 and flanking intronic sequences located at the PALB2 5′ and 3′ splice sites (5′SS and 3′
SS, respectively), defined for the purpose of the present study as: (i) intron/exon (IVS
–10 to –1/2 nt) boundaries (3′SS) and (ii) exon/intron (2 nt/IVS +1 to +6) boundaries
(5′SS). Variants, transcripts and predicted protein products were described according to
the Human Genome Variation Society (HGVS) guidelines (https://varnomen.hgvs.org/,
accessed on 1 June 2022), using the Ensembl reference transcript ID ENSG00000083093 (Gen-
bank NM_024675.4). We also annotated splicing events according to a former shortened
description [30,31].

2.2. Bioinformatics: Databases and In Silico Studies

All the 31 PALB2 ClinVar splice-site variants at exons 1, 2, and 3 were analyzed with
MaxEntScan (MES) http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.
html, accessed on 3 August 2021) to identify potentially spliceogenic variants [32]. Candi-
date variants were analyzed under the following criteria [28]: (i) splice site disruption at
the ±1,2 (AG/GT) positions and (ii) relevant MES score changes (≥15%) [33,34]. All vari-
ants were further evaluated with the splice-site predictor SpliceAI (https://spliceailookup.
broadinstitute.org/, accessed on 3 August 2021) [35]. SpliceAI outputs were helpful to
predict putative splicing outcomes based on a “two score” approach (e.g., donor loss +
acceptor loss predicts exon skipping, while donor loss + donor gain predicts a donor shift).
SpliceAI parameters were as follows: genome version hg38; score type raw; max distance
10,000 nt; Illumina’s pre-computed scores yes. Scores range 0–1 is interpreted as probability
of impact on splicing with the following cutoffs: 0.2–0.49 (high recall), 0.5–0.79 (recom-
mended), and >0.8 (high precision). SpliceAI was not herein used to filter out variants.
On basis of the MES outcomes, we decided to carry out the subsequent splicing assays for
16 potentially spliceogenic variants.

2.3. Minigene Construction and Mutagenesis

The minigene mgPALB2_ex1–3 was built in the splicing vector pSAD as previously
reported [28,36,37] (Figure 1a). In brief, this construct contains a 974 bp insert (final
minigene size: 5068 bp) that includes exons 1 to 3. This construct has the special feature
of a chimeric exon 1 composed of vector exon 1 and PALB2 exon 1 so that 5′SS variants of
exon 1 can be tested [28].

The wild-type minigene was used as template to generate 16 DNA ClinVar variants
by site-directed mutagenesis with the QuikChange Lightning Kit (Agilent, Santa Clara,
CA, USA) (Table 1). All mutant constructs were confirmed by sequencing (Macrogen,
Madrid, Spain).
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Figure 1. Minigene splicing assays of selected PALB2 variants. (a) Map of variants in the minigene
mgPALB2_ex1–3. V1 and V2 are the vector exons while variants are shown in red above the minigene
construct (b) Fluorescent fragment analysis of 16 variants. The electropherogram of the wild-type
minigene is shown on the top of each column. FAM-labelled products (blue peaks) were run together
with LIZ-600 (orange peaks) as size standard (FL, minigene full-length transcript). The x-axis indicates
size in bp (electropherograms on the top) and the y-axis represents relative fluorescence units (RFU).
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Table 1. Mutagenesis primers of PALB2 variants.

Variant Exon/Intron Primers (5′→3′)

c.46A > G Ex1
CTGTGAGGAGAAGGAAGAGGTGCCGGGGGTGCGGGAAGGG

CCCTTCCCGCACCCCCGGCACCTCTTCCTTCTCCTCACAG

c.48 + 1del IVS1
AGCTGTGAGGAGAAGGAAAAGGGGCCGGGGGTGCGGGAAG

CTTCCCGCACCCCCGGCCCCTTTTCCTTCTCCTCACAGCT

c.48 + 1G > C IVS1
GCTGTGAGGAGAAGGAAAAGCTGCCGGGGGTGCGGGAAGG

CCTTCCCGCACCCCCGGCAGCTTTTCCTTCTCCTCACAGC

c.48 + 1G > T IVS1
TCAGCTGTGAGGAGAAGGAAAAGTTGCCGGGGGTGCGGGA

TCCCGCACCCCCGGCAACTTTTCCTTCTCCTCACAGCTGA

c.48 + 2T > G IVS1
CAGCTGTGAGGAGAAGGAAAAGTGCCGGGGGTGCGGGAAG

CTTCCCGCACCCCCGGCACTTTTCCTTCTCCTCACAGCTG

c.48 + 5C > T IVS1
GAGGAGAAGGAAAAGGTGCTGGGGGTGCGGGAAGGGCGGA

TCCGCCCTTCCCGCACCCCCAGCACCTTTTCCTTCTCCTC

c.49-2del IVS1
TGCCCAGTATTGTTGGTGTTTTTCTTCTTCCGTTAAAGGA

TCCTTTAACGGAAGAAGAAAAACACCAACAATACTGGGCA

c.49-1del IVS1
TGCCCAGTATTGTTGGTGTTTTTCTTCTTCCATTAAAGGA

TCCTTTAATGGAAGAAGAAAAACACCAACAATACTGGGCA

c.49-1G > A IVS1
TTCTTCCAATTAAAGGAGAAATTAGCATTCTTGAAAAGGG

CCCTTTTCAAGAATGCTAATTTCTCCTTTAATTGGAAGAA

c.108 + 1_108 + 2insC IVS2
CCTTCAGGCTAAGTGAATCGTATTCTCAAATTAAGGTGTT

AACACCTTAATTTGAGAATACGATTCACTTAGCCTGAAGG

c.108 + 5G > A IVS2
TAGCCCGCCTTCAGGTAAATGAATCGTATTCTCAAATTAA

TTAATTTGAGAATACGATTCATTTACCTGAAGGCGGGCTA

c.109-2A > C IVS2
TTTGTCTCCTCTCGCGTGCCCAAAGAGCTGAAAAGATTAA

TTAATCTTTTCAGCTCTTTGGGCACGCGAGAGGAGACAAA

c.210A> G Ex3
CCGCAGCTAAAACACTCGGGTAAATCTAGACCATTCACTT

AAGTGAATGGTCTAGATTTACCCGAGTGTTTTAGCTGCGG

c.210A > C Ex3
CGCAGCTAAAACACTCCGGTAAATCTAGACCATTCACTTA

TAAGTGAATGGTCTAGATTTACCGGAGTGTTTTAGCTGCG

c.211 + 1G > T IVS3
CCGCAGCTAAAACACTCAGTTAAATCTAGACCATTCACTT

AAGTGAATGGTCTAGATTTAACTGAGTGTTTTAGCTGCGG

c.211 + 2T > C IVS3
ACCGCAGCTAAAACACTCAGGCAAATCTAGACCATTCACT

AGTGAATGGTCTAGATTTGCCTGAGTGTTTTAGCTGCGGT

2.4. Splicing Functional Assays

Approximately 2 × 105 MCF-7 and MDA-MB-231 cells were seeded in four-well
plates (Nunc, Roskilde, Denmark) to grow up to 90% confluency in 0.5 mL of medium
(MEME, 10% fetal bovine serum, 2 mM glutamine, 1% non-essential amino acids, and
1% penicillin/streptomycin). Then, using a standard protocol of transfection, MCF-7
cells were transfected with either the wild-type or the mutant minigenes. To inhibit
nonsense-mediated decay (NMD), cells were incubated with cycloheximide 300 μg/mL
(Sigma-Aldrich, St. Louis, MO) for 4 h. RNA was extracted after 48 h and purified with
the Genematrix Universal RNA purification Kit (EURx, Gdansk, Poland) with on-column
DNAse I digestion to degrade genomic DNA that could interfere in RT-PCR. Retrotran-
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scription was carried out with specific primers of exons V1 and V2 of the pSAD® vector as
previously described [26,28,38]. The expected size of the minigene mgPALB2_ex1–3 full-
length (mgFL) transcript was 366 nt. To estimate the relative abundance of all transcripts,
semi-quantitative fluorescent RT-PCRs (26 cycles) were performed with pSPL3_RT-FW and
FAM-RTpSAD-RV. FAM-labeled products were run with LIZ-600 Size Standards at the
Macrogen facility and analyzed with the Peak Scanner software V1.0 (Life Technologies,
Carlsbad, CA, USA). Three independent experiments for each variant were carried out
to calculate the average relative proportions of each transcript and the corresponding
standard deviations.

2.5. Clinical Classification of PALB2 Variants

We performed a tentative clinical classification of 16 PALB2 variants according to
ACMG/AMP-based guidelines. We used a Bayesian-ACMG/AMP point system that
shows higher plasticity in combining different ACMG/AMP criteria and strengths of
evidence [39,40]. Point-based variant classification categories are defined as follows:
pathogenic (P) ≥ +10; likely pathogenic (LP) +6 to +9; variant of uncertain significance
(VUS) 0 to +5; likely benign (LB) −1 to −6; and benign (B) ≤ −7. The mgPALB2 read-outs
were included in the classification system as observable PVS1_O or BP7_O evidence codes
of variable strength depending on the splicing outcome (P, supporting (±1 point); M,
moderate (±2); S, strong (±4); VS, very strong (±8)) [29,41]. This score is deduced from
the presumed impact of all the transcripts generated by a particular variant. To interpret
variants producing ≥2 transcripts, we applied the following rules: (i) decode/separate
mgPALB2-readouts into individual components (transcripts); (ii) apply ACMG/AMP-
based evidence levels to each individual transcript; and (iii) deduce a global PVS1_O (or
BP7_O) code strength based on the relative contribution of individual transcripts to the
overall expression. Thus, if pathogenic (or benign) supporting transcripts contribute ≥90%
to the overall expression level, PVS1_O (or BP7_O) codes are applied. If different transcripts
support different pathogenic evidence strengths, the lowest strength contributing >10% to
the overall expression is selected as overall evidence strength. At present, ≥90% and ≥10%
cut-offs of the overall mgPALB2 expression are merely operational. Recently, we already
used a similar approach to deal with those PALB2/ATM/RAD51C minigene readouts that
yielded several transcripts per variant [28,29,41].

We considered that functional splicing data (PVS1_O/BP7_O) override predictive
splicing codes PVS1 (GT-AG splice site variants) and PP3/BP4 (non-GT-AG variants)
so that the latter does not contribute to our variant classification. Otherwise, internal
inconsistencies would arise in the ACMG/AMP classification system (e.g., IVS + 1 and
IVS + 5 variants with identical splicing impact would score very differently). Furthermore,
the ACMG/AMP system implicitly assumes that each piece of evidence contributing to
the final classification is independent, which is an assumption barely met by predictive
and functional splicing codes, as most splicing analyses (including our mgPALB2 ones) are
performed for bioinformatically pre-selected variants. These issues have been extensively
discussed elsewhere [28,29,41]. The rarity code PM2 was considered with allele frequency
≤ 0.001% at gnomADv2.1.1 (https://gnomad.broadinstitute.org; accessed on 21 June 2022)
decreasing, so PM2 evidence strength to “supporting” as previously reported [29]. For
PALB2 variants absent on gnomADv2.1.1, the number of interrogated alleles (allele number)
was determined using data of the closest available SNP (≤5 nt apart from the variant
of interest).

Since no specific PALB2 recommendations exist for missense variants, we applied
general recommendations recently published by ClinGen SVI [42]. Specifically, REVEL≥0.8
supporting pathogenic (moderate strength), REVEL ≤ 0.4 supporting benign (moderate
strength), and 0.4 < REVEL < 0.8 supporting neither pathogenic nor benign. To obtain
REVEL scores, we ran the built-in Ensembl Variant Effect Predictor (www.ensembl.org/
Tools/VEP; accessed on 1 June 2022).
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3. Results and Discussion

3.1. Bioinformatics Analysis of ClinVar Variants

A total of 31 ClinVar variants comprising 66 submissions to the ClinVar database
were chosen from the intron/exon boundaries of PALB2 exons 1 to 3. All the 31 variants
were bioinformatically analyzed with MaxEntScan, 16 of which met the criteria indicated
in Materials and Methods, so they were selected for subsequent minigene RNA assays
(Table 2). Twelve of these variants targeted splice donor sites, while the remaining four
targeted acceptor sites. The 16 MES-selected variants were also analyzed by SpliceAI
(Table 3). Changes c.48 + 5C > T and c.108 + 5G > A were not predicted to affect splicing.

3.2. Minigene Splicing Assays of Candidate Variants

The 16 variants were introduced into the wild-type minigene mgPALB2ex1–3 by
site-directed mutagenesis and assayed in MCF-7 cells. Twelve variants impaired splicing,
eleven of which showed a total impact, as the minigene full-length transcript was absent
(Figure 1b, Table 4). These 11 variants affected the AG/GT (±1,2) dinucleotides of the
3′SS and 5′SS and showed the strongest impacts on MES scores (Table 2). In contrast,
partial splicing anomalies were found in variants at other splice-site positions. Actually, we
noticed weak or no splicing effects for those variants involving the antepenultimate nt of
exon 1 (c.46A > G), +5 nt of introns 1 and 2 (c.48 + 5C > T and c.108 + 5G > A, respectively),
and penultimate nt of exon 3 (c.210A > G and c.210A > C). Splicing disruptions of variants
at positions other than ±1,2 are particularly difficult to predict, as we have pointed out
in previous reports [28]. In this study, leaky variants (those that generate non-negligible
levels of full-length transcripts) were associated with moderate reductions in the MES
score (−19.3% to −29.8%, Table 2). To test the reproducibility of the minigene assay in
different cell lines, four variants (c.46A > G, c.48 + 1G > T, c.49-2del, and c.210A > C) were
also assayed in the triple-negative breast cancer cell line MDA-MB-231. All the variants
mimicked the splicing patterns characterized in MCF-7 cells (Figure 2). Moreover, variant
c.49-1G > A replicated the splicing outcomes formerly characterized in patient RNA [43],
confirming the reproducibility of minigene assays (Table 3).

A total of eight different anomalous transcripts were characterized (Table 4, Figure 3).
Three transcripts (Δ(E1q17), Δ(E3p11), Δ(E3)])are predicted to introduce a premature
termination codon triggering the NMD surveillance mechanism (PTC-NMD) [28,44], while
the remaining five isoforms, including two versions of �(E3q48) (a and b), maintained the
reading frame. Minigene assays, together with fluorescent fragment analysis, displayed
simplicity, robustness, high resolution, and sensitivity. This strategy allowed us to detect
splicing alterations introducing small size changes (i.e., insertion of 9 nt or �(E1q9) or
deletion of 6 nt, Δ(E2p6)) as well as some transcripts representing a minor contribution to
the overall mgPALB2 expression (i.e., c.46A > G: Δ(E1q17), 7.5%; c.48 + 1G > C: �(E1q9),
9.2%; Table 4).
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As above mentioned, total splicing disruptions were exclusively due to changes in
the canonical AG/GT dinucleotides (Table 4). There are only a few exceptions of non-
spliceogenic ±1,2 variants, basically consisting of the change of the consensus AG or GT
dinucleotides into atypical splice sites, such as the GC 5′ splice sites that account for about
1% of human 5′SS [46,47]. Thus, it has been assessed that about 15–18% of + 2T > C variants,
which generate an atypical GC donor site, are able to produce the full-length transcript [48],
as is the case of the PALB2 c.108 + 2T > C variant [28]. However, in this study, we have
shown that c.211 + 2T > C produced just aberrant transcripts similarly to variant c.48 +
2T > C [28]. SpliceAI analysis of c.211 + 2T > C (donor loss = 0.99) correctly predicted a
total impact on splicing. Curiously, we found another atypical splice-site recognition in a
previous study [29]. ATM variant c.1898 + 2T > G creates an intronic GG dinucleotide that
might represent an extremely rare 5′SS (~0.01% of human exons) [47]. In fact, we found that
this GG 5′SS was used in 13% of minigene transcripts producing the full-length isoform [29].
Therefore, the splicing outcomes of any variant should be carefully analyzed since the
generation and use of active atypical sites may rescue the production of the full-length
transcript, and thus, these data may modify the clinical classification of variants. Most
importantly, up to now, the use of uncommon splice sites cannot be predicted, so they
can only be detected by splicing assays. In this regard, minigenes provide a substantial
advantage over RNA assays in carriers since variant read-out is not mistaken with wt
allele expression. Then, any residual full-length transcript produced by the variant can be
tracked by the highly sensitive fluorescent fragment electrophoresis. Conversely, partial
splicing outcomes producing the full-length transcript are not simply identified in patient
RNA assays unless a coding heterozygous SNP was also present so that the wild-type and
variant alleles can be distinguished.

 

Figure 2. Reproducibility of PALB2 RNA assays in MDA-MB-231 (left) and MCF-7 (right) cells. The
wild-type and mutant minigenes of c.46A > G, c.48 + 1G > T, c.49-2del, and c.210A > C were tested in
MCF-7 and MDA-MB-231 cells. RT-PCR products were run by fluorescent fragment electrophoresis
using LIZ-600 as size standard. The x-axis indicates size in bp (electropherograms on the top) and the
y-axis represents relative fluorescence units (RFU).
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Concerning the splicing output, SpliceAI produced reliable predictions for 12 out
of the 16 assayed variants (Table 3). Interestingly, two false-positive variants selected on
MES score (c.48 + 5C > T and c.108 + 5G > A) were ruled out by SpliceAI. MES accurately
predicted splice-site disruptions or their weakening for the twelve spliceogenic variants
although estimations failed in the case of four variants. By increasing the MES threshold
to −30%, the specificity of the selection procedure would have considerably improved.
We firmly believe that bioinformatics predictions are only useful to filter out variants and
select those potentially spliceogenic, but at present, RNA assays are critical at validating a
splicing effect.

Figure 3. Transcripts produced by PALB2 variants. Diagrams of the splicing reactions. Exons and the
splicing reactions are indicated by boxes and elbow arrows, respectively. Anomalous events, exon
skipping or alternative site usage (AG or GT sites) and exons are indicated in red. The impact of
each transcript at the RNA and protein levels are described following the Human Genome Variation
Society (HGVS) recommendations (right).

3.3. ACMG/AMP-Based Interpretation of Variants

PALB2 expert panel specifications of the ACMG/AMP guidelines are not yet available
(https://clinicalgenome.org/, last accessed on 07 July 2022); so, as indicated in Materials
and Methods, we classified 16 PALB2 variants according to generic ACMG/AMP-based
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classification guidelines combined with some PALB2 specifications previously developed by
our group [28]. This approach integrates mgPALB2 readouts as observable PVS1_O/BP7_O
evidence codes (Table 5). Thus, the three PTC-NMD transcripts (Δ(E1q17), Δ(E3p11), and
Δ(E3)) are considered a very strong evidence of pathogenicity (P_VS). Likewise, the in-frame
transcript Δ(E2) deletes a key PALB2 domain (CC domain), where residues Leu17, Leu21,
Leu24, Tyr28, Thr31, and Leu35 mediate important interactions in the PALB2 homodimer
and/or the PALB2/BRCA1 heterodimer [28,49]. Then, Δ(E2) was deemed a very strong
evidence of pathogenicity (P_VS). In addition, the in-frame isoforms �(E1q9) and Δ(E2p6)
are predicted to disrupt critical regions for PALB2, inserting three or deleting two amino
acids at the CC domain, respectively. However, in both cases, a functional impact on protein
function cannot be predicted. Therefore, as we had previously pointed out [28], we think
that both transcripts provide a moderate evidence of pathogenicity (P_M).

On the other hand, the contribution of �(E3q48) a and b (insertion of 16 new amino
acids: VKSRPFTYACFIIHFP and GKSRPFTYACFIIHFP, respectively) is unclear. As we
previously reported, the 16-aminoacids insertion was classified as a supporting evidence
of pathogenicity (P_P) based on bioinformatics predictions (PROVEAN score of –15.84,
deleterious) [28]. Finally, the FL-transcript with the missense variant c.46A > G (p.Lys16Glu)
was considered a supporting benign evidence BP4 (−1) since the REVEL score (0.075)
suggests no impact on protein function.

All the 16 variants are absent in the gnomAD database, so they meet the PM2 rarity
code (Table 5) that we have considered a supporting evidence of pathogenicity (PM2_P;
+1 point) as previously mentioned [29]. As indicated above (see Section 2.5), once we
incorporate minigene readouts into the classification scheme, predictive splicing codes PVS1
(GT-AG variants) or PP3/BP4 (non GT-AG variants) are no longer taken into consideration.

Finally, we considered that some pathogenic (PS2, PM1, PM6, PP2, PP4, PP5) and
benign (BS2, BP1, BP3, BP5, BP6) codes are not applicable to the classification of any
of the herein described PALB2 variants. In addition, the PM3 evidence (in trans with a
pathogenic variant in a recessive disorder) was not applied to any of the variants because
they were not found in Fanconi Anemia patients (based on ClinVar database, Leiden Open
Variation Database, https://databases.lovd.nl/shared/genes/PALB2, accessed 8 July 2022,
and literature searches).

Taking these considerations altogether, six variants were classified as likely pathogenic
(+9 points of the Bayesian scale), five as VUS (+2 or +3 points), and five as likely benign
(–1 or –3 points) (Table 5). Remarkably, five ± 1,2 variants (c.49-2del, c.49-1del, c.49-1G
>A, c.211 + 1G >T, and c.211 + 2T >C) were catalogued as VUS because they produced the
in-frame transcripts Δ(E2p6) (100% of the overall expression) or �(E3q48) (27%–52% of the
overall expression), whose impact on PALB2 function is uncertain. Therefore, it is essential
to elucidate if these transcripts retain the DNA repair activity to ascertain the pathogenicity
of these five variants. Hence, the PVS1 splicing predictive evidence of ±1,2 variants may
lead to their clinical misinterpretation [50].
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4. Conclusions

We tested 16 variants at PALB2 exons 1 to 3 by hybrid minigenes. Twelve variants
impaired splicing, and eleven produced negligible levels of the mgFL-transcript. Inte-
grating our previous results for PALB2 [28], we analyzed a total 58 potential spliceogenic
variants, 47 of which (81%) induced splicing anomalies, supporting the high sensitiv-
ity and specificity of our selection criteria as well as the efficacy of our minigene ap-
proach. By an ACMG/AMP-based strategy, a total of 29 variants were classified as
pathogenic/likely pathogenic and, equally relevant, 13 variants as likely benign, whereas
16 variants were kept as VUS. Interestingly, another 56 ClinVar variants at exons 4 to
12 (accessed on 3 August 2021) would be potentially spliceogenic as per MES scores
(data not shown), so in future projects, they could be assayed in our two previously
reported PALB2 minigenes: mgPALB2_ex4-6 and mgPALB2_ex5-12 [28]. Moreover, the
ACMG/AMP-based guidelines provide a useful framework for the clinical interpretation
of variants when splicing data are available. Finally, minigene assays allowed assessing
more than 600 variants of the main breast cancer susceptibility genes up to now, demon-
strating their high simplicity and robustness. Furthermore, this tool has been used to
successfully assay variants at other disease genes, such as UGT1A1 (Crigler–Najjar syn-
drome) [51], CHD7 (Charge syndrome) [52], or TRPM4 (colorectal cancer) [53], among oth-
ers (http://www.ibgm.med.uva.es/servicios/servicio-de-splicing-minigenes/, accessed
on 13 July 2022).
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Simple Summary: What controls organotropism during cancer metastasis is still largely unknown.
The “seed-and-soil hypothesis” of Stephen Paget (1889) proposes that metastatic onset strictly depends
on a match between the needs of a given metastatic progenitor cell (the seed) and the resources
provided by a given organ (the soil). Here, we decided to challenge this old theory in the context
of cancer metabolism. Considering that metastasis can be prevented, we focused on triple-negative
breast cancer brain metastasis. Comparing RNAseq data from wild-type human cancer cells and two
independent brain-seeking variants, we identified cyclooxygenase 7b (Cox7b) in Complex IV of the
mitochondrial electron transport chain as a driver of triple-negative breast cancer brain metastasis.
Cox7b is not an easy therapeutic target and is most probably not unique in driving brain metastasis.
Therefore, our general approach could be used to identify other metabolic proteins responsible for
organotropism and amenable for metastasis-prevention therapy.

Abstract: Distant metastases are detrimental for cancer patients, but the increasingly early detection of
tumors offers a chance for metastasis prevention. Importantly, cancers do not metastasize randomly:
depending on the type of cancer, metastatic progenitor cells have a predilection for well-defined
organs. This has been theorized by Stephen Paget, who proposed the “seed-and-soil hypothesis”, ac-
cording to which metastatic colonization occurs only when the needs of a given metastatic progenitor
cell (the seed) match with the resources provided by a given organ (the soil). Here, we propose to
explore the seed-and-soil hypothesis in the context of cancer metabolism, thus hypothesizing that
metastatic progenitor cells must be capable of detecting the availability of metabolic resources in
order to home in a secondary organ. If true, it would imply the existence of metabolic sensors. Using
human triple-negative MDA-MB-231 breast cancer cells and two independent brain-seeking variants
as models, we report that cyclooxygenase 7b (Cox7b), a structural component of Complex IV of the
mitochondrial electron transport chain, belongs to a probably larger family of proteins responsible
for breast cancer brain tropism in mice. For metastasis prevention therapy, this proof-of-principle
study opens a quest for the identification of therapeutically targetable metabolic sensors that drive
cancer organotropism.

Keywords: breast cancer; brain metastasis; tissue-specific metastasis; organotropism; cancer metabolism;
oxidative phosphorylation (OXPHOS); mitochondria; cyclooxygenase 7b (Cox7b)
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1. Introduction

Entry in the metastatic phase often represents a point of no return for cancer patients,
as it is associated with a transition from curative to palliative care. This is mainly due
to a limitation of therapeutic options, as local treatments are not always an option for
(poly)metastatic patients, and secondary tumors are generally more resistant to treatments
than primary tumors [1]. Treating brain metastasis offers the additional challenge of blood–
brain barrier (BBB) protection in an initially immunopreserved environment [2]. Conse-
quently, poorly symptomatic cancers that are often detected at an advanced, post-metastatic
stage are associated with poor 5-year overall survival rates, while slowly evolutive cancers
that are commonly detected at the premetastatic stage are, in contrast, associated with much
longer patient survival rates. Between these two extremes, improvements of detection
methodologies and their systematic use in individuals at risk allow an early detection of
some aggressive types of cancers. This is typically the case of triple-negative breast cancer
(TNBC), which is most often detected at the premetastatic stage [3]. However, these can-
cers usually evolve quite rapidly despite early treatment delivery, and distant metastases
have a high prediction to occur. About 35% of TNBC patients develop metastases in the
course of the disease, despite surgery, chemotherapy, and radiotherapy [4]. Furthermore,
immunotherapy with checkpoint inhibitors has only shown modest efficacy in a subset of
patients [5]. Overall, polymetastatic TNBC is currently still regarded as a largely incurable
disease [6].

While the vast majority of solid tumors primarily colonize regional lymph nodes, dis-
tant metastases do not occur randomly: different cancer types present different metastatic
patterns, with different frequencies. For example, malignant melanomas preferentially
metastasize to the lungs (frequency of 85%, including micrometastases), the liver (54–77%),
the gastrointestinal tract (~60%), the brain (36–54%), the bones (23–49%), and distant skin
and subcutis (~18%) [7–9]. In the case of TNBC, metastases occur in the central nervous
system (~46% of patients), lungs (~41%), liver (~29%), bones (~24%), and breast or chest
wall (~22%) [10]. Brain metastasis is particularly detrimental, with a median patient sur-
vival time of 4 to 7 months [10,11]. These numbers further highlight that several organs
can be colonized at the same time. Thus, in both cases, a large proportion of patients that
were metastasis-free at diagnosis become polymetastatic over the course of the diseases.

Among circulating tumor cells (CTCs), only a minority, termed “metastatic progenitor
cells” [12,13], possess all the characteristics that are mandatory to successfully establish
a metastasis. The preference of these cells for a limited panel of secondary organs has
been theorized by Stephen Paget [14] in 1889 and revisited several times since then (see
reference [15] for a recent review). In the “seed and soil” hypothesis, Paget proposed that
metastases do not occur randomly in secondary organs but, rather, colonize a given organ
based on a match between the needs of a (sub)population of metastatic progenitor cells
(“the seed”) and the resources provided by the secondary organ (“the soil”). His proposition
highlighted the importance of the tumor microenvironment at both primary and secondary
tumor locations. Further interpretation also suggests the possible coexistence of several
different populations of metastatic progenitor cells with different tropisms for secondary
organs in the same patient.

So, what does the seed-and-soil hypothesis implicate? On the one hand, the capabilities
of metastatic progenitor cells would depend on the genetic and epigenetic characteristics
inherited from their tissue of origin as well as from genetic and epigenetic changes acquired
over time, from the onset of malignancy until dissemination. Indeed, metastatic progenitor
cells are, nowadays, consensually believed to originate from metabolically hostile cancer
areas characterized by a combination of hypoxia, nutrient deprivation, and metabolic waste
accumulation causing, e.g., microenvironmental acidification [16–23]. Each parameter,
per se, contributes to the metastatic switch, defined as a discrete event converting non-
metastatic cancer cells to their metastatic version [24]. However, it is the coexistence of these
parameters and their fluctuation over time and space that constitutes an ideal situation
for cancer cell adaptation and evolution, which both necessitate environmental changes
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to operate [25]. The outcome of these processes is the generation of subsets of cancer
cells that simultaneously possess mesenchymal characteristics, resist anoïkis, migrate and
invade directionally, resist redox and shear stresses in the systemic circulation, and possess
stem cell characteristics [26]. On the other hand, resources available at the secondary
site would depend not only on the basal composition and mode of function of the organ
to be colonized but also on the organ’s “education” by the primary tumor, a paradigm
formulated as “premetastatic niche” formation [27]. In the process, cancer cells at the initial
site produce and secrete soluble factors (including, e.g., VEGF-A, PLGF, G-CSF, CCL2,
TGFβ, TNF, and enzymes such as lysyl oxidase that remodel the extracellular matrix) and
exosomes that modify the composition and integrity of the secondary site (see reference [28]
for a detailed review). As a result, vascular leakiness is increased; resident cells, such as
fibroblasts, modify their behavior; non-resident cells, such as bone-marrow-derived cells
and neutrophils, are recruited; a proinflammatory milieu offering immunoprotection is
formed; and the structure of the extracellular matrix is remodeled to yield a provisional
matrix promoting cell migration, invasion, and, hence, colonization [28].

The homing of metastatic progenitor cells at the secondary site is facilitated by the
enhanced permeability of blood vessels lining premetastatic niches. In an active process,
CTCs expressing E-selectin ligands (that may include CD44, PSGL-1, ESL-1, β2-integrins,
and L-selectin [29]) roll on and adhere on endothelial cells expressing E-selectin at their
luminal surface, extravasate (which may require proteolytic activities by CTCs, especially to
cross the BBB during brain metastasis [30]), and invade the niche. There, they anchor to host
cells and undergo a process of differentiation to generate a secondary tumor. Intravascular
metastasis is a rare event.

In the general context of metastasis, we previously observed that mitochondria act
as metabolic sensors of the primary tumor microenvironment, producing superoxide and
activating the prometastatic transforming growth factor β (TGFβ) pathway in metaboli-
cally hostile tumor microenvironments [31]. Inactivating mitochondrial superoxide with
specific drugs MitoTEMPO or MitoQ blocked the metastatic process as a whole [13,31,32].
Others showed that transferring superoxide-producing mitochondria from metastatic to
nonmetastatic cancer cells was sufficient to turn recipient cells into metastatic progenitor
cells [33]. In the context of the seed-and-soil hypothesis, we, therefore, hypothesized that
a successful metastatic process would require a match between the metabolic needs of a
given subset of metastatic progenitor cells and the availability of specific metabolites at
a given secondary site. In other words, we propose that the metabolic preferences of a
metastatic progenitor cell would participate in, and perhaps drive, organotropism. Thus,
metabolic pairing between different “seeds” and different “soils” would be responsible for
the existence of a restricted panel of secondary sites for a given tumor type.

This study on brain tropism is the first of a series addressing this general hypothesis.
Using the human TNBC MDA-MB-231 cell line as a working model, we report a cause–effect
relationship between the expression of cyclooxygenase 7b (Cox7b) in Complex IV of the
electron transport chain (ETC) of metastatic progenitor cells and the brain tropism of these
cells. In brain-seeking variants, Cox7b expression enhances oxidative phosphorylation
(OXPHOS), while, compared to other organs, the brain is well-known to be enriched in
OXPHOS substrates glucose, lipids, and lactate. Cox7b most probably belongs to a larger
family of proteins driving brain metastasis, and other organs would offer other substrates to
other subsets of metastatic progenitor cells, which could lead to the potential identification
of several targets for the therapeutic prevention of tissue-specific metastasis.

2. Materials and Methods

2.1. Chemicals and Reagents

Unless stated otherwise, all chemicals and reagents were from Sigma-Aldrich
(Overijse, Belgium).
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2.2. Cells and Cell Culture

Parental MDA-MB-231 human triple-negative breast adenocarcinoma cancer cells were
from Caliper (Mechelen, Belgium; catalogue #119369). MDA-MB-231-derived brain-seeking
variants 231-BR [34] and 231-BR-2 [35,36] were kind gifts from Patricia Steeg (National
Cancer Institute, Bethesda, MD, USA) and Harikrishna Nakshatri (Indiana University
School of Medicine, Indianapolis, IN, USA), respectively. Cells were routinely cultured in
DMEM containing glutaMAX and 4.5 g/L glucose (Thermo Fisher, Erembodegem, Belgium;
catalogue #61965026) supplemented with 10% FBS and maintained at 37 ◦C in a 5% CO2
humidified atmosphere. Cells were authenticated using short tandem repeat (STR) profiling
(Eurofins Genomics, Ebersberg, Germany).

Human astrocytes (T0281, expressing hTERT), mouse astrocytes (T0289, expressing
the SV40 large T antigen), human hepatocytes (T0063, expressing HPV E6/E7, hTERT and
MycT58A), and human bronchial epithelial cells (T0753, expressing hTERT and Cdk4) used
in migration assays were immortalized cells from Applied Biological Materials Inc. (ABM,
Richmond, BC, Canada). Astrocytes were routinely cultured in DMEM with glutaMAX
and 4.5 g/L glucose (Thermo Fisher; catalogue #61965026) supplemented with 10% FBS
and 5% astrocyte growth supplement (Sanbio, Uden, The Netherlands; catalogue #1852;
for human astrocytes only). Hepatocytes were maintained in PriGrow IX medium (ABM;
catalogue #TM019) supplemented with 10% FBS and then were progressively transferred
to the same medium as cancer cells. Bronchial cells were maintained in Prigrow X medium
(ABM; catalogue #TM0753), and then were progressively transferred to bronchial epithelial
cell growth medium (BEGM; Lonza, Verviers, Belgium; catalogue #CC-3170).

2.3. Genetic Manipulations

For constitutive luciferase and GFP expression, cells were infected with lentiviruses
carrying the luciferase and GFP sequences along with puromycin resistance gene (Amsbio,
Alkmaar, The Netherlands; catalogue #LPV020), as detailed in Appendix A.1.

COX7B gene silencing was performed using a CRISPR-Cas9 strategy following Zhang’s
lab protocol [37], and Cox7b overexpression using the pCMV3 expression vector (Bio-
Connect, Te Huissen, The Netherlands; catalogue #HG20762-UT), as detailed in Appendix A.2.
and Appendix A.3. pSpCas9(BB)-2A-Puro (PX459) V2.0 and pU6-(BbsI) CBh-Cas9-T2A-
mCherry were kind gifts from Feng Zhang (Addgene, Watertown, MA, USA; plasmid
#62988) and Ralf Kuehn (Addgene; plasmid #64324), respectively.

2.4. Metastatic Take in Mice

On day 0, 6-week-old female NMRI nude mice (Janvier, Le Genest-Saint-Isle, France)
received image-guided intraventricular injections of 100,000 cancer cells, using a Vevo
2100 imaging system (FUJIFILM VisualSonics, Toronto, ON, Canada) equipped with a
30 MHz transducer. Briefly, mice were anesthetized (80 mg/Kg ketamine and 8 mg/Kg
xylazine) and secured on the animal platform in supine position, and their thoraxes were
shaved. Two-dimensional (2D) parasternal long-axis ultrasound images of the left ventricle
were acquired, in order to ascertain the optimal point in the apex of the heart for the
intraventricular injection. A microinjector system with a 26G hypodermic needle was used
to perform a precise echocardiography-guided intraventricular injection of 100,000 cancer
cells constitutively expressing luciferase and GFP. Following injection, the blood flow
within the left ventricle was closely observed (and images were recorded), confirming that
the cancer cells were successfully injected intraventricularly. All mice were followed-up for
a few minutes with echography, to ascertain that the injection did not lead to any injury,
and were closely monitored until recovery.

Metastasis development was monitored using a Xenogen IVIS 50 bioluminescence
imaging system (PerkinElmer, Seer Green, UK) and quantified with Living Image soft-
ware (PerkinElmer). Every week, mice were injected i.p with 0.15 mg/g bodyweight of
luciferin (PerkinElmer) and were anesthetized using isoflurane after a 10-min incubation.
Chemiluminescence was detected with a 1–12 s acquisition time. Mice were sacrificed after

124



Cancers 2022, 14, 4371

4 weeks by cervical dislocation under terminal anesthesia, and organ chemiluminescence
was acquired ex vivo before fixation in 4% paraformaldehyde (PFA).

2.5. Cell Migration and Invasion

Corning transwell inserts (Avantor, Leuven, Belgium; catalogue #62406-198) were
used to measure cell migration and invasion capacities, as detailed in Appendix A.4. FBS
1% (general migration/invasion) or confluent nonmalignant cells (astrocytes, hepatocytes,
bronchial cells) seeded in the lower chamber were used as chemoattractants.

2.6. Cell Numbers

Cell numbers were determined over time on a SpectraMax i3 spectrophotometer
equipped with a MiniMax imaging cytometer (Molecular Devices, Munich, Germany),
after seeding 5000 cells per well in a 96-well plate. Results were normalized to initial
cell numbers.

2.7. Metabolic Assays

Oxygen consumption rates (OCRs) were measured on a Seahorse XF96 bioenergetics
analyzer using the XF Cell Mito Stress Test Kit and the Fuel Flex test kit, in accordance with
the instructions of the manufacturer (Agilent, Machelen, Belgium). Details are provided
in Appendix A.5. Glucose and lactate concentrations were measured using an enzymatic
CMA600 analyzer (Aurora Borealis, Schoonebeek, The Netherlands), in accordance with
the instructions of the manufacturer, in the supernatant of 150,000 (for 24 h assays) and
250,000 (for 48 h assays) cells seeded in exactly 1 mL of culture medium. Wells contain-
ing medium only were used as controls for the calculation of glucose consumption and
lactate production. The ATP content of 10,000 cells per well (96-well plate) was measured
using the Cell titer Glo assay of Promega (Leiden, The Netherlands; catalogue #G7570).
All metabolic measurements were normalized to total protein content determined after
overnight incubation with 0.5 M NaOH using the Bio-Rad protein assay (Temse, Belgium;
catalogue #5000006) on a SpectraMax i3 spectrophotometer equipped with a MiniMax
imaging cytometer.

2.8. Electron Microscopy

Cells were collected and resuspended in 400 μL of a 2.5% glutaraldehyde solution
containing 0.1 M of sodium cacodylate at pH 7.4 in a pyramidal BEEM capsule (Agar
Scientific, Stansted, UK; catalogue #G360). Samples were then processed as previously
described [38]. Images were acquired on a TECNAI G2 20 LaB6 transmission microscope
(Field Electron and Ion Company, Hillsboro, OR, USA).

2.9. Mitochondrial Abundance and Mitochondrial DNA Content

Mitochondrial DNA (mtDNA) content was measured using RT-qPCR as previously
described [39]. Briefly, total DNA was isolated with a QIAmp DNA kit (Qiagen, Antwerp,
Belgium). The 12S-rRNAA mitochondrial gene (forward primer: 5′-GTA CCC ACG TAA
AGA CGT TAG G-3′; reverse primer: 3′-TAC TGC TAA ATC CAC CTT CG-5′; labeled
probe: 5′-CCC ATG AGG TGG CAA GAA AT-3′ FAM), in parallel with nuclear gene
RNAseP (RNAseP VIC-labeled probe; Thermo Fisher Scientific; catalogue #4401631), were
then analyzed by RT-qPCR (50 ng of sample and 1 μL of each primer pair [10μM]), with
TaqMan universal master mix II with UNG (Thermo Fisher). For presentation, mtDNA
content was normalized to nuclear DNA (nDNA) content [40].

2.10. Microarray Database Analysis

According to Gene Expression Omnibus (GEO) and reference [36], database #GSE66495
reports on the whole genome expression, determined using Illumina Human HT-12 V4
expression beadchips, of MDA-MB-231 parental cells and tissue-specific metastatic variants
derived thereof (including 231-BR), which were maintained in MEM with 10% FBS. For
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database reanalysis, we first extracted metabolic genes related to glycolysis, OXPHOS, and
the TCA cycle. We next retained only genes that were differentially expressed (p < 0.05,
using one-way ANOVA) in brain (231-BR), adrenal (ADMD-231), bone (BMD-231) and/or
lung (LMD-231) metastatic variants, compared to parental MDA-MB-231 cells. They are
displayed in Table 1. We then identified the genes that were differently expressed (p < 0.05,
using one-way ANOVA) in 231-BR versus ADMD-231, BMD-231, and LMD-231 cells.
Expression changes were independently confirmed by RT-qPCR using fresh lysates from
brain-seeking variants 231-BR and 231-BR-2 and MDA-MB-231 parental cells.

Table 1. Metabolic genes differentially expressed in 231-BR versus other tissue-specific variants of
parental MDA-MB-231 human breast cancer cells.

Gene ID
231-BR

(Brain-Seeking)

ADMD-231
(Adrenal-Glands-

Seeking)

BMD-231
(Bone-Seeking)

LMD-231
(Lung-Seeking)

p 4 p 5

HK2 1 1.62 2,3 1.83 1.66 1.70 >0.05 >0.05
ALDH1A3 1.18 1.53 1.43 1.48 <0.05 >0.05
ALDH9A1 1.55 1.04 1.07 1.09 >0.05 <0.05
ALDH3A1 1.18 1.03 1.21 1.16 >0.05 >0.05

PCK2 1.08 −1.43 −1.21 −1.33 <0.05 <0.05
IDH1 −1.18 −1.31 −1.13 −1.14 >0.05 >0.05

FH 1.54 1.08 1.04 1.11 >0.05 <0.05
MDH2 −1.10 −1.19 −1.17 −1.27 >0.05 >0.05
ATP5I 1.25 1.36 1.33 1.33 >0.05 >0.05

ATP5G2 −1.06 −1.21 −1.07 −1.11 >0.05 >0.05
ATP6V0E2 1.62 1.43 1.41 1.34 >0.05 >0.05
ATP6V1D 1.69 2.45 1.83 1.96 >0.05 >0.05

ATP6V0D1 −1.02 −1.23 −1.14 −1.11 >0.05 >0.05
ATP6V0D2 1.21 1.08 1.03 1.20 >0.05 >0.05
ATP6V1B1 1.25 −1.09 −1.07 1.03 <0.05 <0.05

COX17 −1.47 −1.46 −1.50 −1.52 >0.05 >0.05
COX7B 2.02 1.06 −1.06 −1.20 <0.05 <0.05

NDUFB7 1.45 1.54 1.27 1.21 >0.05 >0.05
NDUFB8 −1.43 1.46 1.45 1.54 <0.05 <0.05
NDUFV3 1.10 1.51 1.42 1.37 >0.05 >0.05
UQCRB 1.31 1.05 1.27 1.30 >0.05 >0.05
PGM5 −1.11 6.42 4.32 4.51 <0.05 <0.05

1 From the GEO #GSE66495 microarray database (n = 3 per cell line), including only those genes involved in
glycolysis, the TCA cycle, and oxidative phosphorylation. 2 Numbers report on fold changes, compared to
parental MDA-MB-231 cells used as control. 3 Bold numbers are fold changes with p < 0.05 compared to parental
MDA-MB-231 cells using one-way ANOVA. 4 p value for 231-BR compared to all other tissue-seeking variants
using one-way ANOVA. 5 p value for 231-BR compared to all other tissue-seeking variants and parental cells
using one-way ANOVA. Genes of interest (p < 0.05) are highlighted in gray.

2.11. Real-Time Quantitative PCR

Total RNA was collected using the NucleoSpin RNA kit (Filter Service, Eupen, Belgium;
catalogue #740955.50), quantified with a NanoDrop 1000 Spectrophotometer (Thermo
Fisher), and reverse-transcribed in cDNA with the RevertAid First Strand cDNA synthesis
kit (Thermo Fisher; catalogue #K1621), using the same quantity (500–1000 ng) for all RNA
samples and a 90-min incubation time. cDNAs were diluted 1:10 in DNase/RNase-free
distilled water (Thermo Fisher), and 2 μL were used with 5 μL of 2X Takyon qPCR Master
Mix and 0.2 μL of each primer (10 μM) and completed to 10 μL with water for RT-qPCR
analysis (ViiA 7417 Real-Time instrument, Thermo Fisher). Primers were: ALDH9A1
Forward 5′-AAG GAG CAG GGT GCT AAA GT-3′ and Reverse 5′-TCG TCT CTG CAA
TTA GTT AAT ACA C-3′; FH Forward 5′-TGC CAA CCC CAG TTA TTA AAG C-3′ and
Reverse 5′-CTT CAG CTA CCT CAT CTG CTG-3′; NDUFB8 Forward 5′-CGG ATG ATG
GCA TGG GGT A-3′ and Reverse 5′-GGT GCC AGT GCA TCG GTT-3′; COX7B Forward
5′-TAC CTG AAG CGA ATT GGC AC-3′ and Reverse 5′-GCT TCG AAC TTG GAG ACG
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AT-3′; and β-actin Forward 5′-CCC GCG AGC ACA GAG C-3′ and Reverse 5′-TCA TCA
TCC ATG GTG AGC TGG- 3′. All gene expression data were normalized to β-actin gene
expression.

2.12. Western Blotting

Western blotting was performed, as previously described [41], after protein collection
in RIPA buffer containing phosphatase (PhosSTOP) and protease (proteases inhibitor
cocktail) inhibitors. Membranes were incubated overnight with primary rabbit antibodies
against ALDH9A1 (Proteintech; catalogue #26621), FH (BIOKE, Leiden, The Netherlands;
catalogue #4567S), NDUFB8 (Proteintech, Manchester, UK; catalogue #14794), COX7b
(Abcam, Cambridge, UK; catalogue #ab137094), and Vinculin (BIOKE; catalogue #4650S),
or mouse antibodies against β-actin (Sigma-Aldrich; catalogue #A5441). Staining was
revealed with an Amersham Imager 600 (Diegem, Belgium). All data are normalized to
vinculin or β-actin expression.

2.13. Immunohistochemistry

Brains were collected, cut along the separation between right and left hemispheres,
and embedded in paraffin. Sections (5 μm thick) were performed from the center of each
hemisphere, to produce 10 slides for each sample. For each hemisphere, 3 slides from the
beginning, the middle, and the end were used for immunostaining, and the process was
repeated up to 3 times in order to analyze slices representative of the whole brain.

Brain sections were immunostained for GFP (Bio-Techne, Abingdon, UK; catalogue
#600-308; BIOKE; catalogue #2956), with a secondary Envision anti-rabbit antibody coupled
to HRP (Agilent; catalogue #K4003), and hematoxylin and eosin counterstained. Slides were
scanned at 20x magnification with a SCN400 bright field Slide Scanner (Leica Biosystems,
Diegem, Belgium). Metastasis number and surface area were determined using cytomine
(Liège, Belgium; cytomine.org; accessed on 1 December 2021) and QuPath software version
0.1.2 (Belfast, UK) [42].

2.14. Clinical Database Analysis

Overall Survival (OS) curves were generated on Kaplan–Meier plotter (kmplot.com)
with the auto select best cutoff for the 202110 Affy ID (COX7B) on the RNA-seq mRNA
dataset (breast cancer and renal clear cell carcinoma in pan-cancer) and on gene chip mRNA
datasets for lung cancers [43]. Sources for the databases include GEO, EGA, and TCGA.

2.15. Statistics

Data are shown as means ± SEM (error bars are sometimes smaller than symbols)
or as individual values with the median. n indicates the total number of replicates per
group/condition. Graphpad Prism version 9.2.0. (San Diego, CA, USA) was used for statis-
tical analyses. Mann–Whitney U test, Student’s t-test, one-way ANOVA, and two-ways
ANOVA were used where indicated. p < 0.05 was considered to be statistically significant.

3. Results

3.1. Validation of Brain-Seeking Variant Models Derived from Human MDA-MB-231
Triple-Negative Breast Cancer Cells

The objective of our study was to identify metabolic protein(s) responsible for the
brain tropism of human metastatic breast cancer. As models, we used MDA-MB-231
triple-negative breast cancer (TNBC) cells and two independently derived brain-seeking
variant cell lines, 231-BR and 231-BR-2 [34–36], which were generated by serial cycles of
in vivo selection in mice. The selection protocol involved intracardiac cancer cell injection
in the left ventricle of female nude mice, surgical isolation, expansion of metastatic cancer
cells retrieved from the brain, and intracardiac injection of these cells sequentially in addi-
tional animals for several rounds, until metastatic dissemination became restricted to the
brain [34–36]. To identify metabolic drivers of brain-specific metastasis, we first ascertained
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the validity of the two model cell lines in vitro and in vivo. Short tandem repeat (STR)
profiling confirmed that all variants were genomically similar to the parental MDA-MB-
231 cells (Table S1). For in vivo assays, cells were infected with lentiviruses to constitu-
tively express luciferase and green fluorescent protein (GFP). An intracardiac injection of
100,000 MDA-MB-231 parental cells (Figure 1a) did not generate brain metastases in female
nude mice, whereas the use of either the 231-BR or 231-BR-2 variants yielded metastases in
most animals (4/5 for 231-BR and 6/9 for 231-BR-2) 4 weeks after injection, which were
detected by ex vivo bioluminescence imaging on isolated brains (Figure 1b).

Figure 1. Validation of the brain tropism of MDA-MB-231-derived brain-seeking variants.
(a) Schematic representation of in vivo experiments, where 6-week-old female mice were injected
intracardially with 100,000 luciferase- and green fluorescent protein (GFP)-expressing cancer cells
on Day 0, imaged once a week to track metastases, and sacrificed at Week 4 for organ collection,
followed by ex vivo bioluminescence imaging and immunohistochemistry. (b) Ex vivo biolumi-
nescence imaging of mouse brains at the end of the protocol illustrated in (a). Pictures on the left
are representative of mouse brains in luciferin-containing medium captured using a Xenogen IVIS
50 bioluminescence imaging system. The right graph shows brain bioluminescence intensity in mice
having received parental MDA-MB-231 cancer cells or 231-BR or 231-BR-2 brain-seeking variants
(n = 3–9). Bar = 5 mm. (c) Migration of MDA-MB-231, 231-BR, and 231-BR-2 cells was assayed in
transwells towards 1% FBS (n = 2–3), towards mouse astrocytes (n = 6) or towards human astrocytes
(n = 6). (d) Cell count (%) over time on a SpectraMax i3 spectrophotometer equipped with a MiniMax
imaging cytometer, after seeding 5000 cells per well in a 96-well plate (n = 18–19). Data are shown
as individual values and medians (b) or as means ± SEM (c,d). * p < 0.05, ** p < 0.01, *** p < 0.005;
compared to MDA-MB-231; using Mann–Whitney test (b), one-way ANOVA with Dunnett’s post hoc
test (c), or two-way ANOVA with Dunnett’s post hoc test (d).

For in vitro model validation, we developed a transwell assay aimed to test the general
and organotropic migration of the human breast cancer cells in the upper well towards
1% FBS or towards living immortalized nonmalignant astrocytes in the lower well, re-
spectively. Since the selection of the brain-seeking variants was made in mice, we tested
both mouse and human astrocytes as attractants. While parental MDA-MB-231 cells had a
higher capacity to migrate towards 1% FBS compared to the two brain-seeking variants,
conversely, 231-BR and 231-BR-2 cells migrated much more efficiently towards mouse or
human astrocytes (Figure 1c), thus validating their preferential tropism for the brain. Of
note, both brain-seeking variants were slightly, yet significantly, more proliferative than the
parental cells, as determined by direct cell counting over time (Figure 1d).
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3.2. Brain-Seeking Variants of MDA-MB-231 Cells Undergo an Oxidative Switch

Using Seahorse oximetry and the dedicated Fuel Flex test kit of Agilent, we next
determine the oxidative metabolic preferences of the parental and brain-seeking variant
cells. The assay involves sequential inhibition of glucose-fueled (using 2 μM of mitochon-
drial pyruvate carrier inhibitor UK5099), glutamine-fueled (using 3 μM of glutaminase
1 inhibitor BPTES), and lipid-fueled (using 4 μM of carnitine palmitoyl-transferase 1A
inhibitor Etomoxir) OXPHOS. The results show that OXPHOS in MDA-MB-231 cells was
supported almost equally by glutamine (52%) and fatty acids (48%), but not at all by
glucose, whereas OPXHOS in the two brain-seeking variants was supported not only by
glutamine and fatty acids but also by glucose (5.1 ± 0.6 % for 231-BR and 8.4 ± 1.4% for
231-BR-2 cells) (Figure 2a). Glucose uptake, lactate release, and, hence, the glycolytic ratio
([glucose]/[lactate]) were unchanged in full medium (DMEM containing glutaMAX, 4.5g/L
glucose, and 10% FBS) (Figure 2b). Therefore, changes in the capacity to use OXPHOS fuels
reflected an increased oxidative flexibility of brain-seeking variants compared to parental
cells, rather than an increased dependency on glucose. Accordingly, both 231-BR and
231-BR-2 cell lines presented improved basal and maximal respiration activities as well as
an improved oxidative ATP production, compared to parental cells (Figure 2c).

Figure 2. Brain-seeking variants are more oxidative than parental MDA-MB-231 human breast
cancer cells. (a) Mitochondrial fuel usage of MDA-MB-231 (left, n = 14), 231-BR (middle, n = 14–16),
and 231-BR-2 (right, n = 14–15) cancer cells was determined using the Fuel Flex test kit (Agilent)
on a Seahorse XF96 bioenergetics analyzer. Data are presented as pie and column graphs, where
total fuel usage = 100%. (b) Glucose consumption (left, n = 11–16), lactate production (middle, n
= 16–17), and the lactate/glucose ratio (right, n = 13–16) were determined from measurements in
deproteinized cell supernatants using an enzymatic CMA600 analyzer. (c) Basal (left, n = 29–32)
and maximal (middle, n = 28–32) oxygen consumption rates (mtOCRs), as well as the OCR of the
cells associated to mitochondrial ATP production (right, n = 29–32), were measured using a XF Cell
Mito Stress Test kit (Agilent) on a Seahorse XF96 bioenergetics analyzer. Representative Seahorse
traces are shown on far left. (d) Transmission electron microscopy pictures of the cells are shown
on the left (bars = 1 μm), and the mitochondrial density is quantified on the right graph (n = 6–12).
(e) Mitochondrial DNA/nuclear DNA (mtDNA/nDNA) cell content determined using RT-qPCR
(n = 5). All data are shown as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.005, ns: p > 0.05; compared
to first column; using one-way ANOVA with Dunnett’s post hoc test (a–c,e).

129



Cancers 2022, 14, 4371

The oxidative switch evidenced in brain-seeking variants was linked to qualitative and
quantitative changes affecting mitochondria. Qualitatively, electron microscopy revealed
enlarged mitochondria in 231-BR compared to the parental cells, whereas they were smaller
but more abundant in 231-BR-2 compared to MDA-MB-231 cells (Figure 2d). The mitochon-
drial to nuclear DNA ratio (mtDNA/nDNA) was determined using RT-qPCR, revealing
a significantly increased mtDNA abundance in both 231-BR and 231-BR-2 compared to
the parental cells (Figure 2e). Collectively, we concluded that the oxidative efficiency of
mitochondria was increased in the brain-seeking variants of MDA-MB-231 cells.

3.3. Identification of Four Candidate Metabolic Genes That Could Account for the Brain Tropism of
Human Breast Cancer Cells

Based on our working hypothesis of a metabolic preference of brain-seeking variants
for metabolites present in the brain and on the above evidence of metabolic differences in
the filiation, we next aimed to identify metabolic genes/proteins associated to the brain
tropism of 231-BR and 231-BR-2 cells. We first analyzed the publicly available microarray
database GEO #GSE66495, reporting on the whole genome expression of not only MDA-MB-
231 and 231-BR cells but also MDA-MD-231-derived adrenal (ADMD-231), bone (BMD-231),
and lung (LMD-231) metastatic variants [36]. We focused on genes involved in glycolysis,
the TCA cycle, and OXPHOS.

Using the two-step methodology described in the materials and methods, we identi-
fied 22 metabolic genes differentially expressed in at least one metastatic variant compared
to parental MDA-MB-231 cells, among which 6 were further differentially expressed in 231-
BR cells compared to any other metastatic variant (Table 1). Significantly upregulated genes
were ALDH9A1 (Genbank ID 223, on chromosome 1) encoding aldehyde dehydrogenase
9 family member A1, FH (Genbank ID 2271, on chromosome 1) encoding fumarate hy-
dratase, and COX7B (Genbank ID 1349, on chromosome X) encoding cytochrome c oxidase
subunit 7B. Significantly downregulated genes were ALDH1A3 (Genbank ID 220, on chro-
mosome 15) encoding aldehyde dehydrogenase 1 family member A3, NDUFB8 (Genbank
ID 4714, on chromosome 10) encoding NADH:ubiquinone oxidoreductase subunit B8, and
PGM5 (Genbank ID 5239, on chromosome 9) encoding phosphoglucomutase 5.

Among the six genes, ALDH1A3 and PGM5 expression was not significantly different
(p > 0.05) between 231-BR and parental MDA-MB-231 cells (Table 1). They were, therefore,
excluded from further analysis.

3.4. Cytochrome c Oxidase Subunit 7b in Mitochondrial Complex IV Is a Candidate Protein
Supporting the Brain Tropism of Human Breast Cancer Cells

We next aimed to validate our short list of four genes: ALDH9A1, FH, NDUFB8, and
COX7B. To avoid idiosyncrasies that would have been associated to 231-BR cells, changes
in gene expression were independently tested using RT-qPCR in both 231-BR and 231-BR-2
brain-seeking variants. We further verified that the changes in protein matched the changes
in mRNA expression. Uncropped western blots are displayed in Figure S1.

ALDH9A1 encodes a cytosolic aldehyde dehydrogenase that catalyzes the oxidation
of γ-aminobutyraldehyde and aminoaldehydes derived from polyamines. It is involved
in carnitine biosynthesis [44], which facilitates the transport of fatty acids across the inner
mitochondrial membrane for β-oxidation and, potentially, in a marginal pathway for
the biosynthesis of neurotransmitter γ-aminobutyric acid (GABA) [45] (Figure 3a, left).
Compared to parental MDA-MB-231 cells, ALDH9A1 mRNA expression was significantly
increased in 231-BR, but it was slightly decreased in 231-BR-2 cells (Figure 3a, middle). The
corresponding protein was overexpressed in 231-BR but not in 231-BR-2 cells (Figure 3a,
right), which disqualified it as a shared metabolic sensor for brain tropism in our model
cell lines.
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Figure 3. Identification of Cox7b as a candidate protein for the brain tropism of human breast cancer.
(a) The left drawing depicts the three main functions of aldehyde hydrogenase 9A1 (ALDH9A1) that
catalyzes the biosynthesis of γ-aminobutyric acid (GABA) in the cytosol, the biosynthesis of carnitine
to facilitate the transport of fatty acids across the inner mitochondrial membrane, and the oxidation of
γ-aminobutyraldehyde and aminoaldehydes derived from polyamines in the mitochondrial matrix.
The middle graph shows ALDH9A1 mRNA expression normalized to β-actin (n = 5–6), and the
right graph shows ALDH9A1 protein expression normalized to vinculin (n = 6), in MDA-MB-231,
231-BR, and 231-BR-2 cancer cells. (b) The left drawing depicts fumarate hydratase (FH) activity,
which catalyzes the reversible hydration of fumarate to malate in the TCA cycle. The middle graph
shows FH mRNA expression normalized to β-actin (n = 5–6), and the right graph shows FH protein
expression normalized to β-actin (n = 9). (c) The left drawing localizes NDUFB8 as a component
of electron transport chain (ETC) Complex I (green). The middle graph shows NDUFB8 mRNA
expression normalized to β-actin (n = 6), and the right graph shows NDUFB8 protein expression
normalized to β-actin (n = 3). (d) The left drawing depicts cyclooxygenase 7b (COX7b) as a component
of ETC Complex IV (green). The middle graph shows COX7B mRNA expression normalized to
β-actin (n = 5–6), and the right graph shows Cox7b protein expression normalized to β-actin (n = 9).
All data are shown as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.005, ns: p > 0.05; compared to
MDA-MB-231 cells; using one-way ANOVA with Dunnett’s post hoc test (a–d).

131



Cancers 2022, 14, 4371

FH encodes fumarate hydratase, the seventh enzyme of the TCA cycle that catalyzes
the hydration of fumarate to L-malate (Figure 3b, left). When mutated/inactivated, FH
can cause various diseases, including hereditary and sporadic forms of cancer [46]. In
the context of brain-specific breast cancer metastasis, FH mRNA and protein expression
was increased in 231-BR but not in 231-BR-2 cells (Figure 3b, middle and right), thus
disqualifying this enzyme as a shared metabolic sensor for brain tropism.

NDUFB8 encodes an accessory subunit of NADH ubiquinone oxidoreductase, a large
protein complex known as ETC Complex I at the inner mitochondrial membrane (Figure 3c, left).
The subunit is bound to NADH dehydrogenase 5 (ND5) in the proton-pumping module of
Complex I [47]. Similar to microarray data analysis, RT-qPCR showed significantly reduced
NDUFB8 mRNA expression in 231-BR compared to MDA-MB-231 cells (Figure 3c, middle).
However, it was significantly increased in 231-BR-2 cells, and the changes in protein
expression did not match the changes in mRNA expression (Figure 3c, middle and right).
Overall, this disqualified NDUFB8 as a metabolic sensor for brain-selective metastasis.

COX7B encodes subunit 7b of cytochrome c oxidase (Cox), a large protein complex
known as ETC Complex IV that catalyzes the transfer of electrons from reduced cytochrome
c to molecular oxygen at the inner mitochondrial membrane (Figure 3d, left) [48]. Cox7b
is a short 80 amino acid protein that stabilizes the complex and modulates Cox activ-
ity [49]. COX7B mRNA expression was increased in 231-BR but decreased in 231-BR-2
cells (Figure 3d, middle). However, the expression of the corresponding protein was in-
creased in both variants (Figure 3d, right). Considering that among the four candidate
proteins only Cox7b expression showed a similar change in both brain-seeking variants,
we retained Cox7b for further investigation.

3.5. Cox7b Expression Drives Human Breast Cancer Cell Migration towards Astrocytes

Transwell migration assays were used to establish a causal link between Cox7b ex-
pression and MDA-MB-231 brain chemoattraction, mimicked by cell migration towards
immortalized human and mouse astrocytes. Chemoattraction at other important metastatic
sites [34] was mimicked by immortalized human hepatocytes (T0063) and human bronchial
epithelial cells (T0763). All four cell lines were nonmalignant.

As expected, COX7b silencing in brain-seeking variant cells, using a CRISPR-Cas9
strategy (Figure S2a), significantly decreased 231-BR cell migration towards human and
mouse astrocytes but not towards human hepatocytes and human bronchial cells (Figure 4a).
The general migratory phenotype towards serum (1% FBS, used as a control) was unaffected.
Similarly, COX7B silencing significantly reduced 231-BR-2 migration towards human and
mouse astrocytes but not towards human hepatocytes, human bronchial cells, or serum
(Figure 4b). Conversely, experimental Cox7b protein overexpression in parental MDA-
MB-231 cells (Figure S2b) increased their migration towards human and mouse astrocytes,
while migration towards human hepatocytes, human bronchial cells, or serum was not
changed (Figure 4c).

Together, these in vitro results supported a cause–effect relationship between Cox7b
protein expression and the brain tropism of human metastatic breast cancer cells. In
particular, Cox7b protein overexpression was sufficient to trigger a selective brain tropism
of otherwise pan-metastatic, wild-type MDA-MB-231 cells. This finding does not exclude
that other proteins could have a similar function in other cancer cell lines.
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Figure 4. Cause–effect relationship between Cox7b expression and the selective migration of human
breast cancer cells towards astrocytes. (a) Migration assayed in transwells of 231-BR brain-seeking
variants, expressing or not expressing (KO using a CRISP-Cas9 strategy) Cox7b, towards 1% FBS
(n = 9), human astrocytes (n = 3), mouse astrocytes (n = 5), human hepatocytes (n = 6), or human
bronchial cells (n = 6). (b) Migration of 231-BR-2 brain-seeking variants, expressing or not expressing
Cox7b, towards 1% FBS (n = 9), human astrocytes (n = 5–6), mouse astrocytes (n = 7), human
hepatocytes (n = 6), or human bronchial cells (n = 6). (c) Migration of MDA-MB-231 parental cancer
cells, overexpressing Cox7b or expressing basal levels of Cox7b, towards 1% FBS (n = 7), human
astrocytes (n = 9), mouse astrocytes (n = 6), human hepatocytes (n = 6), or human bronchial cells
(n = 6). All data are normalized to control (first columns) and are shown as means ± SEM. * p < 0.05,
** p < 0.01, *** p < 0.005, ns: p > 0.05; using Student’s t-test (a–c).

3.6. Cox7b Expression Promotes the Oxidative Phenotype of Human Metastatic Breast Cancer Cells

The data displayed in Figure 2 showed that increased OXPHOS is a major metabolic
characteristic of 231-BR and 231-BR-2 brain-seeking variants compared to parental cells.
Since Cox7b resides in the ETC [49], we reasoned that its expression might modulate the
OCR of the cells, which was measured using Seahorse oximetry.

COX7B silencing reduced 231-BR basal OCR and OCR associated to ATP production,
but maximal OCR, reflecting the respiration spare capacity, was unchanged (Figure 5a).
Comparatively, COX7B silencing reduced all basal OCR, maximal OCR, and OCR associated
to ATP production in 231-BR-2 cells (Figure 5b), demonstrating that loss of COX7B represses
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OXPHOS in brain-seeking variants of metastatic breast cancer. Of note, COX7B silencing
did not decrease cell numbers (Figure S3), suggesting the existence of rescue metabolic
pathways preventing cell death. Cox7b overexpression in wild-type MDA-MB-231 cells
induced the opposite effect, i.e., an oxidative switch characterized by a rise in all basal OCR,
maximal OCR, and OCR associated to ATP production (Figure 5c).

Figure 5. Cox7b expression drives the oxidative switch of brain-seeking variants. (a) 231-BR brain-
seeking variants expressing or not expressing (KO using a CRISP-Cas9 strategy) Cox7b. Basal (left)
and maximal (middle) oxygen consumption rates (mtOCRs), as well as the OCR of the cells associated
to mitochondrial ATP production (right), were measured using a XF Cell Mito Stress Test Kit (Agilent)
on a Seahorse XF96 bioenergetics analyzer (n = 20 all). Representative Seahorse traces are shown on
far left. (b) As in (a), but using 231-BR-2 brain-seeking variants expressing or not expressing Cox7b
(n = 15–20). (c) As in (a), but using MDA-MD-231 parental cancer cells overexpressing or expressing
basal levels of Cox7b (n = 23–32). All data are normalized to control (dotted lines) and are shown as
means ± SEM. ** p < 0.01, *** p < 0.005, ns: p > 0.05; using Student’s t-test (a–c).
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Together, these experiments demonstrated that Cox7b is an OXPHOS inducer. They fur-
ther established a positive correlation between the oxidative activities of human metastatic
breast cancer cells and their preferential migration towards astrocytes. Of note, Cox7b ex-
pression did not modulate the OXPHOS substrate preference of the brain-seeking variants
(Figure S4).

3.7. Cox7b Expression Is Responsible for the Brain Tropism of Metastatic Human Breast Cancer
Cells in Mice

To experimentally establish a cause–effect relationship between Cox7b expression and
breast cancer brain metastasis, we ran a series of in vivo experiments in nude mice, as
depicted in Figure 1a. Briefly, because our investigation interrogated metastatic tropism
linked to metastatic take (a late metastatic event) but not metastatic cell dissemination
from a primary tumor (an early metastatic event), breast cancer cells were injected in
the left cardiac ventricle, which is known to generate systemic metastatic lesions to the
bones, brain, ovary, and adrenal glands using MDA-MB-231 cells [34,35]. The constitutive
and concurrent expression of luciferase and GFP by our model cell lines allowed for a
confirmation of bioluminescence data with immunohistochemistry.

Following the protocol depicted in Figure 1a, COX7B silencing with a CRISPR-cas9
strategy in 231-BR and 231-BR-2 brain-seeking variants resulted in an almost total loss
of brain tropism following intracardiac injection (Figure 6a). This was evidenced using
ex vivo luciferase bioluminescence imaging on brains isolated at the time of mouse sac-
rifice. Conversely, parental MDA-MB-231 cells, which did not generate detectable brain
metastasis for 4 weeks, gained a strong increase in the occurrence of brain metastases
upon Cox7b overexpression (Figure 6a). For validation, brains were collected at the end of
the experiments, sliced, stained with an antibody against GFP, and counterstained with
hematoxylin and eosin. Figure 6b shows representative pictures of the brains, with insets
representing typical metastasis-positive areas. Analyses revealed a strong decrease in the
number of metastases per mouse and in the metastasis-positive tumor area per slice in mice
injected with 231-BR and 231-BR-2 cells lacking COX7B, compared to wild-type 231-BR and
231-BR-2 cells (Figure 6b, left and middle graphs). The opposite effects were seen in mice
that received parental MDA-MB-231 cells overexpressing Cox7b compared to wild-type
MDA-MB-231 cells (Figure 6b, right graphs). Collectively, these in vivo data established a
cause–effect relationship between Cox7b expression and the brain tropism of human TNBC
in mice.

We concluded our study by analyzing publicly available gene chip and RNA-seq
mRNA expression databases [43] reporting on clinical human breast and lung cancers, as
wells as on renal clear cell carcinoma, all subtypes included. High Cox7B expression was
identified as an independent poor prognosis factor for overall patient survival in all three
cancer types (Figure 6c).
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Figure 6. Cox7b drives the tropism of metastatic human breast cancer cells to the brain. (a,b) The
brain tropism of 231-BR and 231-BR-2 brain-seeking variants, expressing or not Cox7b (KO using a
CRISP-Cas9 strategy), and of parental MDA-MB-231 human breast cancer cells, overexpressing or not
overexpressing Cox7b, was assessed using the protocol depicted in Figure 1a. The cells constitutively
expressed luciferase and GFP. (a) Ex vivo bioluminescence imaging of mouse brains 4 weeks after
the intracardiac injection of cancer cells. Pictures on the left are representative of mouse brains in
luciferin-containing medium captured using a Xenogen IVIS 50 bioluminescence imaging system.
Graphs on the right show brain bioluminescence intensity (n = 4–10). (b) Central sections of the
brains were immunostained for GFP and counterstained for hematoxylin and eosin. Representative
pictures are shown on top (bars = 1 mm). Insets represent typical GFP-positive metastatic lesions
(bars = 100 μm). On the bottom, the left graphs represent the number of detected metastases
(left) and the metastasis-positive surface area per mouse (n = 4–10). Representative images of the
brains are shown. (c) Overall survival of patients with breast cancer (left, all types combined,
1090 patients), lung cancer (middle, all types combined, 1925 patients) and renal clear cell carcinoma
(RCC, right, 530 patients). Data are shown as individual values and medians (a), means ± SEM
(b), or individual values (c). * p < 0.05, ** p < 0.01, using Mann–Whitney test (a), Student’s t-test
(b), or log rank test (c).
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4. Discussion

In the context of the seed-and-soil hypothesis proposing that secondary organs should
fulfill the specific needs of metastatic progenitor cells [14], this study aimed to investigate
the existence of a metabolic control of tissue-specific metastasis. We used breast cancer
brain metastasis as an example, and we selected the human MDA-MB-231 TNBC cancer
cell line as a working model for the generally high propensity of this breast cancer subtype
to metastasize in humans [50] and because two brain-seeking variants derived from the
same parental cell line were already available from two independent laboratories [34–36].
It allowed us to validate characteristics identified in one variant by those of the other. In
this model, we report that Cox7b, a structural subunit of ETC Complex IV [51,52], drives
metastatic breast cancer cell homing to the brain: repression of Cox7b expression selectively
blocked the migration of brain-seeking variants towards astrocytes and their capacity to
generate brain metastases in mice; conversely, pan-metastatic parental cells manipulated
to gain Cox7b expression increased their selective migration towards astrocytes and their
capability to generate brain metastases. This series of experiments established a cause–
consequence relationship between Cox7b expression and metastatic brain tropism in the
MDA-MB-231 model. Other proteins could exert a similar function in other cancer cell lines
and models.

Mammalian Cox, also known as Complex IV, is a 13-subunit multiheteromeric enzyme
that catalyzes the oxidation of cytochrome c and the reduction of molecular oxygen to
water at the terminal step of OXPHOS in the mitochondrial ETC [48]. Complex IV is
located at the inner mitochondrial membrane. In the complex, Cox7b is a short 80 amino
acid nuclear-encoded transmembrane protein that associates with mitochondria-encoded
subunits Cox1, Cox2, and Cox3, which contain the four catalytic redox centers of the
enzyme [49]. Cox7b is ubiquitously expressed. It has no enzymatic activity but stabilizes
the complex and positively modulates Cox activity. Its expression is increased in several
degenerative pathologies characterized by high OXPHOS activities (see reference [53] for a
recent review), and inactivating mutations have been associated with the development of
microphthalmia with linear skin lesions (MLS) [54]. The fact that Cox7b stabilizes Complex
IV is in line with our observation that high Cox7b expression triggers OXPHOS, whereas
COX7B silencing has the opposite effect. To date, nothing is known about the regulation of
Cox7b expression in mammalian cells.

Interestingly, high Cox7b expression was enhanced through rounds of in vivo selection
using intracardiac delivery in mice, thus bypassing adaptation and selection in a primary
tumor. This highlights a key characteristic of metastatic cancer cells: selective homing.
Homing is an active process involving cancer cell interactions with vascular endothelial
cells at given body locations; transvascular diapedesis; nesting in the premetastatic niche;
the establishment of molecular relationships with host cells at the new location; and a
phenotypic reversion from a stem to a proliferative phenotype for most post-metastatic
cancer cells [26,55]. This succession of events would be incomplete without answering
to the question: how do metastatic progenitor cells sense that they have arrived at the
metastatic location, while they are still in the blood stream? If they exist, sensor systems
should be sensitive enough to discriminate changes in the composition of the blood between
different organs.

For homing, physical interactions between metastatic progenitor cells and host cells in
the metastatic niche can be excluded as a triggering event, because they occur after extrava-
sation. Theses interactions would rather primarily retain and re-educate/redifferentiate
cancer cells at the metastatic site. Similarly, physical interactions between metastatic progen-
itor cells and endothelial cells lining blood vessels along premetastatic niches might not be
the primary event for homing. Indeed, our in vitro experiments demonstrate that selective
cancer cell migration towards host cells, seen as feeder cells, can be manipulated in the
absence of vascular cells in vitro. In other words, metastatic progenitor cells would sense
soluble molecules produced by host cells that act as chemoattractants. These molecules are
expected to reach the blood stream in concentrations high enough to be sensed and with a
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concentration gradient steep enough to be followed by metastatic progenitors. Our data
suggest that Cox7b could be such a sensor in human TNBC cells, but the exact nature of
the metabolic signal(s) recognized by Cox7b is still unknown. Based on the observation
that Cox7b expression increases OXPHOS activity, candidate chemoattractants should be
primarily sought among TCA cycle substrates and intermediates. These chemoattractants
would be produced by human and mouse astrocytes in culture and in vivo, but not by
human bronchial cells nor by human hepatocytes. Lactate, which is produced and secreted
by astrocytes to feed neurons [56], pyruvate, acetate, and glutamate are attractive can-
didates [57,58]. Of note, brain-seeking variants also gained metabolic flexibility to fuel
OXPHOS, but this was not linked to Cox7b expression.

Our study was primarily aimed at proving the concept of a metabolic control of
organotropism, and our data support that idea, even if additional experiments are still
warranted to demonstrate our initial hypothesis. Cox7b was identified using the MDA-
MB-231 model solely. This TNBC cell line was used because it represents a cancer type
that is often detected in patients before entry in the metastatic phase, but that evolves to
this phase despite treatments in a significant number of patients. Hence, in a cohort study
where 25,362 TNBC patients were included, only 6% were at the metastatic stage and only
0.68% had brain metastases at the time of diagnosis; however, even for those with localized
disease, approximately 25% of patients relapsed with distant metastasis [59,60]. Overall,
brain metastasis affected up to 50% of TNBC patients in the course of the disease [10]. Our
choice of the model was, thus, driven by the possibility to identify a suitable target for the
prevention of brain metastasis. At the end of the study, one must recognize that Cox7b is
not a suitable pharmacological target, as this structural protein has no enzymatic activity
and is buried within Complex IV at the mitochondrial inner membrane. However, we
believe that the use of the same selection approach for in vivo organotropism starting from
different types of cancer cells (e.g., other breast cancer cells, prostate cancer, cervix cancer,
melanoma) will reveal additional metabolic proteins controlling tissue-specific homing.
Candidates have already been proposed [61] that must still be validated as being causal
in organotropism. Among these, some could be amenable for therapy, with the ultimate
intention of interfering with the metabolic sensing of different subtypes of metastatic
progenitor cells at different secondary sites. Some of these targets could further be shared
by different types of tumors (as illustrated here, with high Cox7b expression in primary
tumors being a poor predictive factor of overall survival not only in breast cancer but also
in lung cancer and in renal clear cell carcinoma), and others could be specific for a particular
cancer type metastasizing to a particular secondary organ. Furthermore, a metabolic sensor
could have additional effects unrelated to metastasis. This is the case of Cox7b, which
sensitizes cancers to cisplatin chemotherapy, with high Cox7b expression in primary tumors
being a favorable factor for overall patient survival upon cisplatin treatment [62].

5. Conclusions

This study is the first of a series investigating the existence of metabolic sensors for
tissue-specific metastasis in the context of the seed-and-soil hypothesis and the premetastatic
niche theory. Using parental human MDA-MB-231 TNBC cells and two independent brain-
seeking variants selected in mice as models, we identified mitochondrial protein Cox7b
in ETC Complex IV as a selective regulator of brain metastasis. Silencing and overex-
pression experiments established a causal link between Cox7b expression and metastatic
brain tropism in vivo, where metabolically active astrocytes were sufficient to chemoattract
brain-seeking metastatic variants expressing high levels of Cox7b. While Cox7b is not
adapted as a direct target for the therapeutic prevention of brain metastasis, we believe that
our general strategy, applied to other cancer types and/or different secondary sites, has the
potential to unravel other, unprecedented target candidates.
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Appendix A

Appendix A.1 Cell Infection for Constitutive Luciferase and GFP Expression

For constitutive luciferase and GFP expression, cells were infected with lentiviruses
carrying the luciferase and GFP sequences along with a puromycin resistance gene (Ams-
bio; catalogue #LPV020). Briefly, 70%–80% of the confluent cells in a 24-well plate were
transduced with 2 μL per well of the lentivirus solution in 1mL medium with 10 μL/mL
polybrene. Cells were selected by a 48–72 h incubation with 1 μg/mL puromycin (In-
vivoGen, Toulouse, France) and FACS-sorted for GFP expression on a Becton Dickinson
FACSAriaIII system (Erembodegem, Belgium).
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Appendix A.2 COX7B Gene Silencing

CRISPR plasmids were constructed following Zhang’s laboratory protocol [37] with
pX459 (Addgene; catalogue #62988, puromycin selection) or pU6-(BbsI)_CBh-Cas9-T2A-
mCherry (Addgene; catalogue #64324, red fluorescence selection) plasmids [37,63,64].
These plasmids contain both Cas9 and guide RNA (gRNA) expression cassettes, with BbsI
restriction sites for the insertion of gRNA sequences. Prevalidated gRNA sequences were
chosen in the GenScript genome-wide database [65] for a non-overlapping duo of gRNAs:
5′-AGCGCACTAAATCGTCTCCA-3′ and 5′-GAGTTACCCCAAAGGAATGG-3′. Sticky
ends were created for insertion in the vector plasmids, with CACCG at the 5′ of the gRNA
sense sequence and AAAC at the 5′ and C at the 3′ of the gRNA antisense sequence.

gRNA oligonucleotides (Eurogentec, Seraing, Belgium) were annealed into double-
stranded DNA, with 1 μL of stock solutions containing 100 μM of each sense and antisense
oligonucleotides in 2 μL of 5X T4 ligase buffer (Thermo Fisher; catalogue #46300018), 0.5 μL
of T4 PNK (BIOKE; catalogue #M0201) and 5.5 μL of DNase/RNase-free distilled water. In-
cubation times were 37 ◦C for 30 min, followed by 95◦C for 5 min, and then the temperature
was decreased at a rate of 5 ◦C/min until reaching 25 ◦C.

The Golden Gate DNA Assembly protocol [66] was then used for inserting 1 μL of
annealed gRNA at 1 μM into 100 ng of vector plasmid, in a solution containing 5 μL of
10x Fast Digest buffer (Thermo Fisher; catalogue #B64), 0.5 μL of ATP 0.1 M (Thermo
Fisher; catalogue #R1441), 0.5 μL of BSA 10 mg/mL (Promega; catalogue #R396D), 1 μL of
restriction enzyme BpiI (Thermo Fisher; catalogue #FD1014), and 2 μL of T4 ligase 5 U/μL
(Thermo Fisher; catalogue #EL0014) in a total volume of 50 μL completed with water. The
mixture was incubated for 20 cycles at 37 ◦C for 5 min and 20 ◦C for 5 min, followed by
80 ◦C for 20 min.

Five microliters of the resulting solution were used for TOP10 bacteria (Thermo
Fisher; catalogue #C404003) transformation using prewarmed LB agar plates (Thermo
Fisher; catalogue #22700-025) containing 100 μg/mL of ampicillin, in accordance with the
instructions of the manufacturer. Single colonies were inoculated in LB broth (Thermo
Fisher; catalogue #12780-052) with 50 μg/mL ampicillin and incubated at 37 ◦C overnight.
Plasmid DNA was then collected with the PureYield Plasmid Miniprep System (Promega;
catalogue #A1223), and its concentration was obtained using a NanoDrop device (Thermo
Fisher). Sequences were verified by Sanger Sequencing (Genewiz, Leipzig, Germany).

Cancer cells at 70%–80% confluence were transfected with the Lipofectamine LTX/Plus
transfection kit (Thermo Fisher; catalogue #15338100) or with the jetOPTIMUS kit (West-
burg, Leusden, The Netherlands; catalogue #117-01). The first kit was used with 0.25 μg
of each gRNA plasmid, for a total of 0.5 μg of DNA in 100 μL of OptiMEM, containing
0.5 μL of Plus and 2.25 μL of lipofectamine LTX, with incubation times of 15 and 30 min,
respectively. The second kit was used with 0.5 μg of each gRNA plasmid, for a total of 1 μg
of DNA, with 1 μL of reagent in 200 μL of buffer for each well in a 6-well plate. Cells were
selected with puromycin (1 μg/mL)-containing medium for 48–72 h or FACS-sorted for
mCherry fluorescence 48 h after transfection on a Becton Dickinson FACSAriaIII system.

Appendix A.3 Cox7b Overexpression

The human untagged COX7B cDNA ORF Clone in expression vector pCMV3 (Bio-
Connect; catalogue #HG20762-UT) was used to overexpress Cox7b in MDA-MB-231 cancer
cells. Cells at 70–80% confluence were transfected with 10 μg of the plasmid and Lipofec-
tamine 3000 (Thermo Fisher; catalogue #L3000001) in a 10 cm dish, allowed to recover the
next day in fresh DMEM containing glutaMAX and 4.5 g/L glucose (Thermo Fisher; cata-
logue #61965026) supplemented with 10% FBS, and selected with hygromycin (400 μg/mL)-
containing medium for 10 days. Medium was renewed every 3–4 days. Colonies were
individually picked, expanded, and tested by western blotting for the expression of Cox7b.
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Appendix A.4 Cell Migration and Invasion

Invasion was assessed by coating the inserts with 250 μg/mL of Matrigel (Corning,
Tewksbury, MA, USA; #356231) for 2 h at 37 ◦C, and migration without Matrigel coating.
Fifty thousand cancer cells were seeded in the upper chamber of each transwell in 500 μL
of serum-free culture medium, while the lower chamber contained FBS 1% (general mi-
gration/invasion) or confluent nonmalignant astrocytes, hepatocytes, or bronchial cells,
which were used as attractants. Cancer cells were allowed to migrate/invade for 24 h
at 37 ◦C in a 5% CO2 humidified atmosphere. At the end of the assay, cells were fixed
with 4% PFA in PBS for 10 min, rinsed three times with PBS, and immobile cells (upper
compartment of the insert) were wiped away. Mobile cells were stained with DAPI for
30 min, rinsed three times with PBS, and imaged at 5x on an AxioVert microscope equipped
with an AxioCam-MRc camera (Zeiss). Two images were taken per well, thus covering the
upper and lower halves. Nuclei were counted using QuPath software version 0.1.2. with
the Positive Cell Detection analysis tool.

Appendix A.5 Seahorse Oximetry

Basal, maximal, and ATP-linked oxygen consumption rates (OCRs) were quantified
using the XF Cell Mito Stress Test Kit (Agilent) on a Seahorse XF96 bioenergetics analyzer
(Agilent). Briefly, 10,000 cells were seeded in XF96 culture plates 16 h before the experiments
in DMEM, containing glutaMAX and 4.5 g/L glucose (Thermo Fisher; catalogue #61965026)
supplemented with 10% FBS. On the day of analysis, the culture medium was replaced by
DMEM containing 10 mM glucose, 2 mM glutamine, 1.85 g/L NaCl, and 3 mg/L phenol red,
pH 7.4. Cells were further incubated for 1 h in a CO2-free incubator before analysis. Sequen-
tially, basal OCR was acquired without treatment, ATP-linked OCR after the addition of
1 μM of ATP synthase inhibitor oligomycin, maximal OCR after mitochondrial potential dis-
ruption using 1 μM of ionophore carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), and non-mitochondrial OCR after the addition of 0.5 μM of Complex I inhibitor
rotenone together with 0.5 μM of Complex III inhibitor antimycin A.

Mitochondrial fuel dependency was determined using the Fuel Flex test kit (Agilent)
with either 2 μM of mitochondrial pyruvate carrier (MPC) inhibitor UK5099, 3 μM of glu-
taminase inhibitor BPTES, or 4 μM of carnitine palmitoyltransferase-1 (CPT-1) inhibitor eto-
moxir, to challenge oxidative glucose metabolism, glutaminolysis, and lipolysis, respectively.

Mitochondrial OCRs (mtOCRs) were calculated by subtracting non-mitochondrial
OCRs from the corresponding basal, maximal, and ATP-linked OCRs. Respiration used
for ATP production is the difference between basal OCR and OCR in the presence of
ATP-synthase inhibitor oligomycin. All data were normalized by the total protein content.
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Simple Summary: The segmentation of breast tumors is an important step in identifying and
classifying benign and malignant tumors in X-ray images. Mammography screening has proven to
be an effective tool for breast cancer diagnosis. However, the inspection of breast mammograms
for early-stage cancer can be a challenging task due to the complicated structure of dense breasts.
Several deep learning models have been proposed to overcome this particular issue; however, the
false positive and false negative rates are still high. Hence, this study introduced a deep learning
model, called Connected-SegNets, that combines two SegNet architectures with skip connections to
provide a robust model to reduce false positive and false negative rates for breast tumor segmentation
from mammograms.

Abstract: Inspired by Connected-UNets, this study proposes a deep learning model, called Connected-
SegNets, for breast tumor segmentation from X-ray images. In the proposed model, two SegNet
architectures are connected with skip connections between their layers. Moreover, the cross-entropy
loss function of the original SegNet has been replaced by the intersection over union (IoU) loss func-
tion in order to make the proposed model more robust against noise during the training process. As
part of data preprocessing, a histogram equalization technique, called contrast limit adapt histogram
equalization (CLAHE), is applied to all datasets to enhance the compressed regions and smooth
the distribution of the pixels. Additionally, two image augmentation methods, namely rotation and
flipping, are used to increase the amount of training data and to prevent overfitting. The proposed
model has been evaluated on two publicly available datasets, specifically INbreast and the curated
breast imaging subset of digital database for screening mammography (CBIS-DDSM). The proposed
model has also been evaluated using a private dataset obtained from Cheng Hsin General Hospital in
Taiwan. The experimental results show that the proposed Connected-SegNets model outperforms
the state-of-the-art methods in terms of Dice score and IoU score. The proposed Connected-SegNets
produces a maximum Dice score of 96.34% on the INbreast dataset, 92.86% on the CBIS-DDSM dataset,
and 92.25% on the private dataset. Furthermore, the experimental results show that the proposed
model achieves the highest IoU score of 91.21%, 87.34%, and 83.71% on INbreast, CBIS-DDSM, and
the private dataset, respectively.

Keywords: breast tumor segmentation; convolutional neural network; deep learning; X-ray images

1. Introduction

The United States of America reported a total of 43,250 female deaths and 530 male
deaths due to breast cancer in 2022 [1]. Researchers are motivated by these statistics to
develop accurate tools for early breast cancer diagnosis, which will offer physicians more
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options for treatment. Mammograms are still being widely used to detect the presence of
any abnormalities in breasts [2–4]. Mammogram images show different types of breast
tissues as pixel clusters with different intensities [5]. These tissues include fiber-glandular,
fatty, and pectoral muscle tissues [6]. On mammography, abnormal tissues such as le-
sions, tumors, lumps, masses, or calcifications may be indicators of breast cancer [7,8].
However, there is always the possibility of human error when analyzing and diagnosing
breast cancer due to dense breasts and the high variability between patients [9–11]. Addi-
tionally, mammography screening sensitivity is affected by image quality and radiologist
experience [12,13].

Automated techniques are being developed to analyze and diagnose breast mam-
mograms with the goal of counteracting this variability and standardizing diagnostic
procedures [14,15]. The rapid emergence of artificial intelligence (AI) and deep learning
(DL) has significant implications for breast cancer diagnosis [16–18]. The advancements in
image segmentation using convolutional neural networks (CNNs) have been applied to
segment breast cancer from X-ray images [19–23]. The earlier works on mass segmentation
faced some challenges, such as low signal to noise ratio, indiscernible mass boundaries,
high false positives, and high false negative rates. To address these challenges, one study
proposed a deeply supervised UNet model (DS U-Net) coupled with dense conditional
random fields (CRFs) for lesion segmentation from whole mammograms [19]. The DS
U-Net model has produced a Dice score of 79% on the INbreast dataset and 83% on the
CBIS-DDSM dataset, whereas its IoU score is 83% and 86% on the INbreast and CBIS-
DDSM datasets, respectively. Another study [20] proposed an attention-guided dense
up-sampling network (AU-Net) for accurate breast mass segmentation from mammograms.
An asymmetrical encoder–decoder structure is employed in this AU-Net and it uses an
effective up-sampling block and attention-guided dense up-sampling block (AU block).
The AU block is designed to have three merits. First, dense upsampling compensates for the
information loss experienced during bilinear up-sampling. Second, it integrates high- and
low-level features more effectively. Third, it highlights channels with rich information via
the channel attention function. Compared to the state-of-the-art FCNs, AU-Net achieved
the best performance, with a Dice score of 90% on the INbreast dataset and 89% on the
CBIS-DDSM dataset.

However, such models do not capture the features of different scales of masses effec-
tively, and therefore they suffer from low segmentation accuracy. Hence, a new model,
called UNet, was presented to mitigate the limitations of the previous models [21]. UNet
integrates the high-level features of the encoder with the low-level features of the decoder.
Through skip connections, the UNet architecture was able to maintain this form of fusion
for a variety of medical applications. The UNet architecture achieves better performance
on different biomedical segmentation applications. Asma Baccouche et al. [22] introduced
Connected-UNets to segment breast masses. This method integrated atrous spatial pyramid
pooling (ASPP) in the two standard UNets. The architecture of Connected-UNets was
built on the attention network (AUNet) and residual network (ResUNet). To augment and
enhance the images, cycle-consistent generative adversarial networks (CycleGANs) were
used between two unpaired datasets. Additionally, a regional deep learning approach
called you-only-look-once (YOLO) has been used to detect breast lesions from mammo-
grams. Finally, a full-resolution convolutional network (FrCN) has been implemented to
segment breast lesions. The Connected-UNets model has produced a Dice score of 94%
and 92% on the INbreast and CBIS-DDSM datasets, respectively. Moreover, it has achieved
an IoU score of 90% and 86% on INbreast and CBIS-DDSM, respectively. Badrinarayanan
et al. [23] proposed a practical deep fully convolutional neural network architecture for
semantic pixel-wise segmentation, termed SegNet. Its segmentation architecture consists of
an encoder network and a decoder network followed by a pixel-wise classification layer.
Topologically, the architecture of the encoder network matches that of the 13 convolutional
layers in the VGG16 network. The role of the decoder network is to map the low-resolution
encoder feature maps to full-input-resolution feature maps for pixel-wise classification.
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The SegNet model has achieved satisfactory segmentation performance. However, since
the SegNet architecture does not consist of skip connections, incorporating fine multiscale
information during the training process is challenging.

This study combines the characteristics of the Connected-UNets and SegNet models
to form Connected-SegNets from two standard SegNets with skip connections for breast
tumor segmentation from breast mammograms. The flow chart of the proposed system is
illustrated in Figure 1. The major contributions of this study include the following.

1. This study proposes a deep learning model called Connected-SegNets for breast
tumor segmentation from X-ray images.

2. The proposed model, Connected-SegNets, is designed using skip connections, which
helps to recover the spatial information lost during the pooling operations.

3. The original SegNet cross-entropy loss function has been replaced by the IoU loss
function to overcome any noisy features and enhance the detection of the false negative
and false positive cases.

4. The histogram equalization method of the contrast limit adapt histogram equalization
(CLAHE) is applied to all datasets to enhance the compressed areas and smooth the
pixel distribution.

5. Image augmentation methods including rotation and flipping have been used to
increase the number of training data and to reduce the impact of overfitting.

The rest of this paper is organized as follows. Section 2 describes the datasets and
architectural details of the proposed method. Section 3 presents the experimental results.
Section 4 discusses the merits of this study. Finally, the article is concluded with its primary
findings in Section 5.

Figure 1. Flow chart of the proposed tumor segmentation system.
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2. Materials and Methods

This research uses the two publicly available datasets of INbreast and CBIS-DDSM,
and one private dataset obtained from Cheng Hsin General Hospital in Taiwan. Initially, a
histogram equalization, CLAHE, is applied to all datasets to enhance the compressed areas
and smooth the pixel distribution. Then, each X-ray dataset is randomly divided into 70%,
15%, and 15% for training, validation, and testing, respectively. Finally, the training and
validation samples are augmented to increase the amount of data before feeding them to
the proposed Connected-SegNets model.

2.1. Datasets

The proposed model, Connected-SegNets, has been evaluated on the following datasets.

2.1.1. INbreast Dataset

The INbreast dataset is a collection of mammograms from Centro de Mama Hospital
de S. João, Breast Centres Network, Porto, Portugal. A total of 410 images with 115 cases
were collected from August 2008 to July 2010 [24,25], and 95 of 115 cancer cases involved
both breasts in women. Four different types of breast diseases are recorded in the database,
including calcification, mass, distortions, and asymmetries. This database includes images
from craniocaudal (CC) and mediolateral oblique (MLO) perspectives. Moreover, the breast
density is divided into four categories according to the breast imaging reporting and data
system (BI-RADS) assessment categories, which are: entirely fat (BI-RADS 1), scattered
fibroglandular (BI-RADS 2), heterogeneously dense (BI-RADS 3), and extremely dense
(BI-RADS 4). All the images were saved in two sizes: 3328× 4084 or 2560× 3328 pixels.
Among the 410 mammograms, 107 images contain breast tumors. Hence, these 107 images
were selected for this study. The 107 images were randomly split into 90 images for
training and 17 images for testing, as shown in Table 1. The image augmentation methods,
including rotation and flipping, were applied to the training data. The augmentation
methods increased the number of breast tumor mammography images to 720 images. The
720 images were randomly split into 576 images for training data and 174 images for
validation data, as shown in Table 2.

2.1.2. CBIS-DDSM Dataset

The DDSM is a public dataset provided by the University of South Florida Computer
Science and Engineering Department, Sandia National Laboratories, and Massachusetts
General Hospital [26]. The CBIS-DDSM is an updated and standardized version of the
DDSM [27]. It contains a variety of pathologically verified cases, including malignant,
benign, and normal cases. DDSM is an extremely useful database for the development
and testing of computer-aided diagnosis (CAD) systems due to its scale and the ground
truth validation it offers. The CBIS-DDSM collection includes a subset of the DDSM data
organized by expert radiologists. It also comprises pathological diagnosis, bounding boxes,
and region of interest (ROI) segmentation for training data. Among all mammography
images with tumors in the CBIS-DDSM dataset, 838 images were selected for this study.
The 838 images were randomly split into 728 images for training data and 110 images for
testing data, as shown in Table 1. The image augmentation methods, including rotation
and flipping, were applied to the training samples. Through image augmentation, the
number of breast tumor mammography images was increased to 5824. The 5824 images
were randomly split into 4659 images for training data and 1165 images for validation data,
as shown in Table 2.

2.1.3. Private Dataset

The private dataset comprised mammography images from the Cheng Hsin General
Hospital, Taipei City, Taiwan. Initially, VGG image annotator (VIA) software was used
by an expert radiologist from the department of medical imaging to mark the tumor
location based on the pathological data [28]. Then, all the labeled images were verified
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and confirmed by the department of hematology and oncology. Finally, the dataset was
de-identified for patient privacy. A total of 196 mammography images were collected from
January 2019 to December 2019. All the mammograms consist of tumors with a grade of
breast imaging reporting and data system assessment category 4 (BIRADS 4) or higher. A
total of 196 mammography images were randomly split into 148 images for training and
48 images for testing, as shown in Table 1. The image augmentation methods, including
rotation and flipping, were applied to the training samples. Through image augmentation
methods, the number of breast tumor mammography images was increased to 1184. The
1184 images were randomly split into 947 images for training and 237 images for validation,
as shown in Table 2.

Table 1. Distribution of the mammography datasets.

Dataset Raw ROIs Training Samples Testing Samples

INbreast dataset 107 90 17
CBIS-DDSM dataset 838 728 110
Private dataset 196 148 48
Total 1141 966 175

Table 2. The number of training and validation samples before and after data augmentation.

Dataset Raw Images Augmented Images Training Validation

INbreast Dataset 90 720 576 144
CBIS-DDSM dataset 728 5824 4659 1165
Private dataset 148 1184 947 237
Total 966 7728 6182 1546

2.2. Data Preprocessing

This research study only focused on the segmentation step. Initially, the ROI of the
tumor was cropped manually. The ROI of the tumor was resized into 256× 256. In order to
eliminate additional noise and degradation caused by the scanning process of digital X-ray
mammography, all images were preprocessed [29,30].

2.2.1. Histogram Equalization

Histogram equalization is a well-known technique widely used for contrast enhance-
ment [31]. It is used in a variety of applications, including medical image processing and
radar signal processing, due to its simple function and effectiveness [32–35]. Histogram
equalization well distributes the pixels over the full dynamic intensity range. One drawback
of histogram equalization is that the background noise can be increased when the image is
too bright or too dark in the local area after the histogram equalization, which is mainly
due to the flattening property of the histogram equalization. This study applied the local
histogram equalization method called CLAHE to address the above challenges. CLAHE is
an adaptive extension of histogram equalization. It helps in the dynamic preservation of
the local contrast features of an image. CLAHE has been applied to all datasets of this study.
The sample results on the datasets after applying the CLAHE are shown in Figure 2. From
Figure 2, it is noted that the edges of the tumors became clearer after applying the CLAHE
technique. A total of 107, 838, and 196 ROIs were obtained from the INbreast, CBIS-DDSM,
and the private datasets, respectively. The complete details of the mammography datasets
are listed in Table 1.
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Figure 2. Sample results after applying the histogram equalization (CLAHE) to random ROI images
from the datasets.

2.2.2. Image Augmentation

The most common problem that DL models might face is the overfitting problem
due to the limited amount of training samples [36–38]. As a result of overfitting, a model
might detect or classify features derived from the training samples, but the same model
will not be able to detect or classify features derived from unseen samples. To address
the issue of overfitting, this study has used two image augmentation methods, namely
rotation and flipping. First, bi-linear interpolation has been used to rotate each image
around its center point by a value of 90◦ degrees counter-clockwise up to 360◦. By using the
bi-linear interpolation method, the rotated image has the same aspect ratio as the original
image, without losing any part of the image. Second, mirroring or flipping is the simplest
augmentation approach. It results in a dataset with twice as many images. The flipping
technique is basically the same as the rotation technique; however, it transforms rotation in
the reverse direction. The sample results on the datasets after applying the augmentation
methods are shown in Figure 3.

Figure 3. Random sample results after applying the rotation and flipping augmentation methods on
the original ROIs. Arrows refer to the direction of the image.

The raw ROIs of the training data were augmented by rotating at an angle of 90◦ and
horizontal flipping. Hence, a total of 720, 5824, and 1184 ROIs were generated from the
INbreast, CBIS-DDSM, and private datasets, respectively. Then, the data were randomly
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split into training and validation. Detailed information of the mammography datasets in
terms of the training data is provided in Table 2.

2.3. Proposed Model

SegNet can record pooling indices when applying Max pooling. These pooling indices
are used to up-sample the images to the original size. Hence, the required graphics
processing unit (GPU) memory for training the model can be lower. Inspired by the
success of SegNet and Connected-UNets, this research proposed a model, called Connected-
SegNets, which connects two standard SegNets using additional adapted skip connections.
The overall architecture of the proposed Connected-SegNets model is shown in Figure 4.

C

CCCC

Figure 4. Architecture of the proposed Connected-SegNets model.

The proposed model consists of two encoder and two decoder networks. The first
decoder network and the second encoder network are connected with additional skip
connections after cascading a second SegNet. This helps to recover the fine-grained features
that are lost in the encoding of the SegNet and apply them to encode the high-resolution
features by connecting them to the previously decoded features. The proposed Connected-
SegNets architecture is deepened by stacking two SegNets. The upper half of the proposed
architecture is similar to SegNet, which uses the first 13 convolutional layers in the VGG16
network as the encoder network [39]. In the decoder network, the last convolutional layer
is removed. Each encoder network comprises two convolutional kernels, which includes
3× 3 convolutional layers followed by an activation rectified linear unit (ReLU) and a batch
normalization (BN) layer. Then, a maximum pooling indices operation is applied to the
output of each encoder network before passing the information to the next encoder. Each
decoder network consists of a 2× 2 transposed convolution unit that is concatenated with
the previous encoder output, and then the result is fed into two convolution blocks, which
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consist of 3× 3 convolutions followed by an activation ReLU and a BN layer. Additionally,
a second SegNet is attached to the first SegNet through new skip connections that use
information from the first up-sampling pathway. The result of the last decoder block is
concatenated with the same result after being fed into a 3× 3 convolution layer followed
by an activation ReLU and a BN layer. This serves as the input of the first encoder network
to the second SegNet. The output of the maximum pooling indices operations of each of
the three encoder networks is fed into 3× 3 convolution layers and then concatenated with
the output of the last previous decoder network. The result is next down-sampled to the
next encoder network. Finally, the last output is given to a dilation layer with a dilation
rate of 3, followed by an advanced ReLU activation layer to generate the predicted mask.
In order to obtain more features, a dilation layer with a dilation rate of 3 is used in the last
layer. Moreover, an activation ReLU limits the maximum value to 1, which is called an
advanced ReLU. The details of the Connected-SegNets layers are listed in Table 3.

Table 3. The detailed architecture of the proposed Connected-SegNet.

SegNet1

No. Layer Name Output Filter Size No. of Filters No. of Layers

1 Input 256 × 256 × 1 1
2 Conv1 256 × 256 × 64 3 × 3 64 2
3 Maxpool 1 128 × 128 × 64 1
4 Conv2 128 × 128 × 128 3 × 3 128 2
5 Maxpool 1 64 × 64 × 128 1
6 Conv3 64 × 64 × 256 3 × 3 256 3
7 Maxpool 1 32 × 32 × 256 1
8 Conv4 32 × 32 × 512 3 × 3 512 3
9 Maxpool 1 16 × 16 × 512 1

10 Conv5 16 × 16 × 512 3 × 3 512 3
11 Maxpool 1 8× 8 × 512 1
12 Upsampling 2 16 × 16 × 512 1
13 Conv6 16 × 16 × 512 3 × 3 512 3
14 Upsampling 2 32 × 32 × 512 1
15 Conv7 32 × 32 × 512 3 × 3 512 2
16 Conv8 32 × 32 × 256 3 × 3 256 1
17 Upsampling 2 64 × 64 × 256 1
18 Conv9 64 × 64 × 256 3 × 3 256 2
19 Conv10 64 × 64 × 128 3 × 3 128 1
20 Upsampling 2 128 × 128 × 128 1
21 Conv11 128 × 128 × 128 3 × 3 128 2
22 Conv12 128 × 128 × 64 3 × 3 64 1
23 Upsampling 2 256 × 256 × 64 1
24 Conv13 256 × 256 × 64 3 × 3 64 1
25 Conv13 256× 256× 64
26 Conv14 256× 256× 64 3× 3 64 2
27 Maxpool 1 128× 128× 64 1
28 Concatenate 128× 128× 128 1
29 Conv15 128× 128× 128 3× 3 128 2
30 Maxpool 1 64× 64× 128 1
31 Concatenate 64× 64× 256 1
32 Conv16 64× 64× 256 3× 3 256 3
33 Maxpool 1 32× 32× 256 1
34 Concatenate 16× 16× 512 1
35 Conv17 32× 32× 512 3 × 3 512 3
36 Maxpool 1 16× 16× 512 1
37 Concatenate 16× 16× 1024 1
38 Conv18 16× 16× 512 3 × 3 512 3
39 Maxpool 1 8× 8× 512 1
40 Upsampling 2 16× 16× 512 1
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Table 3. Cont.

SegNet2

No. Layer Name Output Filter Size No. of Filters No. of Layers

41 Conv19 16× 16× 512 3× 3 512 3
42 Upsampling 2 32× 32× 512 1
43 Conv20 32× 32× 512 3× 3 512 2
44 Conv21 32× 32× 256 3× 3 256 1
45 Upsampling 2 64× 64× 256 1
46 Conv22 64× 64× 256 3× 3 256 2
47 Conv23 64× 64× 128 3× 3 128 1
48 Upsampling 2 128× 128× 128 1
49 Conv24 128× 128× 128 3× 3 128 2
50 Conv25 128× 128× 64 3× 3 64 1
51 Upsampling 2 256× 256× 64 1
52 Conv26 256× 256× 64 3× 3 64 1
53 Conv27 256× 256× 64 3 × 3 (D 3 = 3) 64 1
54 Output 256× 256× 1 1× 1 1 1

1 Maxpooling: Maxpooling and recording of the indices. 2 Upsampling: Upsampling with the recorded indices.
3 D: Dilation rate.

2.4. Experimental Environment and Parameter Settings

All experiments were performed using a PC with an Intel i7-9700K CPU, 55 GB of
DDR4 RAM, and an NVIDIA GeForce RTX 2080Ti GPU with 11 GB of memory. The
software environment used a Windows 10 64-bit operating system, python 3.8.12, CUDA
10.1, cuDNN 7.6.5, and TensorFlow 2.8.0. The learning rate was set to 0.0001 using the
Adam optimizer [40] and the batch size was 4. The loss function was the IoU loss function.

2.5. Evaluation Metrics

In this research, precision, recall, IoU score, and Dice score evaluation metrics have
been used to evaluate the proposed model based on the confusion matrix. The confusion
matrix is an evaluation metric often used to evaluate classification, detection, and segmen-
tation algorithms. The confusion matrix shows information about the true classes and
the predicted classes. The true class and the predicted class can be positive or negative.
The true negative (TN) case is when both the true case and the predicted case are tumors.
False negatives (FN) occur when the true case is not a tumor, but the predicted case is.
The false positive (FP) case occurs when the true case is a tumor while the prediction is a
non-tumor. True positives (TP) occur when the actual case is non-tumor and the predicted
case is tumor. The Dice score is also known as the F1-score, which represents the harmonic
mean of precision and recall, as expressed in Equation (3). Additionally, the IoU evaluation
metric represents the percentage of overlap between the predicted classes and the true
classes, as represented in Equation (4).

Precision =
TP

TP + FP
(1)

Recall =
TP

TP + FN
(2)

Dice score = 2× Precision× Recall
Precision + Recall

(3)

IoU score =
TP

TP + FP + FN
(4)
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3. Results

3.1. Results on INbreast Dataset

The confusion matrix results of Connected-SegNets on the INbreast dataset are listed
in Table 4. From the Table 4, it is observed that the proportion of actual tumors that was
correctly identified as tumors (TP) by Connected-SegNets is 96%. This is the highest TP
rate compared to the other datasets. In addition, the proportion of non-tumors that was
correctly identified as non-tumors (TN) by Connected-SegNets is 88%.

Table 4. Confusion matrix results of the proposed Connected-SegNets on INbreast dataset.

Connected-SegNets

Ground Truth

Tumor Non-Tumor

Prediction
Tumor 96% (TP) 4% (FN)

Non-Tumor 12% (FP) 88% (TN)

3.2. Results on CBIS-DDSM Dataset

The identification results of Connected-SegNets on the CBIS-DDSM dataset are listed
in Table 5. From the Table 5, it can be seen that the proportion of true tumors that was
correctly identified as tumors (TP) by Connected-SegNets is 93%. Moreover, the proportion
of non-tumors that was correctly identified as non-tumors (TN) by Connected-SegNets
is 87%.

Table 5. Confusion matrix results of the proposed Connected-SegNets on CBIS-DDSM dataset.

Connected-SegNets

Ground Truth

Tumor Non-Tumor

Prediction
Tumor 93% (TP) 7% (FN)

Non-Tumor 13% (FP) 87% (TN)

3.3. Results on Private Dataset

The results of the Connected-SegNets model on the private dataset are listed in Table 6.
It is observed that the proportion of actual tumors that was correctly identified as tumors
(TP) by Connected-SegNets is 92%. On the other hand, the proportion of tumors that were
not tumors and were correctly identified as non-tumors (TN) by Connected-SegNets is 89%.
This TN rate is considered to be the highest compared to other datasets.

Table 6. Confusion matrix results of the proposed Connected-SegNets on the private dataset.

Connected-SegNets

Ground Truth

Tumor Non-Tumor

Prediction
Tumor 92% (TP) 8% (FN)

Non-Tumor 11% (FP) 89% (TN)

The accuracy and loss curves of the training and validation for Connected-SegNets
are shown in Figures 5 and 6, respectively. It can be noted from Figures 5 and 6 that the
training and validation curves behave similarly, which is an indication that the proposed
Connected-SegNets can be generalized and does not suffer from overfitting.
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Figure 5. The training and validation accuracy curves of Connected-SegNets.

Figure 6. The training and validation loss curves of Connected-SegNets.

A large number of epochs might cause a deep learning model to overfit the data,
whereas a small number of epochs can lead to smooth convergence. Therefore, the early
stop technique has been utilized during the model training to avoid overfitting. The
validation dataset is used to track the model training performance. The early stop method
can help to set a suitable training epoch by tracking the best performance on the validation
dataset. Therefore, when the validation performance stops improving, an early stop mode
of the training process will be activated. Moreover, using the early stop algorithm not
only can avoid the overfitting problem, but it also can help with choosing the optimal
hyperparameter configurations for training the model. The early stop algorithm steps are
shown in Algorithm 1. In this research, the validation tracking, ActStepSetting, was set to
20 iterations. Hence, if the validation performance did not improve after 20 iterations, the
training was stopped automatically.
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Algorithm 1 Validation Loss Tracking for Early Stop

Input: LatestValLoss, ActStepSetting
Output: BestValLossScore

1: EarlyStop ← False;
2: if BestValidationRepeatNum <= ActStepSetting then

3: if LatestValLoss < BestValLossScore then

4: BestValidationRepeatNum ← 0;
5: BestValLossScore ← LatestValLoss;
6: else

7: BestValidationRepeatNum ← BestValidationRepeatNum + 1;
8: end if

9: else

10: EarlyStop ← True;
11: end if

12: return (BestValLossScore)

3.4. Comparison of Segmentation Results

As shown in Table 7, the segmentation results of each testing datum were evaluated by
the two evaluation metrics, Dice score and IoU score, for the segmented maps per pixel, and
compared with the original ground truth. It is noted that the proposed Connected-SegNets
model produced the highest Dice score of 96.34%, 92.86%, and 92.25% on the INbreast,
CBIS-DDSM, and private datasets, respectively. Moreover, the proposed model achieved
the highest IoU Score of 91.21%, 87.34%, and 83.71% on the INbreast, CBIS-DDSM, and
private datasets, respectively. Finally, the comparative results show that the proposed
model, Connected-SegNets, outperformed the related models in terms of Dice score and
IoU score on the three datasets.

Table 7. Comparison results between the proposed Connected-SegNets and the related segmentation
models on the testing datasets of INbreast, CBIS-DDSM, and the private dataset, respectively.

Model INbreast Dataset CBIS-DDSM Dataset Private Dataset

Dice Score (%) IoU Score (%) Dice Score (%) IoU Score (%) Dice Score (%) IoU Score (%)

DS U-Net [19] 79.00 83.40 82.70 85.70 NA NA
AUNet [20] 90.12 86.51 89.03 82.65 89.44 80.87
UNet [21] 92.14 88.23 90.47 84.79 89.11 80.21
Connected-UNets [22] 94.45 89.72 90.66 85.81 90.41 81.33
SegNet [23] 92.01 88.77 90.52 85.30 88.49 81.97
Connected-SegNets 96.34 91.21 92.86 87.34 92.25 83.71

Figure 7 shows some examples of the segmented ROI results generated by different
models against their ground truth images. It is clearly observed that the quality of the
segmentation maps of the Connected-SegNets model contain less error and produce more
precise segmentation compared to other methods.
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Figure 7. Example of the breast tumor segmentation results using AUNet, UNet, Connected-UNets,
SegNet, and the proposed Connected-SegNets on the testing data of INbreast, CBIS-DDSM, and the
private dataset.

4. Discussion

In recent years, several DL models have been developed and applied for breast
tumor segmentation. These DL models have achieved remarkable success in segmenting
breast tumors in mammograms. Nevertheless, many of these DL models produce high
false positive and false negative rates [41]. The SegNet model is considered to be one of
the deep learning models that is easy to modify and further optimize to provide better
segmentation performance in different fields. Therefore, this study proposed a DL model,
called Connected-SegNets, based on SegNet, for better breast tumor segmentation. The
main goal of the proposed Connected-SegNets model is to improve the overall performance
of breast tumor segmentation. Hence, several techniques have been implemented and
incorporated into the proposed method in order to achieve this goal. These techniques
include deepening the architecture with two SegNets, replacing the cross-entropy loss
function of the standard SegNet with the IoU loss function, applying histogram equalization
(CLAHE), and performing image augmentation. Figure 7 illustrates the segmentation
results of AUNet, Standard UNet, Connected-UNets, Standard SegNet, and the proposed
Connected-SegNets on the testing data of the INbreast, CBIS-DDSM, and private datasets.
The segmentation results of the proposed Connected-SegNets are the closest to the ground
truth compared to those of the AUNet, UNet, Connected-UNets, and SegNet models. The
proposed model fully connects two single SegNets using additional skip connections. These
are helpful to recover the spatial information that is lost during the pooling operations.
Moreover, the IoU loss function leads to a more robust model. Furthermore, the histogram
equalization (CLAHE) has been applied to smoothen the distribution of the image pixels
for better pixel segmentation. Additionally, image augmentation methods, including
rotation and flipping, have been applied to increase the number of training samples and
reduce the impact of overfitting. This has led to more accurate segmentation performance
compared to the other models. The significant improvement is shown in Tables 4–6,
where the Connected-SegNets model has the TP value of 96%, 93%, and 92%, on the
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INbreast, CBIS-DDSM, and private datasets, respectively. Similarly, the TN value is of
88%, 87%, and 89%, on INbreast, CBIS-DDSM, and the private dataset, respectively. The
results of the proposed model, Connected-SegNets, showed a significant segmentation
improvement compared to the other models, with a maximum Dice score of 96.34% on the
INbreast dataset, 92.86% on the CBIS-DDSM dataset, and 92.25% on the private dataset.
Similarly, the Connected-SegNets model has achieved the highest IoU score of 91.21% on
the INbreast dataset, 87.34% on the CBIS-DDSM dataset, and 83.71% on the private dataset.
Overall, the proposed Connected-SegNets model has outperformed DS U-Net, AUNet,
UNet, Connected-UNets, and SegNet in terms of Dice score and IoU score. This shows the
power of the proposed model to learn complex features through the connections added
between the two SegNets in the proposed Connected-SegNets, which take advantage of
the decoded features as another input in the encoder pathway.

5. Conclusions

This research proposed a deep learning model, namely Connected-SegNets, for breast
tumor segmentation from X-ray images. Two SegNets were used in the proposed model,
both of which were fully connected via additional skip connections. The cross-entropy loss
function of the original SegNet was replaced by the IoU loss function to make the proposed
model more robust against sparse data. Additionally, the contrast limit adapt histogram
equalization (CLAHE) was applied to enhance the compressed areas and smooth the pixel
distribution. Moreover, two augmentation methods including rotation and flipping were
used to increase the number of training samples and prevent overfitting. The experimental
results showed that Connected-SegNets outperformed the existing models, with the highest
Dice scores of 96.34%, 92.86%, and 92.25%, and the highest IoU scores of 91.21%, 87.34%, and
83.71% on the INbreast, CBIS-DDSM, and private datasets, respectively. Future work will
focus on implementing new deep learning algorithms for tumor detection and classification
for automatic breast cancer diagnosis.
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Simple Summary: The assessment of breast lesions through mammographic images is currently
challenging, especially in dense breasts. Contrast-enhanced mammography has been shown to
overcome the limitations of standard mammography but it greatly depends on the interpretative
skills of the physician. The aim of this study was to evaluate the potentialities of statistical and
artificial intelligence algorithms as a tool for helping the radiologists in the interpretation of images.
The most remarkable results were achieved in discriminating benign from malignant lesions and
in the identification of the presence of the hormone receptor. A tool to support the physician’s
decision-making process may be designed starting from simple logistic regression and tree-based
algorithms. This type of tool may help the radiologist in assessing the investigated breast and in
choosing the appropriate follow-up without resorting to histology.

Abstract: Purpose: To evaluate radiomics features in order to: differentiate malignant versus benign
lesions; predict low versus moderate and high grading; identify positive or negative hormone recep-
tors; and discriminate positive versus negative human epidermal growth factor receptor 2 related
to breast cancer. Methods: A total of 182 patients with known breast lesions and that underwent
Contrast-Enhanced Mammography were enrolled in this retrospective study. The reference standard
was pathology (118 malignant lesions and 64 benign lesions). A total of 837 textural metrics were ex-
tracted by manually segmenting the region of interest from both craniocaudally (CC) and mediolateral
oblique (MLO) views. Non-parametric Wilcoxon–Mann–Whitney test, receiver operating charac-
teristic, logistic regression and tree-based machine learning algorithms were used. The Adaptive
Synthetic Sampling balancing approach was used and a feature selection process was implemented.
Results: In univariate analysis, the classification of malignant versus benign lesions achieved the best
performance when considering the original_gldm_DependenceNonUniformity feature extracted on
CC view (accuracy of 88.98%). An accuracy of 83.65% was reached in the classification of grading,
whereas a slightly lower value of accuracy (81.65%) was found in the classification of the presence
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of the hormone receptor; the features extracted were the original_glrlm_RunEntropy and the origi-
nal_gldm_DependenceNonUniformity, respectively. The results of multivariate analysis achieved the
best performances when using two or more features as predictors for classifying malignant versus
benign lesions from CC view images (max test accuracy of 95.83% with a non-regularized logistic
regression). Considering the features extracted from MLO view images, the best test accuracy (91.67%)
was obtained when predicting the grading using a classification-tree algorithm. Combinations of
only two features, extracted from both CC and MLO views, always showed test accuracy values
greater than or equal to 90.00%, with the only exception being the prediction of the human epidermal
growth factor receptor 2, where the best performance (test accuracy of 89.29%) was obtained with the
random forest algorithm. Conclusions: The results confirm that the identification of malignant breast
lesions and the differentiation of histological outcomes and some molecular subtypes of tumors
(mainly positive hormone receptor tumors) can be obtained with satisfactory accuracy through
both univariate and multivariate analysis of textural features extracted from Contrast-Enhanced
Mammography images.

Keywords: Contrast-Enhanced Mammography (CEM); Dynamic Contrast Magnetic Resonance
Imaging (DCE-MRI); radiomics; artificial intelligence

1. Introduction

Mammography is one of the main techniques in the diagnosis of breast cancer, show-
ing a key role in both screening and follow-up [1,2]. Mammographic screening has been
shown to be highly accurate in detection of breast lesions; however, it suffers from some lim-
itations, especially in the case of dense breasts. In fact, dense breasts show a hyper-intense
signal over the mammary parenchyma, resulting in very little contrast between the latter
and the lesions. For the mammographic screening of patients with dense breasts, other
techniques, such as Magnetic Resonance Imaging (MRI), are commonly preferred [3,4]. In
particular, one of the most recent novel approaches is Contrast-Enhanced Mammography
(CEM). Combining the potential and benefits of Full-Field Digital Mammography (FFDM),
CEM has been shown to be highly effective for the detection and the correct staging of
cancer, particularly in dense breasts [4–10]. More specifically, CEM combines the enhancing
properties of the intravenous administration of an iodinated contrast medium with the
high precision of digital imaging from FFDM; therefore, the neo-vascularity associated
with actively growing malignancy is remarkably emphasized. Due to this property, CEM
is not only able to detect cancer with high accuracy, but it is also a powerful technique
for the identification of cancers that are obscure at mammography; furthermore, it allows
a more accurate evaluation of the disease extent and offers guidance in the planning of
surgery and treatment [4–10]. However, as in all imaging techniques, the evaluation of
CEM images depends on the experience and skills of the radiologist, making the identifica-
tion of automated or semi-automated techniques, which can provide decision support, a
considerable challenge.

Recent significant advancements in this sense rely on the application of artificial
intelligence and radiomics for the processing of large quantities of data by different imaging
modalities [11,12].

Radiomics is the process of extracting quantitative properties, named features, from
medical images. This feature extraction generally includes pattern recognition algorithms
and provides, as a result, a set of numbers, each representing a quantitative description of a
specific either geometrical or physical property of the image portion under consideration. In
the context of tumor characterization, the radiomics features typically considered are those
that describe properties related to size, shape, intensity, and texture of the tumor [13–27].

Biological and molecular features related to breast cancer are commonly extracted
by biopsy, which is invasive and not always able to detect tumor heterogeneity [28]. In
recent years, there has been growing interest in non-invasive methods to directly derive
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insights from radiologic images. In this context, the radiomics analysis of tumor features
extracted from CEM represents an important tool for breast tumor characterization. As
several authors suggest, radiomics analysis combined with artificial intelligence techniques
can be used to create a tool to support the physician’s decision-making process in the
classification of breast cancer [29–44]. In fact, through an appropriate tool, the physician
would be able to discriminate the tumor nature and/or grading, identifying the adequate
treatment for a single patient (e.g., neoadjuvant therapy) or even a more conservative
approach (e.g., wait-and-see or conservative surgery). However, based on our knowledge,
only some recent studies have used CEM in the prediction of histological grading and
receptor status of breast cancer [45,46].

This work aimed to evaluate radiomics features to differentiate malignant versus
benign lesions, to predict low versus moderate and high grading, to identify positive or
negative hormone receptors, and to discriminate positive versus negative human epidermal
growth factor receptor 2 related to breast cancer.

2. Methods

2.1. Patient Selection

From October 2017 to December 2021, according to regulations issued by the local In-
stitutional Review Board, 182 patients (mean age ± standard deviation of 55.3 ± 10.9 years
(range 31–80)) with known breast lesions were enrolled retrospectively. All women signed
informed consent.

Inclusion criteria: patients with known breast lesions (from radiological or clinical
screening, symptom of palpable lesions), histologically proven, and that underwent dual-
energy CEM. CEM images of patients were acquired at Istituto Nazionale Tumori-IRCCS-
Fondazione G. Pascale (Naples, Italy) and at Istituto Tumori “Giovanni Paolo II” of Bari
(Bari, Italy).

Exclusion criteria: patient with breast implants, presence of non-removable drilling at
the nipple, pacemakers, clips or other metal implants, pregnancy or possible pregnancy,
inability to keep upright immobility during the examination, renal disease, or chemotherapy
treatment at the time of imaging [41].

Overall, 118 malignant lesions and 64 benign lesions were analyzed.

2.2. Imaging Protocol

A total of 136 CEM examinations were performed using the Selenia® Dimensions® Unit
dual-energy mammography system (Hologic, Bedford, MA, USA), whereas the remaining
46 CEM image were acquired with the Senographe Essential dual-energy mammography
system (GE Healthcare, Princeton, NJ, USA).

The same acquisition protocol was implemented for all the images using both scanners.
Specifically, two minutes after the intravenous injection of 1.5 mL/(kg bw) of iodinated
contrast medium (Visipaque 320; GE Healthcare, Inc., Princeton, NJ, USA) at a rate of
2–3 mL/s, a set of images was acquired in quick succession, in both CC and MLO views.
The CEM examination obtained two images: a low-energy (LE) acquisition at 26–30 kVp and
a high-energy (HE) acquisition at 45–49 kVp, depending on breast density and thickness.
CEM acquisition details were reported in previous studies [41,42,45].

2.3. Image Processing

Two expert radiologists, with 25 and 20 years of experience in breast imaging, manually
segmented images by drawing slice-by-slice the contours of the lesions where contrast
uptake was emphasized both in CC and MLO views.

MRI Post-Processing with PyRadiomics Tool

For each region of interest, 837 radiomics features were extracted as median values
using the PyRadiomics Python package [47] including: First Order Statistics, Grey Level
Co-occurrence Matrix, Grey Level Run Length Matrix, Grey Level Size Zone Matrix, Neigh-
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boring Grey Tone Difference Matrix, and Grey Level Dependence Matrix features before
and after the wavelet filtering. The extracted features comply with feature definitions as
described by the Imaging Biomarker Standardization Initiative (IBSI) [48] and as reported
in (https://readthedocs.org/projects/pyradiomics/downloads/, accessed on 20 January
2017).

We used wavelet filtering, with all possible combinations of both high-pass (H) and
low-pass (L) filters along the three axes (X, Y, and Z axes), to derive six different matrices:

• First Order (FIRST ORDER): Describes the individual values of voxels obtained as
a result of ROI cropping. These are generally histogram-based properties (energy,
entropy, kurtosis, skewness).

• Gray Level Co-occurrence Matrix (GLCM): Calculates how often the same and similar
pixel values come together in an image and records statistical measurements according
to this matrix. These resulting values numerically characterize the texture of the image.

• Gray Level Run Length Matrix (GLRLM): Defined as the number of homogeneous
consecutive pixels with the same gray tone and quantifies the gray-level values.

• Gray Level Size Zone Matrix (GLSZM): Describes voxel counts according to the logic
of measuring gray-level regions in an image.

• Neighboring Gray Tone Difference Matrix (NGTDM): Digitization of textures obtained
from filtered images and their fractal properties.

• Gray Level Dependence Matrix (GLDM): Number of bound voxels at a fidex distance
from the central voxel.

A graphical representation of the process for features extraction in a radiomics context
is reported in Figure 1.

Figure 1. A graphical representation of the features extraction process in a radiomics context. The
green lines represent the segmentation of lesion contours.

2.4. Histopathological Analysis

The reference standard (ground truth) was the histopathologic examination of tissue
as reported in [41]. Breast lesions were categorized based on the American Joint Committee
on Cancer staging. The histological grade and the expression of estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), and Ki-
67 antigen associated with cell proliferation were determined by immune-histochemical
analysis.

The tumor grade G was defined on a three-grade scale according to the Elston–Ellis
modification of the Scar–Bloom–Richardson grading system.

The hormone receptor (HR) was also considered; a breast cancer is classified as HR-
positive if its cells have receptors for the hormones estrogen and progesterone.
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2.5. Statistical Analysis

The statistical analysis was performed using the R programming language (version
4.0.2) with the RStudio software, version 1.3.959 (https://www.rstudio.com/, accessed on
20 January 2017) [49].

Considering the histologic results as ground truth, four different types of outcomes
were used in both univariate and multivariate analysis: (1) nature of tumor (benign versus
malignant); (2) grading (G1 versus G2 + G3); (3) presence of human epidermal growth
factor receptor 2 (HER2+ versus HER2−); (4) presence of hormone receptor (HR+ versus
HR−).

Before proceeding with statistical analysis, the dataset was balanced with respect
of each outcome. The balancing was performed through the synthetization of sam-
ples for the less-represented classes using the Adaptive Synthetic Sampling (ADASYN)
approach [50,51].

In the context of univariate analysis, the non-parametric Wilcoxon–Mann–Whitney
test for continuous variables was used. Receiver operating characteristic (ROC) analysis
and the Youden index were considered to obtain the optimal cut-off value for each feature;
then, the area under ROC curve (AUC), sensitivity (SENS), specificity (SPEC), positive pre-
dictive value (PPV), negative predictive value (NPV), and accuracy (ACC) were computed.
Bonferroni correction was used to adjust for multiple comparison.

In the context of multivariate analysis, logistic regression and tree-based algorithms
were appropriately designed to predict each outcome individually; the main predictive
features were also extracted. Before proceeding with the analysis, three pre-processing
steps were performed.

Firstly, the dataset was randomly split into a training set and a test set, using the
createDataPartition R function. Specifically, 90% of the entire dataset was used to train the
algorithms, designing a cross-validated procedure; the remaining 10% of samples was used
to estimate the accuracy of algorithms on ‘new’ samples, which are samples not used to
train the algorithms themselves. Successively (and before running algorithms), a variable
selection procedure was designed to remove redundant features from the training set. To
achieve this aim, the cross-correlation between each predictor was calculated and all the
features with a correlation higher than 0.7 (as an absolute value) with each single predictor
were discarded. Finally, the input predictors were centered and scaled before running the
logistic regression algorithm.

The machine learning approaches designed for the aim of this paper are described in
the following. For each approach, the performance (accuracy) was assessed on both the
training and test sets, also considering the values of sensitivity and specificity.

Logistic Regression. Considering the dichotomic nature of each outcome, a logistic
regression was executed using all non-redundant features. The method was run using the
glm R function.

Logistic Regression with least absolute shrinkage and selection operator (LASSO)
method. In a different approach, the logistic regression model was fitted on training data,
performing a further variable selection with the LASSO regularization method [52,53]. The
LASSO was designed using the glmnet R function and the hyperparameter was tuned
through a 10-fold cross validation procedure. The variables selected were saved to train the
logistic regression algorithm.

Logistic Regression with two predictors. An additional variation of the logistic regres-
sion was considered predicting each outcome with all possible couples of features. All
combinations that reached a test accuracy higher than 0.9 were saved and analyzed.

Tree-based algorithms. Among all tree-based algorithms, Classification and Regression
Trees (CART) and Random Forest (RF) algorithms were chosen and designed. The CART
algorithm was trained taking into account the possibility of obtaining a decision chart,
whereas the RF method was used for a more robust evaluation of performances. Tuning of
functions’ hyperparameters was performed through a 10-fold cross validation procedure.
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3. Results

Table 1 shows the distribution of characteristic of analyzed patients.

Table 1. Distribution of analyzed patients.

Characteristic Distribution

Age
Min value 25
Max value 82

Median value 52

Tumor nature
benign 64

malignant 118

Tumor grading G1 78
G2 + G3 104

Human epidermal growth factor receptor 2 HER2+ 135
HER2− 47

Hormone receptor HR+ 93
HR− 89

Histotype

0 16
1 2
2 80
3 19
4 14
5 51

Table 2 reports the diagnostic accuracy of significant textural parameters for dual-
energy CEM, in both CC and MLO views, obtained in the context of univariate analysis.

Table 2. Performance results of univariate analysis both on CC and MLO view.

Performance
Results at
Univariate
Analysis

Benign Versus
Malignant Lesions by

CC-View

Benign Versus
Malignant Lesions by

MLO-View

G1 Versus G2 + G3
by CC-View

G1 Versus G2 + G3
by MLO-View

Identification of
HER2+ by CC-View

Identification of
HER2+ by

MLO-View

Identification of HR+
by CC-View

Identification of HR+
by MLO-View

original_gldm_
Dependence

NonUniformity

wavelet_LLL_gldm_
Dependence

NonUniformity

original_glrlm_
RunEntropy

wavelet_LLL_glrlm_
RunEntropy

wavelet_HLL_
glcm_Idn

wavelet_HLH_
glcm_Idm

original_gldm_
Dependence

NonUniformity

wavelet_LLL_gldm_
Dependence

NonUniformity

AUC 0.8587 0.8406 0.8237 0.7643 0.7150 0.7081 0.7500 0.7334

SENS 0.9237 0.8220 0.9038 0.7981 0.5481 0.5704 0.9699 0.8495

SPEC 0.8559 0.8814 0.7692 0.7692 0.8148 0.8148 0.6559 0.6882

PPV 0.8651 0.8739 0.7966 0.7757 0.7475 0.7549 0.7355 0.7315

NPV 0.9182 0.8320 0.8889 0.7921 0.6433 0.6548 0.9385 0.8205

ACC 0.8983 0.8517 0.8365 0.7837 0.6815 0.6926 0.8165 0.7688

Cut-off 2.3093 4.1147 0.8023 0.8732 0.8866 0.7384 2.5524 4.2121

As the table shows, in the classification of malignant versus benign lesions, the best
performance was reached by the original_gldm_DependenceNonUniformity feature, ex-
tracted on CC view, with an accuracy of 89.83%, a sensitivity of 92.37%, and a specificity of
85.59%, and with a cut-off of 2.31.

In the classification of grading, the best performance was reached by the origi-
nal_glrlm_RunEntropy feature, extracted on CC view, with an accuracy of 83.65%, a
sensitivity of 90.38%, and a specificity of 76.92%, and with a cut-off of 0.80.

In the identification of HER2+, the best performance was reached by the wavelet_HLH_
gldm_LargeDependenceHighGrayLevelEmphasis feature, extracted on MLO view, with an
accuracy of 69.63%, a sensitivity of 62.22%, and a specificity of 77.04%, and with a cut-off
of 0.74.

In the identification of HR+, the best performance was reached by the original_gldm_
DependenceNonUniformity feature, extracted on CC view, with an accuracy of 81.65%, a
sensitivity of 96.99%, and a specificity of 65.59%, and with a cut-off of 2.55.
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Tables 3 and 4 show the results obtained with logistic regression-based and tree-based
methods, respectively.

Table 3. Results for logistic regression with and without LASSO regularization.

Results for Single
Outcome

Logistic Regression Logistic Regression with LASSO

Trainset Test Set Trainset Test Set

ACC ACC SENS SPEC ACC ACC SENS SPEC

CC—Tumor nature 0.9583 0.9583 1.0000 0.9286 0.9167 0.9167 0.9000 0.9286

MLO—Tumor nature 0.7500 0.7500 0.8333 0.6667 0.8750 0.8750 1.0000 0.7500

CC—Grading 0.8333 0.8333 0.8571 0.8000 0.7917 0.7917 0.9286 0.6000

MLO—Grading 0.7083 0.7083 0.8462 0.5455 0.7917 0.7917 0.7692 0.8182

CC—HER2 0.7143 0.7143 0.7778 0.6000 0.7857 0.7857 1.0000 0.4000

MLO—HER2 0.6786 0.6786 0.5333 0.8462 0.8214 0.8214 0.8000 0.8462

CC—HR 0.8500 0.8500 0.8182 0.8889 0.8500 0.8500 0.7273 1.0000

MLO—HR 0.7500 0.7500 0.7500 0.7500 0.7000 0.7000 0.5000 1.0000

Table 4. Results for CART and RF methods.

Results for Single
Outcome

CART Random Forest

Trainset Test Set Trainset Test Set

ACC ACC SENS SPEC ACC ACC SENS SPEC

CC—Tumor nature 0.9122 0.9167 0.9000 0.9286 0.9259 0. 9167 0.9000 0.9286

MLO—Tumor nature 0.8825 0.8333 1.0000 0.6667 0.8968 0.8750 1.0000 0.7500

CC—Grading 0.8073 0.9167 0.9286 0.9000 0.8265 0.8750 0.9286 0.8000

MLO—Grading 0.7660 0.8333 0.8462 0.8182 0.8021 0.8750 0.9231 0.8182

CC—HER2 0.6992 0.6071 0.4444 0.9000 0.7463 0.7143 0.6111 0.9000

MLO—HER2 0.7084 0.8214 0.8667 0.7692 0.8289 0.8929 0.8667 0.9231

CC—HR 0.8045 0.8000 0.6364 1.0000 0.8125 0.8500 0.7273 1.0000

MLO—HR 0.7331 0.7000 0.5000 1.0000 0.7756 0.8000 0.6667 1.0000

Considering the CC view, the best performances were obtained when predicting
the tumor nature (malignant versus benign). Logistic regression proved to be the best
performing model (test accuracy of 95.83%) when using an approach without LASSO
regularization. The goodness of the logistic regression method was also observed with
LASSO regularization (test accuracy of 91.67%). Almost comparable results were obtained
when using the tree-based algorithms (Table 5), with a test accuracy of 91.67% in the
prediction of tumor nature. The decisional chart obtained with the CART method is shown
in Figure 2 and the goodness of training procedure on 500 trees with the RF method is
shown in Figure 3.
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Table 5. Examples of results for logistic regression methods run using all possible combinations of
two predictors.

Results for Single
Outcome

ACC SENS SPEC Var 1 Var 2

CC—Tumor nature 0.9583 1.0000 0.9286 original_gldm_
SmallDependenceEmphasis original_firstorder_TotalEnergy

MLO—Tumor nature 0.9167 1.0000 0.8333
original_gldm_

LargeDependence
HighGrayLevelEmphasis

wavelet_LHL_glcm_
MaximumProbability

CC—Grading 0.9167 0.9286 0.9000 original_gldm_
SmallDependenceEmphasis wavelet_HLL_firstorder_Energy

MLO—Grading 0.9167 1.0000 0.8182 original_glrlm_
RunPercentage

original_glszm_
LargeAreaLowGrayLevelEmphasis

CC—HR 0.9000 0.8182 1.0000 original_glcm_
InverseVariance

original_glcm_
DifferenceVariance

MLO—HR 0.9500 0.9167 1.0000 original_firstorder_
Maximum

wavelet_LHL_glrlm_
RunPercentage

Figure 2. Decisional chart for the prediction of tumor nature from CC images.

Figure 3. Error evolution during the training procedure of the RF method for the prediction of tumor
nature from CC images.

Considering the features extracted from MLO view images, the best test accuracy
(91.67%) was obtained when predicting the grading using a CART algorithm, while the
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use of all non-redundant features (44 predictors) in a logistic regression model significantly
reduces the accuracy value (max test accuracy of 75.00%). The goodness of tree-based
algorithms is confirmed by the error evolution plot of RF, reaching an accuracy value of
87.50% on the test set. The decision chart and error evolution are shown in Figure 4.

Figure 4. The decision chart and error evolution for the prediction of grading from MLO images.

Combinations of only two features, extracted from both CC and MLO views, always
showed test accuracy values greater than or equal to 90.00% (Table 5), with the only
exception being the HER2 outcome, where the best performance (test accuracy of 89.29%)
was obtained with the RF algorithm.

4. Discussions

The radiomics analysis of tumor features extracted from CEM images represents an
important tool for breast cancer characterization.

In this study, we aimed to perform radiomics analysis with texture features extracted
by dual-energy CEM, evaluating its ability to classify malignant and benign breast lesions,
and to predict grading and breast cancer receptors status (HER2+ and HR+).

In recent years, many studies have addressed the problem of breast lesion classifi-
cation using several feature categories, such as morphological and textural features, in
combination with different machine learning approaches, based on CEM and Dynamic
Contrast-Enhanced MRI image analysis [29–40,54–58], whereas other studies used CEM to
predict histological outcomes [45,46].

La Forgia et al. [45] assessed the discrimination power of the statistical features ex-
tracted from CEM images to predict histological outcomes and two particular subtypes of
tumors, HER2-positive and triple-negative. In their work, they showed encouraging re-
sults for the differentiation between ER+/ER−, PR+/PR−, HER2+/HER2−, Ki67+/Ki67−,
and High-Grade/Low-Grade. In particular, the highest performances were obtained for
discriminating HER2+/HER2− (90.87%), ER+/ER− (83.79%), and Ki67+/Ki67− (84.80%).

In a retrospective study, Marino et al. [46] examined the potential of radiomics analysis
using features from both CEM and MRI. In particular, they assessed the tumor invasive-
ness, the hormone receptor status, and the tumor grade in patients with primary breast
cancer through common radiomics parameters. In their results, they showed remarkable
accuracies when performing CEM radiomics analysis for discriminating HR+ versus HR−
breast cancers (95.6%) and invasive versus non-invasive breast cancers (92.0%); slightly
lower results were obtained, instead, in the classification of G1 + G2 versus G3 invasive
cancers (77.8%).

The results of the univariate analysis of the present study show that the classification
of malignant versus benign lesions achieved the best performance when considering the
original_gldm_DependenceNonUniformity feature extracted on CC view (accuracy of
88.98%). The features extracted on CC view appeared to perform better, as the results in the
classification of both grading and HR suggest. In fact, an accuracy of 83.65% was reached in
the classification of grading, whereas a slightly lower value of accuracy (81.65%) was found
in the classification of HR+; the features extracted were the original_glrlm_RunEntropy and
the original_gldm_DependenceNonUniformity, respectively. In the identification of HER2+,
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the best performance, however low (accuracy of 69.63%), was reached when considering
the wavelet_HLH_gldm_LargeDependenceHighGrayLevelEmphasis feature, extracted on
MLO view images.

The results of multivariate analysis showed that better performances could be achieved
when using two or more features as predictors for the classification of malignant and benign
lesions and for the prediction of HR positive status. The best performance was achieved
when predicting the tumor nature from the CC images through a logistic regression model,
where the test accuracy reached a value of 95.83% without LASSO regulation. Nevertheless,
the LASSO regularization selected 12 out of 27 predictors, significantly reducing the model
complexity, at the price of an imperceptible reduction in performance (91.67%).

The same performance of logistic regression was not observed when predicting the
same outcome (malignant versus benign classification) using MLO images, confirming the
tendency of results in the univariate analysis context.

Features extracted from MLO images were shown to be useful in the prediction of
grading with a CART algorithm. However, the results obtained with a logistic regression
approach using only two predictors (minimum test accuracy of 90.00%, maximum test
accuracy of 95.83%) suggest that simpler models are preferred, with the only exception of
the HER2 outcome, where the best performance (test accuracy of 89.29%) was obtained
with the RF algorithm.

Remarkable results were also obtained in the prediction of both the grading and the
HR+, from both CC and MLO views; however, the performance of logistic regression
(regularized or not) and of tree-based algorithms is surpassed by the accuracies obtained
when using only two predictive features. Therefore, it can be stated that the prediction of
all the outcomes is preferable with less complex models (that is, logistic regression with
only two predictors or with a regularized approach). It is furthermore useful to note that
the results of univariate analysis are less performant of those of the multivariate approach,
suggesting that artificial intelligence can be powerfully used to extract insights from CEM
images analysis.

The main limitation of this study is the need for manual segmentation of the images,
which is time consuming and operator dependent. The problem of biased results due to
this weakness was addressed by having two radiologists perform the segmentation. A
foreseeable solution may be the use of automatic or semi-automatic segmentation; however,
this may be difficult to implement, especially in the cases of multicentric lesions or back-
ground parenchymal enhancement. A further limit is that the interpretation of machine
learning algorithm results is not always intuitive and may require specific expertise from
the clinician.

5. Conclusions

The results of this study confirm that radiomics textural features extracted from CEM
images can be highly informative about both the tumor nature and grading, and some
molecular subtypes of tumors. Therefore, the results suggest that the combination of artifi-
cial intelligence algorithms with the concept of radiomics analysis can be successfully used
to create a tool for supporting the physician’s decision-making process in the classification
of breast cancer. In particular, the identification of malignant breast lesions and HR positive
status can be performed with a high predictive power, even using simpler models.
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Simple Summary: Surgical management is currently the main standard of care procedure used in
order to treat ductal carcinoma in situ (DCIS) of the breast. Nevertheless, the survival benefit of
surgical resection in patients with such lesions appears to be low, especially for low-grade DCIS.
Low-grade DCIS typically exhibit a slow growth pattern and, in many cases, never fully develop into
a clinically significant disease: discerning harmless lesions from potentially invasive ones could lead
to avoid overtreatment in many patients. Nonetheless, up to 26% of patients with biopsy-proven
DCIS can reveal a synchronous invasive carcinoma in surgical specimens. Here, we aimed to create a
model of radiological and pathological criteria able to reduce the underestimation of vacuum assisted
breast biopsy in DCIS, identifying patients at very low risk (e.g., <2%) of diagnostic underestimation.

Abstract: Background: We aimed to create a model of radiological and pathological criteria able
to predict the upgrade rate of low-grade ductal carcinoma in situ (DCIS) to invasive carcinoma,
in patients undergoing vacuum-assisted breast biopsy (VABB) and subsequent surgical excision.
Methods: A total of 3100 VABBs were retrospectively reviewed, among which we reported 295
low-grade DCIS who subsequently underwent surgery. The association between patients’ features
and the upgrade rate to invasive breast cancer (IBC) was evaluated by univariate and multivariate
analysis. Finally, we developed a nomogram for predicting the upstage at surgery, according to the
multivariate logistic regression model. Results: The overall upgrade rate to invasive carcinoma was
10.8%. At univariate analysis, the risk of upgrade was significantly lower in patients with greater age
(p = 0.018), without post-biopsy residual lesion (p < 0.001), with a smaller post-biopsy residual lesion
size (p < 0.001), and in the presence of low-grade DCIS only in specimens with microcalcifications
(p = 0.002). According to the final multivariable model, the predicted probability of upstage at surgery
was lower than 2% in 58 patients; among these 58 patients, only one (1.7%) upstage was observed,
showing a good calibration of the model. Conclusions: An easy-to-use nomogram for predicting the
upstage at surgery based on radiological and pathological criteria is able to identify patients with
low-grade carcinoma in situ with low risk of upstaging to infiltrating carcinomas.

Cancers 2022, 14, 370. https://doi.org/10.3390/cancers14020370 https://www.mdpi.com/journal/cancers174
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1. Introduction

Breast cancer is one of the most prevalent malignancies among women worldwide,
still leading to a considerable incidence of death; in 2020, almost 685,000 women were
deceased owing to this malignancy [1]. Ductal carcinoma in situ (DCIS) represents almost
20–25% of all breast neoplastic lesions being diagnosed [2,3]. In DCIS, the cancer cells’
growth is confined to the breast ducts or lobules with a minimal potential to spread [4].
As DCIS is mainly clinically occult (around 9% are symptomatic), more than 90% of
cases are detected only through imaging studies. Prior to 1980, this condition could be
rarely identified. Owing to the improvement of diagnostic and screening imaging tools,
specifically mammography, DCIS incidence has rapidly increased [5].

According to the Current National Comprehensive Cancer Network (NCCN), the
best therapeutic options are recommended as mastectomy, lumpectomy with radiation, or
lumpectomy alone with the potential addition of tamoxifen for hormone receptor–positive
carcinoma in situ [6]. There are few data available that compare the benefit obtained from
the currently recommended treatments with those who did not receive treatment (active
surveillance) [7].

Carcinoma in situ of the breast does not present a risk of invasion and metastasis and
the mortality rate is as low as 4% [7]. Therefore, the main purpose of the treatment is to
prevent the development of invasive carcinoma. However, a meta-analysis of underesti-
mation and predictors of invasive breast cancer showed that up to 26% of patients with
biopsy-proven DCIS can reveal a synchronous invasive carcinoma in surgical specimens [8].
As this percentage is unacceptable, it is necessary to reduce the diagnostic underestimation
of the VABB before proposing active surveillance to patients.

How many low-grade breast carcinomas in situ are actually infiltrating carcinomas
or high-grade carcinomas in situ? How can we identify patients at low risk of being
underestimated with the VABB?

In our study, we examined surgical specimens of patients diagnosed with low-grade
DCIS to identify potential indicators for upgrading [9].

By selecting a population with a low risk of upgrading, we may identify patients with
low-grade breast cancer in which surgery may be safely spared.

Four prospective international study protocols (LORIS, COMET, LORD, and LORETTA)
are currently in place to evaluate non-invasive treatment strategies for DCIS; however,
a selection of patient population based on clinical and radiological features (which may
reduce the diagnostic underestimation of the biopsy) appears to be neglected in these
protocols [10]. We firmly believe that a better initial selection of patients, based on radiolog-
ical, pathological, and clinical features, can make these protocols more effective, reducing
the diagnostic underestimation of the biopsy. We can, therefore, hypothesize models that
identify a population in which active surveillance could be safer.

The Loretta protocol is the only one that takes into account the initial size of the
lesion. However, other radiological and pathological features, which would be easy to use
to reduce the diagnostic underestimation of the biopsy, are not considered in the initial
selection of patients in the four prospective international study protocols.

Details are shown in Table 1.
The purpose of our study is to identify a predictive model that identifies the features,

mainly based on imaging, that can predict the diagnostic underestimation of low-grade
DCIS to invasive carcinoma or worst grade DCIS.
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Table 1. Main features of the four prospective international study protocols (LORIS, COMET, LORD
and LORETTA).

Study LORIS [11] COMET [12] LORD [13] LORETTA [14]

Country UK USA EU JAPAN
Year of activation 2014 2017 2017 2017

Accrual target (number
of patients) 932 1200 1240 340

Size of the lesion Any Any Any <2.5 cm

Type of guide for
biopsy

Stereotactic (vacuum
assisted)

Stereotactic (vacuum
assisted)

Stereotactic (vacuum
assisted)

Stereotactic and
ultrasound (vacuum

assisted)
Hormone receptor

status Any Hr*-positive only Any Hr*-positive only

Endocrine therapy Optional Optional Not allowed Mandatory
Minimum age at

diagnosis 48 40 45 40

Comedonecrosis Excluded Allowed Excluded Excluded

Hr*: Hestrogen receptor.

2. Materials and Methods

This retrospective study was notified to the Ethics Committee (Identification Number
UID 2897, 24 September 2021) and was approved by the Institutional Review Board.

2.1. Study Design and Population

We retrospectively studied all patients who underwent a screening mammogram or an
ultrasound for prevention, i.e., dense breasts in a single referral canter for breast cancer care
(European Institute of Oncology, Milan, Italy). Among which those with doubtful lesions,
between January 1999 and January 2019, were included in our study cohort. All the lesions
were classified according to the Breast Imaging Reporting and Data System (BI-RADS),
using the score BIRADS ≥ 3 as a threshold to define suspicious lesions. Ultrasound- or
stereotactic-guided VABB was performed in patients with BIRADS ≥ 4; only in exceptional
cases (3/295), with very high familiarity for breast cancer, patients with BIRADS 3 were
biopsied too [15–17].

All the lesions undergoing stereotactic VABB presented as microcalcifications. Before
each stereotactic VABB, two projection mammograms were performed in order to assess
the precise extension of the lesion (Figure 1).

After the VABB procedure, all patients underwent two additional mammogram pro-
jections to confirm the complete macroscopic removal or the presence of residual lesion.

Before each ultrasound VABB, both transverse and longitudinal static images were
acquired by US performed prior to the biopsy. After the procedure both transverse and
longitudinal US images were taken to detect the complete macroscopic removal or the
presence of residual of the lesion in all patients.

We collected and retrospectively analysed some of the features reported in the radiolo-
gist’s and pathologist’s report, in particular: the number of cores obtained for each biopsy,
the complete macroscopical removal of the lesion, the diameter of the biopsy needle, and—
for stereotactic VABB—if the disease was present only in the cores with microcalcifications
(or even in the cores without microcalcifications, if any).

We investigated a potential correlation between patient’s age, lesion size, diameter
of the needle (with an equal number of biopsy samples, more tissue is collected with a
larger needle), number of cores, complete macroscopic removal of the lesion, cases showing
low-grade DCIS only in cores with microcalcifications, and the chance of upgrade to
a worst grade DCIS or invasive ductal carcinoma (IDC). Since the BIRADS is often very
subjective [18], we have excluded it from the analysis. Figure 2 represents a low-grade DCIS.
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Figure 1. Full-field digital mammography showing a small cluster of pleomorphic microcalcifications
(arrow) with a biopsy-proven histopathological result of low-grade ductal carcinoma in situ.

 

Figure 2. Histological features of low-grade DCIS from a breast biopsy showing bland homogeneous
cells contained within the duct, forming rigid cell ‘bridges’ across the duct space in a cribriform
architecture. In this case, the abnormal duct is surrounded by fibrotic stroma (hematoxylin and eosin,
original magnification 100×).

In accordance with some recent studies that have shown a benefit in the change of ther-
apy with patients presenting an intermediate grade DCIS with Ki-67 > 14%, we considered
this threshold to be significant in our underestimation analyses of worst grade carcinoma
in situ at the biopsy [19]. In our predictive model, we also considered underestimation of
carcinoma in situ of the worst degree in case of finding of intermediate grade DCIS with
Ki-67 > 14%.
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2.2. Statistical Analysis

Continuous data are reported as median and range and categorical data are reported
as counts and percentages.

Univariate and multivariate logistic regressions were performed to assess the associa-
tion of age, biopsy needle, residual disease, residual lesion size, number of cores and disease
only in cores with micro, with the risk of upgrade of low-grade DCIS to invasive carcinoma.
Age, residual lesion size and number of cores were considered as continuous predictors in
the models. Residual lesion size was log-transformed due to its skewed distribution.

According to the multivariate logistic regression model, a nomogram for predicting
the upstage at surgery was reported.

To evaluate the predictive accuracy of the final multivariate model, in terms of dis-
crimination, Area Under the ROC curve (AUC) was also reported. Moreover, to compare
the actual vs. predicted by the model upstaging probabilities, a calibration plot was created.
Patients were categorized in five classes, based on predicted probabilities (≤2%, 2–5%,
5–10%, 10–25% and >25%). For each class, the average of the predicted probabilities and
the observed relative frequency of patients with upstaging were calculated and reported in
the plot.

All analyses were performed with SAS 9.4 (SAS Institute, Cary, NC, USA) and R
version 4.0.3.

3. Results

Among the 3100 VABBs analysed, 295 were diagnosed as low-grade DCIS and all the
patients underwent subsequent surgical excision.

The clinicopathological features of the patients are summarized in Table 2.

Table 2. Distribution of patients, diagnostic and tumor characteristics (N = 295 DCIS low grade).

Variable Level Overall (N = 295)

Year of Mammotome biopsy, N (%)
1999–2004 66 (22.4)
2005–2009 65 (22.0)
2010–2014 97 (32.9)
2015–2018 67 (22.7)

Days between mammography and Mammotome biopsy,
median (min–max) 33 (0–313)

Missing 16
Age at Mammotome biopsy, median (min–max) 51 (34–79)

Biopsy needle, N (%)
8G + 7G 45 (15.5)

11G + 10G 245 (84.5)
Missing 5

Post biopsy residual disease, N (%) No 128 (43.4)
Yes 167 (56.6)

Post biopsy residual lesion size (mm), median
(min–max)BIRADS, N (%)

15 (4–100)
3 3 (1.0)
4a 124 (42.0)
4b 95 (32.2)
4c 61 (20.7)
5 12 (4.1)

Number of cores, median (min–max) 13 (0–30)

Disease only in cores with microcalcifications, N (%)
No 132 (48.9)
Yes 138 (51.1)

Missing 25
Days between Mammotome biopsy and surgery, median

(min–max) 51 (5–247)

Missing 3
Outcomes of the study

Upstage (invasive at surgery), N (%) No 263 (89.2)
Yes 32 (10.8)

Upstage at surgery (implying change of therapy), N (%) No 242 (82.0)
Yes 53 (18.0)

Absence of disease at the surgery, N (%) No 234 (79.3)
Yes 61 (20.7)
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Of these 295 patients, 272 were diagnosed by stereotactic VABB and identified by
mammography (showing only microcalcifications), while 23 cases were diagnosed by
ultrasound-guided VABB (showing as nodule).

Such disproportion is due to the usual radiological manifestation of DCIS as microcal-
cifications, instead of nodules [20].

At the biopsy, the median age of patients was 51 (34–79) years, the median size of the
lesion was 15 mm (4–100); radiological diagnoses were: 3 BIRADS 3 (1%); 124 BIRADS
4a (42%); 95 BIRADS 4b (32.2%); 61 BIRADS 4c (20.7%); 12 BIRADS 5 (4.1%).

In 128 (43.4%) of cases, the lesion was macroscopically removed by VABB. In 138 cases
(51.1%) we identified the disease only in the cores with macrocalcifications.

The histological exam of the surgical specimens of the 295 patients indicated that
32 cases (10.8%) were upgraded to IDC, and 53 cases (18.0%) were upgraded to worst grade
DCIS, intermediate grade DCIS with Ki-67 > 14% and, high-grade ductal carcinoma in situ.

Interestingly, in 61 cases (20.7%) only benign findings were observed in subsequent
surgical specimens; in some cases, the VABB seems to be able to completely remove
the lesion.

At univariate analysis, the upgrade rate to IDC was statistically lower in patients with
greater age (p = 0.018), without post-biopsy residual lesion (p < 0.001), with a smaller post-
biopsy residual lesion size (p < 0.001), and in presence of low-grade DCIS only in specimens
with microcalcifications (p = 0.002). At multivariate analysis, only post-biopsy residual
lesion (OR (95% CI) for patients with vs. without residual disease was 7.14 (1.58–32.2)) and
disease only in cores with microcalcifications (OR (95% CI) for patients with vs. without
disease with microcalcifications was 0.33 (0.13–0.83)) were significantly associated with the
upstage at surgery (Table 3).

Table 3. Association between variables and upstage (invasive at surgery). Results from univariate
and multivariate logistic regression analyses.

Variable Level Upstage/Tot (%)
Univariate Analysis Multivariate Analysis 1

OR 95% CI p-Value OR 95% CI p-Value

Overall - 32/295 (10.8) - - - - - -

Age at Mammotome biopsy +1 year 0.94 0.90–0.99 0.018 0.95 0.90–1.00 0.068

Biopsy needle 8G + 7G 7/45 (15.6) Ref. - - Ref. - -
11G + 10G 25/245 (10.2) 0.62 0.25–1.53 0.30 0.77 0.29–2.06 0.60

Missing 0/5

Post biopsy residual disease No 3/128 (2.3) Ref. - - Ref. - -
Yes 29/167 (17.4) 8.76 2.60–29.4 <0.001 7.14 1.58–32.2 0.011

Post biopsy residual lesion size +1 × log2
(mm) 1.76 1.26–2.46 <0.001 0.96 0.58–1.58 0.87

Number of cores +1 0.98 0.91–1.05 0.53 0.98 0.90–1.05 0.53

Disease only in cores with
microcalcifications No 24/132 (18.2) Ref. - - Ref. - -

Yes 7/138 (5.1) 0.24 0.10-0.58 0.002 0.33 0.13-0.83 0.018
Missing 1/25

1 Twenty-nine patients with at least one missing value among independent variables were excluded from the
model. Goodness of fit statistics: McFadden’s R-Square = 0.16; AIC = 174.6; −2 Log Likelihood = 160.6.

A nomogram for predicting the upstage at surgery, based on the multivariate logistic
regression model, was reported in Figure 3.

For example, a patient with: age at Mammotome biopsy = “67”, biopsy needle = “11G or
10G”, post biopsy residual disease = “No”, log2 (Post biopsy residual lesion size) = “3.32”,
number of cores = “0”, disease only in cores with microcalcifications = “Yes”, has a proba-
bility of upstage (invasive at surgery) of 0.01. While a patient with: age at Mammotome
biopsy = “62”, biopsy needle = “8G or 7G”, post biopsy residual disease = “Yes”, log2 (Post
biopsy residual lesion size) = “5.91”, number of cores = “8”, disease only in cores with
microcalcifications = “No”, has a probability of upstage (invasive at surgery) of 0.20.
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Figure 3. Nomogram for predicting the upstage (invasive at surgery) according to the multivariate
logistic regression model. Instructions: to estimate the probability of upstage (invasive at surgery),
locate the patient’s age at Mammotome biopsy on the “Age” axis. Draw a line straight upward to
the point axis to determine how many points they receives for their age. Repeat the process for
each additional variable. Sum the points for each of the predictors. Locate the final sum on the
“Total point” axis. Draw a line straight down to find the patient’s probability of upstage (invasive
at surgery). An online Shiny application was developed for users to easily access the model (https:
//bagnardi.shinyapps.io/DCIS_upstage/, accessed on 7 January 2022).

An online Shiny application was developed for users to easily access the model
(https://bagnardi.shinyapps.io/DCIS_upstage/, accessed on 7 January 2022).

The AUC of the final multivariate model was 0.795 (Figure 4, Panel A). Panel B of
Figure 4 showed the calibration plot: as an example, the predicted probability of upstage at
surgery was lower than 2% in 58 patients (average predicted risk in this category: 1.3%)
and, among these 58 patients, only one (1.7%) upstage was observed; the predicted risk was
greater than 25% in 46 patients (average predicted risk in this category: 31%) and, among
these 46 patients, 17 (37%) upstages were observed.
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Figure 4. Predictive accuracy of the multivariate logistic regression model; ROC curve (Panel A) and
Calibration plot (Panel B).

The results of the univariate and multivariate analyses considering upstage to worst
grade ductal carcinoma in situ at surgery (intermediate grade DCIS with ki-67 > 14% and
high-grade DCIS) as dependent variable, are shown in Table S1.

4. Discussion

DCIS is a non-life threatening condition and includes about 25% of all breast cancer
cases. Most cases of DCIS will never progress to invasive breast cancer during a patient’s
lifetime and the 20-year breast cancer-specific mortality rate in patients with DCIS is
low [21–23].

Sagara and colleagues [7], in a recent publication, analysed surveillance, epidemiology,
and end-results (SEER) data from nine US states involving 57,222 women with a median
72 months’ follow-up from diagnosis: the vast majority of patients diagnosed with all
grades of DCIS (who did not receive surgery) did not decease from breast cancer. Consider-
ing this low long-term mortality, the surgical therapy and the radiotherapy of DCIS may be
considered a sort of overtreatment and an unjustified cost to public health, especially for
low-grade carcinomas in situ [24].

Four prospective international study protocols (LORIS, COMET, LORD, and LORETTA)
are currently in place to evaluate non-invasive treatment strategies for DCIS the results
of which will still be evaluated. However, the role of diagnostic underestimation of the
breast biopsy is often overlooked. In a meta-analysis, Brennan et al. showed that 25.9%
(18.6–37.2%) of presurgical cases diagnosed as DCIS were upgraded to IDC upon exci-
sion [8]. Considering only those undergoing VABB, this percentage dropped to around the
15% (regardless of the degree of DCIS) and to the 10% for the low-grade DCIS [25,26]. This
percentage is still too high to propose active surveillance to a patient, as follow-up over
surgery should be justified by an upgrade rate lower than 2%, as established for Breast
Imaging Reporting and Data System, in which a possible diagnostic delay does not affect
the outcome [15].

In our study, we propose a predictive model in order to minimize the risk of diagnostic
underestimation in a smaller group of patients. Nomograms are predictive tools that allow,
considering the multiples features, an assessment of the risk of underestimation [27]. With
our nomogram, you are able to evaluate if a patient has a predicted probability of diagnostic
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underestimation below 2%. Notably, in almost 20% of those who underwent surgery, no
residual disease was found in the surgical sample, suggesting a possible complete lesion
removal by the VABB.

We believe that our predictive model, once validated in an external cohort, could help
in the careful selection of patients to candidate to active surveillance rather than surgical
excision. Our study may pose the basis for further future prospective studies where active
surveillance can be suggested considering specific radiological and pathological criteria.

The major limitation of our study is represented by its monocentric and retrospective
nature, by the low number of cases considered, and by the lack of an external validation
cohort. Our study has an exploratory nature: a step towards a long path that can avoid
overtreatment in this category of patients.

To be concretely used in clinical practice, our model needs a rigorous validation in an
external cohort and to be applied in a large number of patients.

However, we are convinced that these preliminary results are promising, easy to apply
in all breast units and deserve to be further investigated in other studies.

We believe that the near future will increasingly focus on enhancing studies that allow
us to identify patients in whom the risk of upstaging is lower. In this regard, studies aimed
at verifying a specific gene expression of high-risk patients and aimed at verifying specific
image features of the lesion with radiomics and contrast enhanced spectral mammography
(CESM) will certainly have a fundamental role in this issue [28–30].

5. Conclusions

An easy-to-use predictive model that considers the size of the lesion, its complete
removal with VABB, patient’s age, biopsy needle, number of cores and the presence of
disease only in cores with microcalcifications is able to identify a population of patients
with DCIS with low risk of upstaging to IDC.

These criteria, after validation in an external cohort, should be considered when
selecting patients for active surveillance rather than surgical intervention.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14020370/s1, Table S1: Association between variables
and upstage (implying change of therapy).
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Simple Summary: Breast cancer is a complex disease that remains a significant public health chal-
lenge. The breast cancer cells secrete various substances collectively known as the secretome, which
include proteins, lipids, and nucleic acids that contribute to the growth and spread of breast cancer.
The secretome plays a crucial role in the development and progression of breast cancer by modifying
signaling pathways and creating an environment supporting cancer growth while evading the im-
mune system. Additionally, the secretome is responsible for the development of resistance to cancer
drugs, making it a significant challenge for effective treatment. Therefore, understanding the role of
the secretome in breast cancer is essential for developing innovative therapies. This review provides
insights into the impact of the secretome on breast cancer progression and its interactions with the
tumor microenvironment, and explores potential therapeutic opportunities targeting the secretome
components. By identifying specific molecules and signaling pathways involved in the secretome,
new targets for therapeutic intervention can be identified, which can ultimately improve outcomes
for breast cancer patients.

Abstract: Breast cancer is a complex and heterogeneous disease resulting from the accumulation of
genetic and epigenetic alterations in breast epithelial cells. Despite remarkable progress in diagnosis
and treatment, breast cancer continues to be the most prevalent cancer affecting women worldwide.
Recent research has uncovered a compelling link between breast cancer onset and the extracellular
environment enveloping tumor cells. The complex network of proteins secreted by cancer cells and
other cellular components within the tumor microenvironment has emerged as a critical player in
driving the disease’s metastatic properties. Specifically, the proteins released by the tumor cells
termed the secretome, can significantly influence the progression and metastasis of breast cancer.
The breast cancer cell secretome promotes tumorigenesis through its ability to modulate growth-
associated signaling pathways, reshaping the tumor microenvironment, supporting pre-metastatic
niche formation, and facilitating immunosurveillance evasion. Additionally, the secretome has been
shown to play a crucial role in drug resistance development, making it an attractive target for cancer
therapy. Understanding the intricate role of the cancer cell secretome in breast cancer progression
will provide new insights into the underlying mechanisms of this disease and aid in the development
of more innovative therapeutic interventions. Hence, this review provides a nuanced analysis of the
impact of the cancer cell secretome on breast cancer progression, elucidates the complex reciprocal
interaction with the components of the tumor microenvironment and highlights emerging therapeutic
opportunities for targeting the constituents of the secretome.

Keywords: metastasis; secretome; immune modulation; tumor microenvironment; drug resistance;
therapeutic targets; precision oncology

1. Introduction

Breast cancer is a disease that exhibits genetic and clinical heterogeneities with multiple
cellular origins, encompassing various subtypes [1]. Breast cancer is the most diagnosed
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and life-threatening malignancy in women and the leading cause of cancer death in women
worldwide [2]. According to GLOBOCAN 2020, the estimated prevalence of breast cancer
in both sexes and for all ages is 7.79 million in 5 years, ranking number one in incidence
at 2.26 million worldwide and fourth in the mortality rate [2]. In the United States, breast
cancer is the second most significant cause of death by cancer among women overall,
but ranks highest among Black and Hispanic women [3,4]. A localized breast cancer
incidence has a good prognosis, with a five-year survival rate of more than 80% [5]. Usually,
metastatic breast cancer is rare at initial diagnosis (around 6–7%). However, approximately
30% of patients diagnosed with early stages will eventually acquire recurrent or metastatic
breast cancer [5–7]. Cases of patients with recurrent breast cancer are often fatal; survival is
typically within five years of diagnosis [5].

Breast cancer has undergone several classifications over time, but the most used and
widely accepted classification system of breast cancer involves the assessment of the ex-
pression of estrogen (ER), progesterone (PR), and human epidermal growth factor 2 (HER2)
hormone receptors via immunohistochemical analysis. This renders breast cancer into four
main subtypes: luminal A, luminal B, HER2-enriched, and basal-like [8,9]. Luminal-like
breast cancer subtypes, characterized by ER and/or PR on the surface of breast cancer cells,
are the most common breast cancer [10,11]. Luminal breast cancers are generally considered
less aggressive than other breast cancer subtypes, such as the basal-like that do not express
hormone receptors. Between the two Luminal subtypes, Luminal A breast cancers are
less aggressive and have a better prognosis [12]. HER2-positive subtype overexpresses
HER2, which accounts for about 20–25% of all breast cancer. Basal-like or triple-negative
breast cancer (TNBC) lacks the above three key receptors. HER2 and TNBC tend to be
more aggressive than other breast cancer subtypes, and are associated with a higher risk
of recurrence and poorer prognosis if left untreated. Standard treatments for all subtypes
would be surgical resection, radiotherapy, and chemotherapy, whereas targeted and im-
munotherapy would be the options to treat the specific subtypes [13–15]. This classification
is, therefore, crucial to tailor specified treatment for the breast cancer patient. Recent thera-
peutic approaches have emerged, such as targeting metabolic pathways, immunotherapy,
conjugated antibodies, and vaccines [16]. Therefore, it is crucial to comprehend the onset
and course of breast cancer pathogenesis to create interventions that can improve cancer
patients’ health and well-being.

While there have been significant advances and breakthroughs in breast cancer re-
search, there is still much to learn about this disease. This is partly due to the complexity
and heterogeneity of the disease. In recent years, breast cancer’s onset and metastatic prop-
erties have been linked to the extracellular moieties surrounding the tumor cells [17–19].
This includes the proteins secreted by cancer cells and other cellular constituents within
the tumor microenvironment (TME). These secreted molecules released by tumor cells
(termed the secretome) could influence the therapeutic response and clinical outcome, such
as gaining resistance to cancer drugs and therapies, making its pathological evaluation
indispensable in cancer management. Therefore, this review aims to evaluate the functional
impacts of cancer cell secretome in the pathogenesis of breast cancer. While there have
been several reviews linking the secretome and breast cancer progression previously, this
review emphasized the recent findings, particularly on the protein molecules secreted in
the tumor microenvironment and the secretome’s interaction with major components of
the TME that contribute to the hallmarks of breast cancer. Last, the relevance of targeting
the components of breast cancer secretome is discussed.

2. The Topography of Breast Cancer Secretome

The secretome can be defined as both soluble and insoluble factors that are released
or secreted into the extracellular environment. These include chemokines, cytokines,
growth factors, coagulation factors, hormones, enzymes, glycoproteins, and nucleic acids.
These factors can be secreted as naked components or cargo in vesicular compartments,
such as extracellular vesicles (EVs). The latest human secretome atlas project highlighted
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that 2641 genes encode proteins predicted to be secreted in humans [20]. This number
observably varies on cellular perturbation and disease development. Studies have shown
that cancer cells, for example, have abnormal secretomes compared to their non-cancerous
counterparts and therefore have functional impacts on cancer development [21–23]. The
secretome is typically identified by high-throughput omics platforms, particularly protein
identification by mass-spectrometry-based analysis.

The most basic and extensively researched secretome type is the cancer cell-derived
conditioned medium (CM) of cancer cells grown in 2D or 3D culture [24]. Typically, serum
proteins and scaffold-free (formation of spheroids without hydrogels, laminin, collagen,
or ECM gel) are removed from the medium, and then culturing the cancer cells in serum-
starved media in a short period (24 or 48 h). The medium is collected and centrifuged to
remove apoptotic bodies, concentrated, and further subjected to secretome identification.
This method’s benefits include obtaining relatively large sample sizes and comparing data
quantitatively following cancer cell modification [25,26]. In an in vivo setting, on the other
hand, the cancer cell secretome, including breast cancer, can be isolated from the bodily
fluids of the cancer patient. Often time, for most cancer types, serum or plasma is the
primary source of secretomic studies.

In breast cancer patients, there are additional essential avenues to breast cancer re-
search in that several localities of the breast ductal/lobular system are enriched with the
secretome population. For example, the proteins can be secreted or shed by the tumor or
stromal cells into the tumor interstitial fluid (TIF). This fluid, which surrounds the stromal
and tumor cells, is thought to contain signaling constituents crucial for intercellular com-
munication and the growth of the tumor. To obtain this TIF, small fragments of fresh tumor
tissue are cultured in a buffered solution [27]. After centrifugation, the secretome will be
released into the supernatant [28]. In addition, the secretome fractions from nipple aspirate
fluid (NAF), pleural effusion (PE), stool, and ascites are other types of fluids that can be
analyzed and have been previously shown to contain cancer-specific proteins as compared
to the baseline patient. NAF extraction has been accomplished with varying success rates
by using either a breast pump, massage, warming of the breast or combinations of these
methods [29,30]. The release of NAF into the ducts could be enhanced by administering
nasal oxytocin, increasing the yield of NAF in breast cancer patients [31]. It is known that
breast cancer spreads into the pleural space via lymph vessels [32]. Hence, the PE sample
is withdrawn from this pleural space localized between the inside of the chest wall and the
outside of the lung via thoracentesis. Studies have shown that the gut microbiota induces
multiple pathways linked to breast tumor growth [33,34] through endogenous estrogen
regulation and systemic inflammation activation [33,35–37]. Therefore, stool samples are
subjected to secretome studies that are usually extracted using a fecal swab test kit. Malig-
nant ascites, a severe occurrence in cancer patients, are typically signs of late-stage cancer,
particularly in those with stage IV breast cancer. Paracentesis is used to drain ascites from
the abdominal cavity [38,39]. Overall, the breast components have the potential to add
another essential avenue to the efforts to advance breast cancer research.

3. The Crosstalk between Cancer Cell Secretome and the Tumor Microenvironment

The tissue secretome is markedly changed during cancer development compared to
normal tissue. The aberrant gene mutations in cancer cells cause high protein synthesis
and secretion demand. The increased secretion levels resulted in the alteration of critical
processes that augment tumor growth. The release of the secretome also could modulate the
cancer extracellular space, particularly the TME behavior. The TME is an ecosystem that in-
cludes a heterogenous group of invading and resident host cells within a body surrounding
the tumor [40]. TME composition is complex and varies according to tumor type.

Nevertheless, its hallmark features consist of cancer stem cells (CSC), immune cells,
extracellular matrix (ECM), blood vessels, and cancer-associated fibroblast (CAFs) [41,42].
In the early onset of cancer, reciprocal heterotypic paracrine signaling between tumor
cells and other TME components triggers a cascade of biochemical and biomechanical
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changes, leading to a dynamic interaction between TME components. The prerequisite of
malignancy for many solid cancers is the alteration of ECM. This involves the secretion
of ECM remodeling enzymes by newly transformed tumor cells to degrade the basement
membrane, which provides a conducive environment for tumor invasion.

During malignancy, the stroma will undergo alterations to incite growth, invasion,
and metastasis of cancer cells. These changes include CAF formation, which comprises a
significant portion of the reactive tissue stroma and is critical in regulating tumor progres-
sion. The rearrangement of TME components via dynamic and mutual crosstalk is thought
to drive tumor fitness and metastatic potentials [40,43,44]. The relationship between the
components of TME also imposes a varying degree of response to therapy and drug resis-
tance [45,46]. Most cancer types demonstrated fibrotic or rigid TME architecture [47,48].
Other TMEs have a more vascular microenvironment compacted with blood vessels [49,50].
The different architecture and variety of components of TMEs may also obscure the delivery
of drugs to reach cancer cells [51]. Here, the interplay of breast cancer secretome with
different members of TME is discussed.

3.1. Breast Cancer Cell Secretome and Stromal Components

Stromal cells are connective tissue cells found throughout the body in various organs
and tissues that provide structural support and regulate cell growth, differentiation, and
migration [52]. They are a diverse group of cells with different functions depending on
their location, which includes fibroblasts, adipocytes, and pericytes. Stromal cells are
essential in both normal tissue function and disease processes, with abnormalities in
their function implicated in various diseases such as cancer, fibrosis, and autoimmune
disorders [53,54]. The breast cancer stroma is a heterogeneous mixture of non-malignant
cells comprising endothelial cells, lymphatic vessels, infiltrating immune cells, adipocytes,
fibroblasts, and mesenchymal stem cells (MSCs) [55]. Breast cancer interacts bi-directionally
with stromal cells by secreting cytokines, growth factors, and other signaling molecules.
The interaction can either induce or inhibit stromal cells. Affected stromal cells then
trigger the secretion of paracrine factors that promote the growth and progression of
breast tumors, promoting epithelial-mesenchymal transition (EMT) and inducing invasive
capabilities [56,57]. The most abundant breast cancer stroma cell is CAFs. CAFs facilitate
several molecular interactions between the stroma and the breast cancer cells. For example,
cancer cells secrete TGF-β and exert a paracrine effect to induce the differentiation of
fibroblasts into CAFs [58]. As a result, CAFs secrete factors to promote angiogenesis and
growth [59,60]. CAFs have a more proliferative capability and are aggressive compared
to normal fibroblasts. CAFs are not always formed from the transformation of normal
fibroblasts in the TME. Still, they may come from tissues or progenitor cells, such as stellate
cells, bone marrow-derived fibrocytes, MSCs, adipocytes, pericytes, endothelial cells, and
smooth muscle cells [61]. CAFs can induce the degradation of nearby ECM by secreting
matrix metalloproteinases (MMPs) and urokinase-type plasminogen activators. At the
same time, CAFs secrete large amounts of type I, III, IV, and V collagen, fibrinolytic protein,
hyaluronic acid, and laminin to induce ECM remodeling. CAFs also secrete high amounts of
growth factors such as transforming growth factor beta (TGF-β), hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF) to
induce EMT activation, angiogenic shift, metastasis, and metabolic reprogramming [62–65].
CAFs promote aggressive phenotypes in breast cancer by inducing the EMT by TGF-β1
through paracrine signaling [66]. The secretion of IL-1β, IL-6, IL-8, SDF-1, and NFκB by
CAFs contributes to immune cell recruitment that may contribute to tumor progression,
cancer survival and drug resistance by creating a protective niche in the TME [67,68].

Another cellular element that makes up breast cancer TME is adipocytes. Recent
findings suggest that they promote the advancement of the tumor through a reciprocal
and constantly evolving interaction with the cancerous cells and TME [69,70]. For example,
breast cancer cells secrete pro-inflammatory cytokines such as IL-6 and tumor necrosis factor
(TNF-α) that can promote adipose tissue inflammation and disrupt normal adipose tissue
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function [71]. In addition, adipokines such as leptin, adiponectin, autotaxin, and resistin are
hormones produced by adipocytes that regulate metabolism and energy homeostasis [72].
In the TME, breast cancer cells can secrete adipokines such as adiponectin and leptin,
promoting tumor growth and invasion [73].

3.2. Breast Cancer Cell Secretome and Immune Modulation

Breast cancer cells can secrete various factors such as cytokines, chemokines, growth
factors, and EVs, which can modulate the immune response and promote tumor growth.
Studies have shown dynamic interaction between tumor cells and tumor-infiltrating in-
flammatory cells such as lymphocytes (TILs), plasma cells, dendritic cells, macrophages,
and neutrophils [74,75]. One of the mechanisms by which breast cancer cells modulate the
immune response is by secreting cytokines such as interleukin 6 (IL-6), which can activate
immune cells such as T cells, B cells, and macrophages [76,77]. IL-6 can also induce the
production of other cytokines, such as IL-10 and transforming growth factor-beta (TGF-β),
which can suppress the immune response and promote tumor growth [78,79]. Furthermore,
breast cancer can recruit tumor-infiltrating lymphocytes (TILs) that are particularly abun-
dant in ER and PR-negative or HER2-enriched cancers [80–83]. TILs in breast cancer are
primarily T cells, with very few B cells [84,85]. Different types of T cells have varying effects
on the TME. For example, CD8+ cytotoxic T cells kill tumor cells by secreting granzyme
and perforin, which is mediated by interferon γ (IFN-γ). Type 1 helper T cells are induced
by IFN-γ and IL-12 signals and activate antigen-presenting cells (APC) for effective CD8+
differentiation and progression [86,87]. Type 2 and type 17 helper T cells play more di-
verse roles in advancing breast cancer [88,89]. Follicular helper T cells perform critical
functions in antigen-specific B cell maturation, increasing local memory cell differentiation
and supporting the establishment of tertiary lymphoid organs, enhancing local anti-tumor
immune response [90,91]. Regulatory T cells are essential for homeostasis and tolerance
of the immune system. Their involvement in TME enhances immunosuppression via im-
munosuppressive cytokines (IL-10, TGF-β) and direct cell–cell contact suppression [92]. In
general, the existence of type 1 helper T cell response is associated with a better prognosis,
while regulatory T cells can aid in the progression of breast cancer [93,94]. B cells and T
cells can be seen in close proximity within the TME, notably at tertiary lymphoid structures,
and their presence is thought to have predictive value [85,95].

Dendritic cells are the most prominent APC that deliver antigens to T cells, including
tumor-derived antigens [96]. High dendritic cell infiltration in breast cancer is associated
with poor prognosis as it was shown to prevail metastasis via CXCR4/SDF-1 chemokine
axis [97]. However, a high subset of dendritic cells in TNBC is also associated with better
disease-free and disease-specific survival [98]. Tumor-associated macrophages (TAMs) are
tumors’ most common innate immune cells. An in vivo study on breast cancer bone metas-
tasis revealed that bone metastases were markedly inhibited by macrophage ablation [99].
Furthermore, it was discovered that IL4R-dependent monocyte-derived macrophages drive
bone metastases in breast cancer. Neutrophils are increasingly becoming identified as im-
mune cells that infiltrate tumors. IFN-γ and IFN-β exposure generates N1 pro-inflammatory
and anti-tumor of TAN, while TGF-β exposure induces N2 anti-inflammatory response
and pro-tumor TAN [100,101]. In breast cancer mouse models, TAN can inhibit CD8+
proliferation and promote the recruitment of immunosuppressive cells in TME, but its
effects in human patients are yet to be explored [102].

Breast cancer cells can also secrete EVs such as exosomes, which are small membrane-
bound vesicles involved in cell-to-cell communication. Exosomes encapsulate various
factors that can modulate the immune response and promote tumor growth. In breast
cancer, exosomes carry miRNAs as one of their cargos that can target genes involved in
immune regulation, suppressing the immune response and promoting tumor growth [103].
Exosomes can also carry proteins such as programmed death-ligand 1 (PD-L1), a checkpoint
inhibitor involved in immune evasion by tumor cells. PD-L1 can bind to PD-1 receptors on
T cells and suppress the immune response by inhibiting T cell activation and promoting
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T cell apoptosis [83,104]. This allows the cancer cells to evade the immune system and
proliferate uncontrollably.

3.3. Breast Cancer Cell Secretome and Metastasis

Tumor metastasis is a multi-step process comprising local invasion, intravasation,
migration through the lymphatics or arteries, extravasation, and colonization, giving rise
to metastases in distant organs [105]. Organ-specific colonization mainly depends on the
dynamic and mutual interrelationship between tumor cells and the distant/secondary
cells/organs secretome, as well as the components of TME [106]. Studies indicate that the
genetic alterations found in breast cancer cells that have spread to the bone marrow are
often different from those in primary tumors, and metastatic locations may be influenced by
multiple microenvironments and cellular and molecular processes [107]. Different cancer
types typically spread to multiple but preferred organ sites. Breast cancer, for example, has
its preferential metastatic sites, including bones, lungs, liver and brain (Figure 1) [108]. All
breast cancer subtypes can result in bone metastases, with the luminal A subtype posing a
higher risk for bone recurrence, and luminal B patients are more likely to experience bone
metastasis as the first site of relapse [109].

Figure 1. The summary of the signaling proteins that contribute to the site-specific metastasis in
breast cancer.

In contrast, the incidence of bone metastasis is higher in luminal subtype tumors
compared to other subtypes. Additionally, lung-specific metastasis is more common in
luminal B and basal-like subtypes, while liver metastasis is more frequently observed in
patients with HER2-enriched subtypes [109,110]. The basal-like subtype is more prone to
spread to distant lymph nodes, the brain, and the lungs than to the liver and bones [111].
Through a complex system involving interaction between the stromal components of the
primary tumors and organs, a pre-metastatic niche or a suitable microenvironment can be
created in secondary tissues or organs before the occurrence of metastases [112]. It was
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reported that mobilized tumor bone marrow-derived cells (BMDCs) influence creating a
favorable milieu for metastatic lung colonization [113]. The proteins secreted by the primary
tumor, VEGF, and placental growth factor (PIGF) affect the bone marrow mesenchymal stem
cells, causing the BMDCs to go to the preferred site for metastasis before the disseminated
tumor cells do. During the process of EMT, ZEB1/2, SNAIL, GOOSECOID, and FOXC2 are
upregulated, resulting in the loss of epithelial cell polarity and gap junction activities [62].
Breast cancer cells can alter the composition and organization of the ECM by secreting
enzymes such as matrix metalloproteinases, cathepsins, and plasminogen activators, which
break down ECM proteins and create space for tumor growth [114–116].

In contrast, during the mesenchymal-to-epithelial transition (MET), tumor cells re-
gain their epithelial properties and interact through juxtacrine signaling (Notch and Wnt
factors), colonizing the metastatic site. EMT significantly alters the dynamic environment
of TME, drawing stromal and immune cells from different tissues to the TME through
cytokines (such as TGF-β) and chemokines (such as CXCL2, CCL22, MMP, IL-6, and IL-8)
released by breast cancer cells. It is worth noting that different breast cancer subtypes are
involved in various pathways that mediate EMT and are regulated by diverse cell signaling
mechanisms [117].

Endothelial cells create a continuous barrier in most organs, including the brain, which
prevents cancer cells from freely entering. By establishing interactions with tumor cells via
L-or-P-selectin secreted by endothelial cells, platelets and white blood cells can assist tumor
cells in moving through the vasculature [118,119]. As a result, higher expression of selectin
ligands by tumor cells is strongly associated with metastatic progression and poor prognosis.
Moreover, TGF-β or small mother against decapentaplegic (SMAD) signaling pathway,
has been found to increase cancer cells’ retention in the lungs and give breast cancer cells
the ability to damage the capillary wall of the lung and develop lung metastases [120]. In
addition, target tissues where cancer cells can metastasize or migrate can secrete chemokines
that cause directed cell migration, trigger signaling cascades and keep track of cytoskeletal
rearrangement and adhesion [121].

3.4. Breast Cancer Cell Secretome-Mediated Chemoresistance and Recurrence

Breast cancer secretome-mediated chemoresistance is a complex process in which the
secretome can create a supportive microenvironment for cancer cell growth and survival,
leading to the development of drug resistance and, eventually, cancer recurrence. Post-
therapy, various cells present in the TME, including CSCs, immune cells, fibroblasts, and
endothelial cells, can be manipulated to promote tumor cell survival and relapse [122]. The
secretome can also promote the survival of residual cancer cells that survive initial therapy.
A common routine treatment for breast cancer patients with TNBC or high HER2 expression
would be the administration of chemotherapy drugs as a neoadjuvant or adjuvant to
surgery [123]. However, patients that relapsed with distant metastasis often develop
chemoresistance with poor prognosis [122,124]. The development of chemoresistance can
occur through two mechanisms, intrinsic or acquired resistance. Intrinsic resistance is
caused by either inherent genetic mutations and/or by the heterogeneity and the protein
interplay of the TME. In contrast, acquired resistance is by genetic modification, such
as DNA damage repair or rewiring of intracellular signaling pathways during or after
chemotherapy [51,125].

One of the key mechanisms of cancer cell secretome-mediated chemoresistance is the
activation of the signaling pathway for survival and drug resistance in cancer cells. For
example, cancer cells secrete IL-6 and TGF-β, which may encourage the expression of genes
through autocrine or paracrine signaling. This includes genes that help to detoxify drugs
(e.g., glutathione S-transferase P1 (GSTP1)), promote the activity of efflux pumps (e.g., mul-
tidrug resistance protein 1 (MDR1)), and regulate the effectiveness of chemotherapy to
activate (e.g., STAT3 and SMAD) [76,77]. Alteration of the TME can also promote drug
resistance. Secretion of ECM proteins such as collagen and fibronectin can create a dense
matrix that limits drug penetration, creating a barrier that prevents chemotherapy drugs
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from reaching cancer cells. They can also induce the formation of abnormal blood vessels
to further limit drug delivery [126]. Additionally, the breast cancer secretome components
can induce the NF-κB pathway, which promotes cell survival by transcribing anti-apoptotic
genes such as members of the B cell lymphoma 2 (Bcl-2) family and inhibitors of apoptosis
(IAPs), as well as inhibits caspase cleavage [127].

Furthermore, the communication that occurs through EVs is becoming increasingly
recognized as a significant factor in the development of chemoresistance in breast cancer.
EVs have been found to carry anti-apoptotic proteins, Hsp 70, c-IAPs, and survivin [128].
Drug efflux pumps can be transported from chemoresistance cancer cells through EVs,
either by directly packaging the functional protein or indirectly through encapsulation of
mRNA [129]. When captured by chemosensitive cancer cells, this can result in effective
drug efflux and subsequent chemoresistance. Findings indicate that EVs may also capture
chemotherapeutic drugs, which could help to reduce drug toxicity. For example, EVs
released by breast cancer cells are resistant to chemotherapy and can trap adriamycin [130].

4. Targeting the Breast Cancer Cell Secretome

Extensive studies of the breast cancer secretome have identified several potential
targets for new cancer therapies, including antibodies or small molecules that can block the
activity of specific proteins in the secretome [131,132]. In addition, analysis of the breast
cancer secretome may also be useful for developing new biomarkers that can help for early
detection and predict the likelihood of cancer recurrence or response to therapy. Therefore,
it is imperative to develop novel therapeutic approaches to target secreted factors that are
released into TME in order to prevent chemoresistance and relapse or enhance anti-tumor
immunity. Several approaches have been used to target unique secretomes or constituents
responsible for the secretion in breast cancer cells. For example, targeting the HER2 receptor
using the FDA-approved monoclonal antibody trastuzumab to block its signaling pathway
has been deemed efficacious for early and advanced breast cancer treatment [133]. Another
FDA-approved alternative with the HER2 inhibitor lapatinib led to changes in the breast
cancer cell secretome, promoting immune cell infiltration and activation [134,135]. The
study found that lapatinib treatment led to an increase in the secretion of chemokines, such
as CCL5 and CXCL10, that recruit immune cells, as well as an increase in the secretion of
cytokines that activate immune cells, such as IFN-γ and TNF-α.

Another approach in targeting secretome is using drugs that block specific molecules’
secretion rate, such as IL-6, to reduce breast cancer proliferation. In breast cancer, the IL-6
signaling axis is a promising therapeutic target since it promotes growth and invasion,
mediates the spread of metastatic capabilities, and is associated with poor prognosis [76,77].
Anti-IL-6 monoclonal antibodies such as sirukumab, olokizumab, MEDI5117, and clazak-
izumab have been used as inhibitors of the IL-6/JAK/STAT3 signaling pathway in various
cancers. Still, the FDA has yet to approve these drugs for breast cancer treatment [77].
Reports also show that the secretome can be induced by targeted therapy with kinase
inhibitors, resulting in significant alterations in the expressed secretome and enhanced
drug resistance [136]. However, the study was performed in melanoma and lung cancer
models, but the observation could be transferable to breast cancer.

Targeting the epidermal growth factor receptor (EGFR) inhibitor in breast cancer
with gefitinib was found to reduce the secretion of several proteins that promote tumor
angiogenesis and invasion, including vascular endothelial growth factor (VEGF) and
interleukin-8 (IL-8) [137]. The study also found that treatment with gefitinib increased the
tumor suppressor protein thrombospondin-1 (TSP-1) secretion, which can inhibit tumor
angiogenesis and promote apoptosis. Reports of other approved drugs targeting the
secretome or TME components are listed in Table 1:
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Table 1. Reports of drugs targeting the components of TME.

Drug Target Molecular Target Ref.

Bevacizumab Angiogenic factor VEGF [138]
Lapatinib Kinase inhibitor EGFR [139]

Ramucirumab Angiogenic factor VEGFR2 [140]
Pembrolizumab Immune checkpoint inhibitor PD-1 [141]

Anakinra Interleukin IL-1α, IL-1β [142]
Canakinumab Interleukin IL-1β [143]

Cetuximab Kinase inhibitor EGFR [144]
Nivolumab Immune checkpoint inhibitor PD-1 [145]

Atezolizumab Immune checkpoint inhibitor PD-L1 [146]

Breast cancer is a complex disease with a high recurrent rate. Drug combination
therapy and precision medicine have emerged as promising strategies for improving
treatment outcomes and reducing the risk of relapse [147–149]. The high relapse rate in
breast cancer is caused by acquired resistance, which suggests the need for combination
therapy [150]. Targeting one specialized microenvironment may lead to changes in other
TME-related pathways because TME comprises numerous cells that frequently overlap and
communicate. Therefore, a combination therapy targeting a specific microenvironment or
niche may improve cancer treatment. Drug combination therapy involves using two or
more drugs with different mechanisms of action to target multiple pathways involved in
tumor survival and growth. This approach can improve treatment outcomes by enhancing
the effectiveness of individual drugs, reducing the risk of drug resistance, and minimizing
toxicity. Common practice would be the combination of chemotherapy and targeted
therapy which has been shown to improve survival outcomes of patients compared to
chemotherapy alone. For example, curcuminoid, a phenolic compound that has been
utilized as a therapeutic agent in combination with chemotherapy, demonstrated enhanced
efficacy in terms of reduced adverse effects and improved life quality in patients with solid
tumors such as colorectal, gastric, and breast cancer in a phase II double-blind, randomized
study [151–154].

The precision medicine approach would be tailoring treatment to the individual based
on specific cancer characteristics, such as specific genetic mutations such as BRCA1/BRCA2
or the expression of specific biomarkers [155]. For example, the use of poly (ADP-ribose)
polymerase (PARP) inhibitors has shown promising results in patients with BRCA muta-
tions, which are associated with defects in DNA repair [156]. PARP inhibitors can block
an alternative DNA repair pathway in these patients, leading to breast cancer cell death.
In addition, emerging research suggests that combining precision medicine approaches
with drug combination therapy may improve treatment outcomes and reduce the risk of
relapse [157]. For example, combining a PARP inhibitor with a checkpoint inhibitor, pem-
brolizumab, enhances the immune system’s ability to target improved treatment outcomes
in patients with BRCA-mutated breast cancer [156].

Understanding the landscape of breast cancer cell secretomes is essential for develop-
ing new cancer therapies. By targeting specific proteins involved in cancer cell signaling,
researchers may be able to create more effective treatments that can slow or halt tumor
growth. In addition, understanding the breast cancer cell secretome may also lead to the
development of new diagnostic tools that can detect cancer earlier.

5. Conclusions

The field of breast cancer secretome research is currently undergoing a dynamic phase
of investigation as scientists are exploring novel methodologies and tools to unravel the
intricate mechanisms underlying breast cancer progression and metastasis. Recent advance-
ments in high-sensitivity and high-throughput technologies, such as mass spectrometry-
based proteomics/metabolomics, have revolutionized our ability to accurately identify and
quantify the complex array of proteins, lipids, and metabolites that comprise the breast
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cancer secretome. Leveraging these cutting-edge analytical tools, researchers can now
conduct a comprehensive and detailed analysis of the breast cancer secretome, enabling a
deeper understanding of the pathophysiological processes involved in cancer development
and progression. This could ultimately lead to the discovery of new therapeutic targets
and the development of more effective treatments for breast cancer.

Microenvironmental alterations contribute to tumor progression and are attractive
therapeutic targets, especially with metastatic breast cancer where outcomes are poor,
necessitating novel treatment approaches. One of the therapeutic approaches is to enhance
stromal-targeted therapy, but this requires careful clinical trial design, including neoadju-
vant therapy. Nevertheless, targeting the microenvironment is a promising approach that
could improve outcomes in breast cancer patients. It is evident that the role of secretome
contributes to the hallmarks of cancer and intersects with major cancer-related pathways, as
summarized in Figure 2. In addition, a recent study highlighted that genomic alterations in-
duce changes in the TME components by changing the landscape of cancer cell fitness [158].
These TME components had distinct enrichment blueprints among breast cancer subtypes,
with ER status exerting utmost influence, and some were associated with genomic profiles
indicative of immune escape. In addition, the TME components also assert a prognostic
impact on the clinical outcome of breast cancer patients.

Figure 2. The breast cancer secretome contributes to the hallmarks of cancer.

While targeting specific proteins in the breast cancer secretome can be effective, it is
essential to note that breast cancer is a complex disease requiring a multifaceted treatment
approach. Henceforth, should precision medicine approaches in the treatment of breast
cancer occur, the unique characteristics of each patient’s genomic alteration and cancer cell
secretome need to be considered. Therefore, continuous research into the breast cancer cell
secretome and the role of TME is required to understand breast cancer progression further
and develop new diagnostic and therapeutic strategies.
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Simple Summary: Breast cancer is the most frequently occurring cancer worldwide. With the
help of next-generation sequencing, the development of biomedical technologies and the use of
bioinformatics, it is now possible to identify specific molecular alterations in tumor cells, such as
homologous recombination deficiencies, enabling us to consider using DNA-damaging agents such
as platinum salts or PARP inhibitors. In this review, we summarize current knowledge on the
clinical utility of genomic tests evaluating homologous recombination repair deficiency for treatment
decisions in early and metastatic breast cancer.

Abstract: Breast cancer is the most frequently occurring cancer worldwide. With its increasing
incidence, it is a major public health problem, with many therapeutic challenges such as precision
medicine for personalized treatment. Thanks to next-generation sequencing (NGS), progress in
biomedical technologies, and the use of bioinformatics, it is now possible to identify specific molecular
alterations in tumor cells—such as homologous recombination deficiencies (HRD)—enabling us
to consider using DNA-damaging agents such as platinum salts or PARP inhibitors. Different
approaches currently exist to analyze impairment of the homologous recombination pathway, e.g., the
search for specific mutations in homologous recombination repair (HRR) genes, such as BRCA1/2; the
use of genomic scars or mutational signatures; or the development of functional tests. Nevertheless,
the role and value of these different tests in breast cancer treatment decisions remains to be clarified.
In this review, we summarize current knowledge on the clinical utility of genomic tests, evaluating
HRR deficiency for treatment decisions in early and metastatic breast cancer.

Keywords: breast cancer; early breast cancer; metastatic breast cancer; BRCA; NGS; HRD score;
homologous recombination deficiency; mutational signature; PARPi; platinum salts

1. Background

Breast cancer is the most frequently occurring cancer in the world, with increasing
incidence, and it is becoming a major public health problem [1]. It is therefore increasingly
important to identify tools that can guide physicians in their therapeutic choices, both at
the localized and metastatic stages. Among these tools, the evaluation of the homologous
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recombination (HR) process could prove to be of interest. Its clinical utility and its current
place in the breast cancer landscape are the subject of this review.

1.1. Repair of DNA Double-Strand Breaks and Homologous Recombination (HR) Deficiency

DNA double-strand breaks (DSBs) may be linked to physiological (e.g., during meiosis
or telomere erosions) and/or pathological mechanisms [2,3]. These pathological mecha-
nisms may be the consequence of replication accidents or may result from the action of
exogenous agents (such as radiotherapy or chemotherapy). If DSBs accumulate, the cell
becomes non-viable and dies. Various pathways are involved in DNA repair, when DSBs
arise [4].

First, non-homologous end joining (NHEJ) or micro-homologous end joining (AltEJ)
pathways are active throughout the cell cycle and enable rapid but error-prone repair [5].
The second important pathway, called “homologous recombination repair (HRR) pathway”,
is the only one able to repair double-stranded DNA lesions ad integrum. This pathway
involves several key proteins such as BRCA1 and BRCA2 but also many other actors such
as RAD50, RAD51, or PALB2. During this process of HR, DSBs are recognized by the MRN
complex (Mre11-Rad50-Nbs1), which transforms the double-stranded ends into single
strands [6]. These single strands are initially passively coated with an RPA protein, and
BRCA2 will replace RPA with the RAD51 protein [7]. The main steps and proteins involved
in this HR process are summarized in Figure 1.

Figure 1. Homologous recombination repair pathway (made with Biorender). Repair begins at DSB
sites by recruitment of ATM, which phosphorylates proteins such as BRCA1 in the case of HRR,
or 53BP1 for NHEJ. Focusing on the HRR pathway, activation of BRCA1, via BRCA2 and PALB2,
enables the transformation of DSBs into single-stranded DNA, to which the RPA proteins hybridize.
This step also involves the MRN complex. RAD51 will then replace the RPA proteins bound to
the single-stranded DNA, enabling the search for homology sequences, and involvement in strand
invasion. The last step consists of DNA synthesis, ligation, and resolution of the Holliday junctions.
IR: ionizing radiation, CT: chemotherapy, DSBs: DNA double-strand breaks, NHEJ: non-homologous
end joining, DNA: deoxyribonucleic acid.
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This pathway can be inactivated by numerous somatic events (mutations, deletions,
and methylation of the promoters of the genes involved), with or without associated
germline mutations in many solid tumors (breast, ovary, pancreas, prostate, and stomach
or lung tumors) [8]. Deficiency of the HR pathway represents a mechanism of oncoge-
nesis, increasing genetic instability, and promoting the activation of oncogenes and the
inactivation of tumor suppressor genes. This is known as homologous recombination
deficiency (HRD). As explained above, BRCA1 and 2 genes are considered to be tumor
suppressor genes, and their inactivation is responsible for a predisposition to breast or
ovarian cancer [9]. This HR deficit is frequently found in high grade ovarian cancers and
in breast cancers (BC). It is estimated that 70–80% of breast cancer patients with a BRCA1
or 2 mutation have a TNBC subtype, and that about 20% of TNBC have a BRCA1 or 2
mutation [10]. Approximately 10–36% of BCs that occur in BRCA1/2 mutation carriers
are estrogen-receptor (ER)-positive (ER+) [11]. Sometimes, the mutations found in this
pathway do not affect BRCA 1/2 but rather other genes involved, also leading to genomic
instability and to a “BRCAness or HRness phenotype” (such as RAD51C epimutations,
inactivation of PALB2, BRIP1, or BARD1) [12]. Mutations caused by malfunction of the HR
process occur in a specific pattern, or “signature”. This mutation profile in cancer DNA
thus appears to be a good way to identify breast cancers with a defect in HR DNA repair,
regardless of the underlying cause [13].

1.2. Homologous Recombination Deficiency: Therapeutic Interest

The deficiency of the homologous recombination pathway also represents an “Achilles
heel” of the tumor, with the development of molecules that take advantage of this inac-
tivation (PARP inhibitors and chemotherapy with platinum salts in particular) [14–16].
Indeed, these molecules are able to create numerous DSBs in the DNA, which can no
longer be repaired in cancer cells that are highly deficient in HR. The assessment of HRD
status and the therapeutic value of treatments affecting this pathway initially originated in
ovarian cancer.

Platinum salts are cytotoxic chemotherapies that induce binding of alkyl groups on
the purine bases of DNA, enabling the creation of mono- or bi-functional adducts and
intra- and/or inter-strand bridges [17,18]. The result is to halt the cell’s transcription and
replication processes. The HR pathway is required to repair platinum-induced double-
strand breaks, which explains the greater sensitivity of HRD tumors to this therapeutic
class. Thus, sensitivity to platinum salts could be considered indirectly as a possible clinical
marker of tumor HRD.

In cells with inactivating mutations of the BRCA1/2 genes, the HR pathway is deficient,
and survival of these tumors relies on one or more accessory repair pathways. Poly-(ADP-
ribose) polymerases (PARP) are enzymes that induce synthesis of a poly-ADP ribose
chain, acting as a signal to initiate repair in the base excision repair (BER) pathway. PARP
inhibitors (PARPi) are compounds that trap PARP on sites of DNA damage, leading to
replication fork stalling and to the generation of DSBs, resulting from unresolved SSBs [19].
Thus, this accumulation of DSBs that cannot be repaired in HR-deficient cells leads to
cell cycle arrest in G2/M and to apoptosis of the tumor cells. This phenomenon is now
well known as “synthetic lethality” [14,16,20,21]. Olaparib, a selective PARP-1 inhibitor,
was initially developed in advanced, high-grade, relapsing, platinum-sensitive ovarian
cancer [22]. In addition, while the first trials and registrations only concerned BRCA1
or 2 mutations, other trials have explored the extension of indications to tumors that are
BRCA1/2 wild-type (WT), but that are considered to harbor HRD.
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1.3. Tools to Assess Homologous Recombination Deficiency in Tumors

Given the therapeutic challenges of identifying platinum salt or PARPi-sensitive tu-
mors, a number of biological tools have been developed, primarily to detect BRCA-mutated
tumors, but also to identify HRD tumors outside the context of BRCA mutations [23,24].

The first approach being developed to this end is the search for mutations in HR
pathway genes [25]. Beyond germline BRCA mutations, there seems to be evidence of the
value of identifying somatic exclusive mutations, notably in prostate [26] and ovarian [27]
cancer. In breast cancer, the results of the TBCRC 048 study seem to confirm the potential
interest of identifying exclusive BRCA somatic mutations to predict response to PARPi [28].
The clinical and therapeutic relevance of the detection of mutations other than BRCA 1 or
2 seems to depend on the histological type of the cancer. For example, in the previously
mentioned TBCRC 048 study, germline mutations in PALB2 were also associated with
response to PARP inhibitors. The results seemed interesting for some, but not all of these
genes, raising the question of the panel of genes other than BRCA to study in each cancer.

An alternative method consists in the use of a genomic profile (or genomic signature)
that reflects HRD in tumor cells, regardless of its molecular origin [24,29]. Indeed, DNA-
based measures of genomic instability capturing large genomic aberrations (“genomic
scars”) resulting from HRD have been developed in recent years, and represent an alterna-
tive approach for identifying HR-deficient tumors. Three independent scores have been
developed: The Curie Institute developed a profile based on the number of chromosomal
status changes (or breaks), and more specifically, on breaks in large chromosomal regions
>10 Mb (Large-scale state transition, LST). This profile was initially identified in TNBC,
since Popova et al. showed that the number of LSTs was significantly associated with
BRCA1 inactivations in this tumor subtype [30]. Another team showed that an allelic
imbalance in subtelomeric regions (Telomeric Allelic Imbalance, TAI) was significantly
associated with platinum sensitivity in TNBC as well as in BRCA WT ovarian tumors [31].
BRCA1 or 2 mutated tumors were also more likely to develop loss of heterozygosity (LOH).
An overall measurement of allelic balance, with detection of large regions of LOH, which
seems to correlate well with the deficit of HR has been developed under the name of
“FoundationFocus CDx” [32]. This HRD-LOH profile is based on the detection of large
regions (>15 Mb) of heterozygosity loss, and enables the detection of BRCA mutations in
ovarian cancer.

Timms and colleagues subsequently demonstrated that the combined presence of LST,
TAI, and LOH across the genome seems to be of even greater value in predicting HRD status,
leading to the commercialization of a combined score called “myChoice HRD” (Myriad
genetics) [33]. The assay yields a “HRD score”, considered to be positive if the score is ≥42
(cutoff value validated in ovarian cancer). This score is currently the most widely used in the
world. Moreover, as in ovarian cancer, this combined score could help to predict sensitivity
to molecules that take advantage of the HR defect, such as platinum salts and PARPi [34].
However, it is important to note that these genomic profiles measure are established early
in tumorigenesis. This profile will therefore persist during tumor progression, leading
to the term “genomic scars”. Thus, the profile provides valuable information about the
initial HR status of the tumor, but not necessarily about the current status, especially at
advanced stages of disease. HRD status (from a functional point a view) can evolve over
time, with partial or complete restoration of HR pathway functionality, most often under
the therapeutic pressure of HRD-targeting agents, and secondary mutations restoring HR
function appear to be a mechanism of resistance [35,36].
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Other tools are also available to assess the HR status of a tumor. Following the analysis
of different mutations found in thousands of exomes from different tumors in the TCGA
(The Cancer Genome Atlas) or the ICGC (International Cancer Genome Consortium),
“mutational signatures” have been defined and referenced in the Catalogue of Somatic
Mutations In Cancer (COSMIC) [37]. These different mutational profiles are characteristic
patterns created on the cancer cell genome by each mutational process. Next-generation
sequencing was used to obtain the mutational spectrum of these tumors, leading to the
categorization into specific signatures [38]. In particular, signature 3 has been found to be
predominantly expressed in breast or ovarian cancers and linked to a defect in HR [38–40]
and response to platinum salts. However, all BRCA 1 or BRCA 2 pathogenic mutations do
not result in a single mutational signature: other signatures [41] also seem to be associated
with a deficit of HR, such as signature 8 for example [38,42,43]. Based on emerging
knowledge of these mutational signatures, different algorithms have been developed to
help define the HRD status of a given tumor, such as SignatureAnalyzer [44] or Signature
Multivariate Analysis (SigMA) [45].

Recent advances in sequencing technologies, with reduced overall costs, have prompted
the development of tools based on whole genome sequencing (WGS), such as the HRDetect
tool, which has been developed and presented as a predictive score of HRD. This score
combines different mutational signatures (incorporating COSMIC signatures 3, 5, and 8), as
well as other elements mentioned above such as microhomology-mediated deletions, TAI,
LOH, and LST. With this score, Davies et al. were able to detect BRCA deficiency (germline
and/or somatic) with a sensitivity of 99% in a cohort of 560 TNBC, and identified 47 tumors
with a functional BRCA deficiency without any mutation found [42]. Accordingly, the
number of tumors with HRD increased from 1–5% to 22%, leading to increasing numbers
of patients who could potentially benefit from platinum salts or PARPi.

As HRD tumors may evolve towards restoration of HRR and acquire resistance to
DNA-damaging agents, such tumors may be misclassified by genomic scar/signature-
based assays. Thus so-called “functional” tests have also been developed. These tests
dynamically evaluate the ability of tumor cells to perform the HR mechanism. For example,
it is possible to measure the nuclear accumulation of RAD 51 [46] and tumors classified
as RAD 51-low (by immunofluorescence [47] or immunohistochemistry [48]) would have
a functional HRD. The interest of this functional test has been evaluated in various can-
cers, including breast [49–51] and ovarian cancer [47,52,53], and may be a biomarker for
PARPi and/or platinum response. The most well-known test, the REcombination CAPacity
(RECAP test) [47,49], classified tumors in three HR groups (deficient, intermediate, or profi-
cient), depending on their RAD 51 score [54]. Despite some technical limitations [46,48,55],
these tests have the advantage of providing an assessment of the current HR status of
the tumor, to detect resistance acquired under therapeutic pressure, and to detect restora-
tion of homologous recombination in initially HRD tumors [56]. The RAD 51 test has
been retrospectively validated on cohorts from prospective clinical trials in ovarian [57],
prostate [58], and triple-negative breast [59] cancers but require further clinical validation
and standardization for routine use.

Clearly, it is important, especially in the field of breast cancer, to critically evaluate the
validity and clinical utility of these HRD tests (DNA-based and/or functional). The main
objective is to help to predict the sensitivity of tumors to DNA-damaging agents such as
PARPi inhibitors or platinum salts, both in localized and metastatic situations. Figure 2
summarizes the different assay strategies discussed in this last section.
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Figure 2. Homologous recombination deficiency (HRD) evaluation in breast cancer to predict
platinum salts or PARP inhibitors response (made with Biorender). HRR: Homologous recombination
repair, HRD: homologous recombination deficiency, DNA: deoxyribonucleic acid, LOH: loss of
heterozygosity, TAI: telomeric allelic imbalance, LST: large-scale state transitions, PARP: poly(ADP-
ribose) polymerase.

2. Early Breast Cancer (eBC)

Breast cancer represents nearly 30% of female cancers and patients harboring early
stage disease are treated with a view to cure [1]. Nowadays, preoperative treatment is
standard of care for a large proportion of early breast cancers enabling a down-staging
and the assessment of treatment responsiveness, which is critical to adapting the adjuvant
regimen. Evidence shows that pathologic complete response (pCR)—defined as the absence
of infiltrative tumor cells in the breast and axilla (ypT0/is ypN0)—is associated with better
outcomes, especially among the aforementioned aggressive subtypes [60]. Hence, achieving
pCR with a preoperative regimen in this setting has become one of the main objectives of
treatment in TNBC. Approximately 30–40% of TNBCs were shown to achieve pCR with a
neoadjuvant cytotoxic regimen containing anthracyclines and taxanes [60,61]. Moreover,
as previously mentioned, a majority of patients with BRCA 1/2 mutations harbor this
intrinsic subtype, and nearly a fifth of TNBC all-comers bear these mutations [10]. Given
the relationship between TNBC and BRCA 1/2 mutation, the use of additional therapies
that target HRD—such as platinum salts or PARPi—is an attractive approach to improve
the pathological response rate, and to achieve curative goals.

Here, we recap how evidence-based medicine has evolved in this setting, with the
emergence of genomic tests evaluating HRD, to assist clinicians in treatment decision-
making, and we review the clinical utility of these assays.

2.1. Platinum Salts and PARPi for BRCA-Mutated eBC

Firstly, the GEICAM/2006-03 trial [62] was the first randomized study to add platinum
salts to standard neoadjuvant chemotherapy (NAC) in TNBC, regardless of BRCA status.
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Of the 94 patients included, 49 received carboplatin in addition to an anthracycline-taxane
based regimen, but the results failed to demonstrate any benefit in terms of pathologic
response rate. A few years later, the CALG-B 40603 [63] phase II trial enrolled early TNBC
to assess the addition of carboplatin. In that study, Sikov et al. demonstrated that adding
carboplatin to standard chemotherapy increased the pCR rate, which was achieved in more
than half of patients (54% vs. 41%, p = 0.0029). However, additional carboplatin did not
result in any benefit in terms of event-free or overall survival benefit [63]. Considering these
data, there was a keen interest in refining the selection of patients who might benefit from
the addition of platinum salt in the neoadjuvant setting. Because of the centrality of BRCA
in the homologous recombination process, the role of platinum salts in BRCA-mutated
patients was studied first.

Byrski et al. assessed a single NAC regimen with cisplatin in a small cohort patients
only with gBRCA1 alteration, of whom 76.6% had the triple-negative subtype, achieving a
promising pCR rate of 61% [64]. Of note, although there was a small proportion of estrogen
receptor-positive (ER+) disease, 56% of them achieved ypT0/is ypN0 after single-platinum
chemotherapy. Based on these data, the same regimen was compared to the standard
doxorubicin-cyclophosphamide chemotherapy in the randomized phase II INFORM trial
(TBCRC 031) [65]. Here again, only gBRCA mutation carriers were enrolled. Unexpectedly,
only a few patients achieved complete response, 18% in the cisplatin arm and 26% in the
comparative arm (HR = 0.70, 90% CI [0.39; 1.2]). Results were similar in the TNBC and ER+
populations, although the number of ER+ patients was small. One hypothesis that may
explain these findings is that patients included in the INFORM trial had more advanced
stage disease than in the study by Byrski et al. Nevertheless, the results were subsequently
corroborated in large, phase III trials evaluating different NAC regimens in TNBC, such as
the GeparSixto [66] and BrighTNess [67] trials. These trials demonstrated higher pCR rates
for patients receiving carboplatin in addition to a standard anthracycline/taxane NAC back-
bone for TNBC in the whole population. In BrighTNess [67], 634 patients with TNBC were
enrolled, and the authors showed an increased pCR rate with the combination of platinum
and PARPi (veliparib) compared to standard chemotherapy (53% vs. 31%, p < 0.0001), but
not when compared to patients receiving only additional carboplatin, in whom a promising
58% pCR was achieved (p = 0.36). A post-hoc analysis confirmed that the benefit obtained
with carboplatin alone was significant (p < 0.001). While reinforcing NAC with platinum
offered a significantly improved pCR rate, it seems that veliparib addition did not yield any
benefit. Thus, since these results, the combination of carboplatin and paclitaxel has become
standard of care in NAC for TNBC all-comers. Interestingly, the odds of pCR were not
higher in patients with BRCA mutations receiving carboplatin, or carboplatin + veliparib,
when compared with matched non BRCA-mutated patients [68]. Later, the assumption that
patients harboring gBRCA mutation do not benefit from platinum addition, contrary to
BRCA WT patients, was confirmed in a meta-analysis encompassing more than 300 BRCA-
mutated patients [69]. These intriguing findings could be explained by the excellent results
obtained with standard chemotherapy (which already contains some DNA-damaging
agents such as alkylants or anthracyclines) in BRCA-mutated cases [66,67,70].

It therefore seemed essential to evaluate other potentially valuable drugs in these
BRCA-mutated patients with eBC. In particular, cumulating lines of evidence pointed to
PARPi activity in advanced ovarian, prostate, pancreatic, and breast cancers harboring
BRCA1/2 mutation [71–73]. Moreover, in the original phase II I-SPY-2 trial, Rugo et al. esti-
mated that a carboplatin-PARPi regimen on top of the standard anthracycline-taxane based
chemotherapy, had an estimated probability of pCR of 51% in TNBC [74]. Nevertheless,
with such a combination in the experimental arm, deciphering the effectiveness of each
drug alone remains problematic. Therefore, two neoadjuvant trials aimed to assess the
efficacy of a single PARPi regimen in the setting of gBRCA 1/2 mutation, and confirmed
substantial activity, with pCR rates reaching 49% and 40% with talazoparib [75] and nira-
parib [76] respectively. However, it should be mentioned that a significant proportion did
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not respond to PARPi monotherapy in these two studies, which means that this strategy
cannot currently constitute a standard treatment compared to NAC.

Later, Tutt et al. designed the OlympiA trial, to assess the efficacy of PARPi therapy
(olaparib for 1 year) in the adjuvant setting. This phase III study enrolled eBC with
gBRCA1/2 mutation carrying high-risk clinicopathological factors after definitive local
treatment and neoadjuvant or adjuvant chemotherapy [77]. Results were in favor of
olaparib in terms of invasive-free survival (HR = 0.58, 99.5% CI [0.41; 0.82]) which later
translated into a significant overall survival benefit (HR = 0.68, p = 0.009) [78]. Although
adjuvant capecitabine was not permitted in this trial (as in the CREATE-X trial [79]),
therefore precluding direct comparison, data in the metastatic setting may suggest that
olaparib is a better choice for gBRCA carriers harboring TNBC [80,81]. It is important to
note that this study also included ER+ tumors, which may also benefit from this treatment.
Accordingly, OlympiA is a practice-changing study that has demonstrated the clinical
utility of gBRCA testing in this high-risk population of eBC.

2.2. Targeting BRCAness in eBC beyond BRCA1/2 Mutations

Whole genome sequencing analyses from a Swedish database revealed that among
TNBC carriers harboring a high HRDetect mutational signature, 67% was explained by
germline/somatic BRCA1/2, as well as by other genomic/epigenic abnormalities (BRCA1
promoter hypermethylation, RAD 51C hypermethylation, or biallelic loss of PALB 2),
illustrating the existence of many alternative alterations that may lead to HRD tumor
status [42]. Patients with HRDetect-high tumors were also found to have a better invasive-
disease-free survival after adjuvant chemotherapy than those with HRDetect low tumors.

A number of authors have assessed the HRD score in the setting of early TNBC [29,33].
Three neoadjuvant trials reported that genomic instability, reflected by an HRD-score ≥ 42
or BRCA1/2 mutation significantly predicts pCR with NAC including platinum salts [29].
When restricted to the BRCA WT population, high-HRD score remains a predictor of
response to platinum salts, demonstrating that an assay evaluating genomic instability may
be able to identify a wider range of patients who might benefit from such a regimen, thus
offering critical information for treatment decision-making.

More recently, translational analyses from the phase II randomized TBCRC 030 study
comparing neoadjuvant cisplatin to paclitaxel chemotherapy, examined the role of HRD
biomarkers and their associations with response to NAC in this TNBC population [82].
The threshold of positivity of the HRD score to define tumors deficient for HR was found
to be 33 (and not 42). The results did not support an association between the presence of
HRD and better response to platinum. Results remained unchanged in exploratory analysis
using the more common threshold of ≥42 as a cut-off for HRD positivity.

Moreover, further exploratory analyses conducted in the BrighTNess trial, assessing
the prognostic and predictive value of HRD-score, showed that patients with HRD-high
tumors (with a cutoff value of either ≥42 or ≥33) had higher pCR rates, whatever the
neoadjuvant treatment received. Patients treated with additional carboplatin had higher
pCR, both in the HRD-high and HRD-low subgroups, and the odds of pCR were not
better in patients with HRD-high tumors receiving carboplatin, or carboplatin + veliparib,
compared to patients with HRD-low tumor [83]. Similar results were observed in the TNBC
population from the GeparSixto study; these authors found HRD-high scores in 70.5% of
TNBC, of whom 60.3% had high-HRD score without BRCA mutation [84]. Here again, HR
deficiency was an independent predictor of pCR, but did not predict carboplatin benefit.
Taken together, these results suggest that HR deficiency evaluated by HRD score may be a
predictor of response to NAC, but not of the benefit of carboplatin on top of standard NAC.
Therefore, this evidence does not support routine clinical use of this genomic assay in such
decision making.
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Later, assessment of genomic instability focusing on RAD 51 foci was undertaken in
the same GeparSixto trial [59]. RAD 51-low score, reflecting a functional HRD phenotype,
was closely concordant with genomic HRD-score, with 87% accuracy. As a HRD genomic
test, RAD 51 score is able to identify tumors without BRCA mutation harboring epigenetic
or other HR gene alterations that are supposed to sensitize them to DNA-damage therapy.
RAD 51-low tumors treated with carboplatin were more prone to achieve pCR, contrary
to RAD 51-high tumors. Furthermore, contrary to the HRD-score, the RAD 51 assay
independently predicts platinum benefit. These results support further development of
this assay to guide decisions about whether to add a carboplatin to standard NAC or not.

Rather than combining platinum salts with PARPi (as in the BrighTNess trial), the
GeparOLA study aimed to replace platinum with a PARPi in a HR-deficient population
(defined by high HRD score and/or germline or somatic BRCA1/2 mutation) [85]. Although
negative for its primary endpoint, this study reported better tolerance and a very promising
pCR rate with paclitaxel + olaparib (55%). Interestingly, subgroup analyses failed to show
any difference in pCR rates between olaparib and platinum in BRCA-mutated patients or
in BRCA WT HRD-high subgroups of patients [85].

PARP inhibitors have also been tested as monotherapy before chemotherapy in TNBC
in window of opportunity (WOO) trials. For example, the RIO study tested rucaparib
exposure for 2 weeks before surgery or NAC, with a drop in Ki67 on the end-of-treatment
biopsy as primary activity endpoint. HRD tumors were identified thanks to the HRDetect
tool, and there was no association between Ki67 decrease and BRCA mutation status, nor
was there any association with HRD-high status [86]. In the phase II PETREMAC study,
patients with TNBC received olaparib for 10 weeks before NAC, and 56% of patients
obtained an objective response. Interestingly, contrary to non-responders, most of the
responders harbored various genomic alterations potentially leading to HRD-high status,
other than gBRCA1/2 mutations (somatic or germline mutations of other genes involved
in HR and BRCA promoter methylation). Moreover, functional HR deficiency assessed by
low RAD 51 foci was also related to response to olaparib, contrary to BRCAness signature
obtained by multiplex ligation-dependent probe amplification (MLPA) [87]. This study is
in favor of the activity of PARPi in TNBC beyond gBRCA mutations alone.

In summary, neoadjuvant and adjuvant trials and studies that have assessed response
to DNA-damage therapy, according to the presence or absence of genomic instability in the
setting of early breast cancer are listed in Table 1.

All in all, while the identification of gBRCA1/2 mutation is no longer debated to
guide the prescription of adjuvant PARPi treatment (olaparib) for patients with clinico-
pathological factors of high recurrent risk, it currently remains difficult to integrate other
biomarkers of HRD into treatment decisions in routine clinical practice, especially when
deciding whether or not to prescribe platinum-based chemotherapy. Moreover, apart from
the fact that a deficiency in the HR pathway can help to predict the response to standard
NAC, many uncertainties remain in TNBC, and even more so in other subtypes—such
as ER+—which have not been widely studied [29,88,89]. Nevertheless, more and more
data are emerging regarding BRCA-mutated tumors and BRCAness, and perhaps in the
future, it will be possible to use these HRD biomarkers more easily to predict tumor sen-
sitivity to neoadjuvant or adjuvant DNA-damaging agents (PARPi and platinum salts).
Moreover, several ongoing phase III trials such as PEARLY (NCT02441933) and PART-
NER (NCT03150576) could be practice-changing, and may thus broaden the utilization of
genomic tests. This perspective raises an exciting challenge for medical oncologists and
oncogeneticists.
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3. Metastatic Breast Cancer (mBC)

In the metastatic setting, fewer data are currently available, especially for patients with
metastatic non-TNBC subtypes. Nevertheless, because quality of life is a major concern
in the metastatic setting, there is a compelling need for biomarkers that predict sensitivity
to drugs such as platinum salts or PARPi. Given that these drugs have a number of side
effects, such assays would be helpful to ensure that prescription is pertinent. As in the
localized setting, we distinguish BRCA mutations from mutations in other genes involved
in HR (BRCAness condition).

3.1. Platinum and PARPi in BRCA1/2-Mutated mBC

In 2012, Byrski et al. evaluated the efficacy of cisplatin chemotherapy in BRCA1
mutation carriers with mBC [93]. In the phase II study, only 20 patients were included:
9 of them had previously been treated for metastatic disease with at least two lines of
therapy; 30% were ER+/HER2− and 70% had TNBC. The overall response rate was 80%.
Overall survival was 80% at one year, 60% at two years, and 25% at three years, with a
median time to progression of 12 months. This study was one of the first to demonstrate
the value of platinum in advanced metastatic disease, in the presence of genomic instability
represented by the BRCA1 mutation. Several years later, the phase III TNT trial randomly
assigned patients with metastatic TNBC to either docetaxel or carboplatin in the first line of
treatment [94]. Results showed that carboplatin was associated with a significantly higher
overall response rate (68% vs. 33%, p = 0.03) and improved progression-free survival (6.8
vs. 4.4 months, p = 0.002) for the 43 gBRCA mutation carriers enrolled, in contrast to those
without BRCA mutation.

More recently, PARP inhibitors have also emerged in the treatment of mBC, primarily
in gBRCA-mutated patients. The OlympiAD trial was designed to compare the efficacy
and safety of olaparib versus the standard single-agent chemotherapy of the physician’s
choice among patients with HER2-negative mBC and a gBRCA1/2 mutation [80]. Ola-
parib monotherapy provided a significant benefit over standard therapy; median PFS was
2.8 months longer (7.0 months vs. 4.2 months; HR = 0.58; 95% CI, 0.43 to 0.80) and the
risk of disease progression or death was 42% lower with olaparib monotherapy than with
standard therapy. The response rate in the olaparib group was approximately twice that of
the standard-therapy group (59.9% vs. 28.8%). An exploratory analysis conducted in nearly
half of the overall study population showed strong concordance (99%) between gBRCA
and tBRCA mutation. PARPi efficacy was similar, irrespective of HRD score, suggesting
that there may be no need for additional tumor testing in case of gBRCA1/2 mutation in
the decision-making process [95]. In the phase II ABRAZO trial, talazoparib also showed
promising activity in two cohorts of patients with mBC and gBRCA1/2 mutation [96]. The
response rate was 21% among patients who had previously had response to platinum
chemotherapy. Then, in the phase III EMBRACA trial, patients with mBC and gBRCA1/2
mutation were assigned to receive talazoparib or a standard single-agent chemotherapy
of the physician’s choice [97]. The risk of disease progression or death was 46% lower
in the talazoparib group than in the standard-therapy group (HR = 0.54; 95% CI, 0.41 to
0.71), with a doubling of the response rate (62.6% in the talazoparib group vs. 27.2% in
the standard-therapy group). Moreover, clinical benefit obtained with these single PARPi
regimens was observed irrespective of gBRCA mutation type (gBRCA1 or gBRCA2) or BC
subtype (TNBC or ER+). The results of the two phase III trials (OlympiAD and EMBRACA)
led to the approval of olaparib and talazoparib for the treatment of mBC with gBRCA1/2
mutation, and international guidelines now recommend the systematic testing of patients
with ER+/HER2− or triple negative mBC, in order to enable early treatment of these
patients with PARPi during their metastatic history [98].
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Combining DNA-damage therapies was later assessed in BROCADE3, a randomized,
phase III trial that tested the association of veliparib with carboplatin and paclitaxel in
BRCA-mutated advanced breast cancer [99]. Patients were randomly assigned to carbo-
platin and paclitaxel plus veliparib (veliparib group) or carboplatin and paclitaxel plus
placebo (control group). Median PFS was 14.5 months in the veliparib group versus
12.6 months in the control group (HR = 0.71 [95% CI 0.57–0.88], p = 0.0016). The addition of
veliparib to a highly active platinum doublet—with continuation as monotherapy if the
doublet were discontinued—resulted in a significant and durable improvement in PFS in
patients with gBRCA-mutated advanced HER2-negative breast cancer. These data may
indicate the utility of combining platinum and PARP inhibitors in this BRCA-mutated
metastatic population, particularly as continuation therapy.

There is therefore a rationale for the use of platinum salts and PARP inhibitors in
gBRCA mutated patients early in the course of metastatic disease. However, in the vast
majority of these studies, HRD score was not evaluated. Thus, patients with potential
genomic instability without gBRCA mutation were not included.

3.2. Platinum and PARPi beyond BRCA-Mutated mBC

In mTNBC treated in first or second line with platinum monotherapy, the TBCRC 009
phase II trial evaluated the objective response rate (ORR) in 86 patients, according to their
BRCA and HRD status. In this study, Isakoff et al. reported a response rate of 25.6% in
the overall population, and a higher rate (54.5%) in patients with gBRCA1/2 mutations
(n = 11) [100]. In patients without BRCA1/2 mutation, exploratory analyses conducted
on 32 patients showed higher HRD features (high LST and LOH scores) in responding
patients. These pioneering data suggest that some HRD-derived biomarkers may help to
preferentially choose a platinum salt early in the disease course; As previously described,
beyond BRCA1/2 mutations, many other genomic and epigenetic alterations may explain
the inactivation of different HR components, leading to HRD in BRCA-proficient tumors
(so-called BRCAness phenotype). However, in the TNT trial, no benefit of carboplatin over
docetaxel was observed in mTNBC patients with BRCA 1 methylation, BRCA1 mRNA-low
tumors, or in patients whose tumor harbored other HRD features, such as a high HRD
score (by the Myriad assay) [94]. Indeed, a high HRD score was associated with an ORR of
44.7% with carboplatin versus 39.6% with docetaxel (p = 0.67). Similarly, no evidence of an
increase in median PFS was observed in high-HRD versus non-HRD tumors.

Using the aforementioned HRDetect assay (based on WGS), but in metastatic con-
ditions, Zhao et al. found that an elevated HRDetect score was significantly associated
with response to platinum-based chemotherapy in a small series of mBC patients [101].
Thus, although the TNT trial did not find any association between HRD score and response
to platinum, Zhao’s results re-open the debate in metastatic HRD-high BRCA proficient
patients, also regarding the best technique for assessing HRD (commercial tools or WGS).
These exploratory results will need to be confirmed in prospective trials.

Galland et al. evaluated response to platinum and survival in 86 patients with mBC
of any subtype (50% ER+) [102] and multi-treated (>60% had received three or more prior
lines of therapy). Using WES for the determination of the HRD score or the COSMIC
signature 3 expression, patients were classified into three groups: BRCA-mutated, BRCA
WT HRD-high (or S3 high), and BRCA WT HRD-low (or S3 low). As in Zhao’s study
mentioned above, Galland et al. were able to identify a subset of BRCA WT mBC harboring
high HRD scores (≥42) and a high S3 mutational signature, at levels comparable to those of
BRCA1/2 mutated tumors [101]. However, in this study, the mBC patients with high HRD
score or high S3 level did not seem to benefit more from platinum-based chemotherapy
than the others, in terms of response and/or PFS, regardless of BC molecular subtype and
HRD or S3 cut-off. This study was one of the first to look at subtypes other than TNBC
for the determination of HRD-associated genomic features. Indeed, these results were
also in accordance with recent publications conducted in a large cohort of BC patients
with WGS approaches, showing that HRDetect high scores were also observed in ER+
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tumors. Similarly, in a recent, large-scale genomic characterization of mBC, Bertucci et al.
reported both increased somatic genomic alterations in genes involved in HR pathway, and
more HRD features (e.g., increased S3 mutational signature) in mBC, as compared to eBC,
particularly in the ER+/HER2− subtype [103]. This highlights the need to look at subtypes
other than TNBC in the study of biomarkers of HRD and sensitivity to treatments such as
platinum salts.

Trials and studies that have already looked at mBC and response to platinum salts
and PARP inhibitors according to the presence of genomic instability are listed in Table 2.
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Despite the extensive development of PARP inhibitors, they are not currently autho-
rized for use in breast cancer outside of gBRCA mutations, despite the promising results
reported in these patients. For example, in the TBCRC 048 trial, PARPi were shown to
be effective in patients with gPALB2 or sBRCA1/2 mutations, significantly expanding the
potential target population of patients with BC likely to benefit from PARPi, other than
gBRCA1/2 mutation carriers [28]. The RUBY study also suggested that a small subset
of patients with high LOH scores without gBRCA1/2 mutation may benefit from PARP
inhibitors [106]. Recently, talazoparib demonstrated promising activity in 13 patients
pre-treated BRCA WT mBC harboring a HR mutation (11 ER+ and 2 TNBC) with overall
response and clinical benefit rates of 31% and 54%, respectively [107]. In this phase II
study, higher HRD score was correlated with better response, mainly driven by gPALB 2
carriers. These encouraging results open the way for PARPi treatment beyond gBRCA1/2
mutation. In part for these reasons, Keung et al. studied the inhibitory activity of PARPi
on various breast cancer cells, and demonstrated differential inhibitory activities inde-
pendently of the BRCA status [108]. These results suggest that the status of BRCA is not
the only biomarker of response to PARPi. However, many clinical trials recruit patients
based on their BRCA mutation status and do not incorporate HRD testing or BRCAness
phenotype. Furthermore, in order to expand the potential prescription of PARPi to BRCA
WT patients with genomic instability and to better identify patients likely to respond to
such treatments, efforts are under way to develop new technologies. McGrail et al. gen-
erated a novel predictive algorithm able to predict PARPi response in different cell lines
and patient-derived tumor cells [109]. This PARPi sensitivity signature could serve as
an important tool to identify patients without BRCA mutation, but with HR defects and
BRCAness phenotype. Through the integration of novel HRD biomarkers and scoring
systems, the identification of patient populations who may have therapeutic sensitivity
to PARPi may be an advantage in mBC. However, this will require confirmation in future
clinical trials and is not currently recommended.

Due to the increasing importance of immunotherapy (immune checkpoint inhibitors,
ICI) in oncology, there is increasing focus on the rationale for combining immunotherapy
and PARP inhibitors in BRCA-mutated tumors, but also in tumors with BRCAness as
proposed in the DOLAF study (NCT04053322). This study, which is currently recruiting,
aims to evaluate the efficacy of a combination of olaparib, durvalumab, and fulvestrant
for the treatment of patients with locally advanced or metastatic breast cancer with BRCA
mutation or alterations of genes involved in HRR. Concerning the rationale for adding
immunotherapy in case of HR deficiency, Mao et al. demonstrated that tumors with
an S3 mutational signature had high expression of certain checkpoint inhibitors of the
immune response, such as CTLA-4 or PD-L1 [110]. Teo et al. also suggested that mutations
in HR pathways may positively influence response to ICI [111]. Thus, the combination
of immunotherapy with PARPi appears attractive and has yielded encouraging initial
clinical results in BRCA-mutated tumors. The MEDIOLA trial assessed the efficacy of
olaparib in combination with durvalumab in patients with gBRCA-mutated mBC [105].
Patients with BRCA WT tumors were also included, as in the TOPACIO trial, where
the combination of niraparib and pembrolizumab provided promising antitumor activity,
irrespective of BRCA mutation, with ORRs of 25% and 45% respectively among the 60 BRCA
WT and 11 BRCA-mutated tumors [104]. The ORR observed in patients with BRCA-mutated
tumors was similar to that reported with olaparib monotherapy in the OlympiAD trial.
However, the median PFS of 8.3 months in these patients was nearly 3 months longer
than that observed for olaparib (5.6 months) or talazoparib (5.8 months) in patients with
gBRCA-mutated TNBC. The few good responses observed among BRCA WT patients raise
questions about the presence of other mutations in the homologous recombination pathway.
To further elucidate this issue, an ongoing trial (NCT03025035) evaluating the combination
of pembrolizumab plus olaparib will focus on this population by including BRCA WT
patients with HRD.
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In total, the identification of BRCAness status by mutations other than BRCA, or the
determination of HRD score, could provide benefit to a significant number of patients by
enabling the prescription of PARPi and the enrolment in therapeutic trials combining such
treatments with immunotherapy. This represents a major challenge for the future.

3.3. Limitations in the Use of HRD Biomarkers in the Metastatic Condition

The current lack of consensus highlights the need for further evaluation of the role of
HRD biomarkers, as well as the need for methodological optimization to properly ascertain
HRD high tumors. Furthermore, despite the optimization of HRD determination, it is
important to take into account that HRD status is likely to change during the course of
metastatic disease. This may contribute to the different results observed when studying
therapeutic response and survival according to HRD biomarkers in early or advanced
stages of metastatic disease.

First, the majority of patients treated in these studies received adjuvant treatment
with agents that cause DNA damage, engaging the homologous recombination system.
Ter Brugge et al. showed relevant resistance mechanisms to double-strand break DNA
drugs (e.g., cisplatin, melphalan, or olaparib) on a cohort of 75 mice carrying BRCA1-
deficient (mutated or promoter hypermethylation) breast tumors [112]. A number of BRCA
1-methylated tumors acquired therapy resistance via re-expression of BRCA 1 because of the
loss of BRCA1 promoter methylation. It is postulated that BRCA methylated tumors treated
with adjuvant or neoadjuvant chemotherapy could modify their genetic functionality
during treatment since they continue to express the alterations contributing to the HRD
score, but drive the tumors towards a soft BRCAness phenotype. An interesting example
comes from ovarian cancer, where BRCA mutation was found to be related to platinum
response, in contrast to tumors with hypermethylation of the BRCA promoter [113]. To
explore this phenomenon, a tumor biopsy was obtained before and after platinum treatment
and showed a reversal of BRCA 1 methylation in 31% of tumors [114,115]. The genome
evolves during the metastatic process and is correlated with an increase in the percentage
of genomic scars previously associated with HRD [103]. However, these biological tests,
based on the study of genomic scars, do not take into account the potential restoration of
functional homologous recombination (which is a resistance mechanism that can appear
under therapeutic pressure) [23]. Indeed, a genomic analysis conducted in a gBRCA1-
mutated patient who had poor response to a NAC platinum-containing regimen with early
metastatic relapse and death demonstrated the existence of a reverse BRCA 1 mutation
arising between the original breast tumor and the residual surgical tissue. This led to
restored BRCA 1 function that could have explained the chemoresistance [116]. Moreover,
BRCA status analysis performed at recurrence found the same mutation on metastatic tissue.
In addition, subgroup analyses performed in Olympia [77] for eBC, and in OlympiAD [80]
and EMBRACA [97] for mBC, suggest that PARPi may yield less benefit in patients pre-
treated with platinum. Altogether, these findings raise questions about the therapeutic
sequence with DNA-damage therapies that could give rise to resistance mechanisms,
especially when platinum salts are followed by PARPi. It would therefore be useful to
incorporate functional biomarkers, such as evaluation of RAD 51 foci, as a predictive
biomarker of functional HR. As previously described, RAD 51 nuclear foci is a surrogate
marker of HRR functionality. Cruz et al. reported that the detection of RAD 51 foci in
gBRCA tumors correlates with PARPi resistance, regardless of the underlying mechanism
restoring HRR function [46].

A further question is that of the tissue on which the assessment of homologous
recombination functionality is performed; namely, whether it should be on the primary
tumor or on metastasis. Indeed, there are biological differences that make it difficult
to extrapolate the analysis of homologous recombination from a localized situation to a
metastatic situation. These findings suggest that the HRD assay is promising in concept,
but whether it can be used to identify somatic or gBRCA WT patients who may benefit
from PARPi or platinum-based therapy remains to be determined.
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Lastly, because of the complexity of the homologous recombination phenomenon
and progress in knowledge about it, increasingly complex methods are being used to
develop tools and scores likely to predict the effectiveness of treatments targeting DNA.
For this reason, the application of WGS, including the HRDetect score for example, in
clinical practice is a controversial topic, given the financial costs. Indeed, it is necessary
to consider the large number of patients with breast cancer around the world. Moreover,
HRD status can vary during the history of a patient’s disease, so the question arises of
the best timing (localized/early stage metastatic/late stage metastatic), in order to limit
potential multiplication of these analyses, and consequently, the costs incurred. In the
same manner, acquisition and analysis of WGS-based data calls for large and complex
sequence analysis, requiring considerable bioinformatics expertise and associated with
technical issues. Altogether, obtaining a HRDetect score represents a limitation to daily
clinical practice at the present time. However, the steady drop in the cost of sequencing
could make more widespread use of WGS possible in years to come.

4. Conclusions

With the help of next-generation sequencing, the development of biomedical tech-
nologies and the use of bioinformatics, it is now possible to identify specific molecular
alterations, such as HR deficiencies, which make it possible to consider effective targeted
drugs. It appears that the clinical utility of genomic biomarkers assessing HRD in breast
cancer is more moderate than in ovarian cancer, with sometimes discordant results, as in
metastatic disease. Currently, only the identification of a germline mutation in the BRCA
1 or 2 gene guides the use of platinum salts (only in the metastatic setting) and PARP
inhibitors (both in the adjuvant and metastatic settings), with several clinical approvals
(olaparib, talazoparib). The value of mutations in other genes involved in the homologous
recombination pathway (e.g., RAD 51C, PALB 2, RAD 51D), genomic scar or mutational
signatures (e.g., HRD score, COSMIC signature 3, 8), or functional tests (RAD 51 foci)
in guiding the use of specific therapies remains debated. Nevertheless, there is growing
consensus that it is now possible to identify patients who respond to platinum salts or
PARPi using these different scores. For this reason, patients with a BRCAness profile need
to be included in greater numbers in future therapeutic trials, with stratification on HRD
status. Finally, aside from their potential clinical utility, integrating these scores into daily
practice may be challenging, since their routine use will require technical competence and
financial resources.
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Simple Summary: Radiation therapy is routinely prescribed for women who undergo breast-sparing
surgery for early breast cancers. Over the years, advancements in diagnosis and treatments have
dramatically improved breast cancer outcomes, now approaching 100% survival at 5 years for those
diagnosed at stage I with favorable clinical and molecular features. In this review, we discuss the
investigations that are underway to identify women with low-risk cancers in whom radiation therapy
can either be completely avoided or delivered in lower intensities. We also review ongoing clinical
trials that are assessing if radiation therapy can increase the capacity of patients’ anticancer immune
responses and discuss if cancer cells that are shed in the blood can guide radiation decisions.

Abstract: Adjuvant whole breast irradiation after breast-conserving surgery is a well-established
treatment standard for early invasive breast cancer. Screening, early diagnosis, refinement in surgical
techniques, the knowledge of new and specific molecular prognostic factors, and now the standard
use of more effective neo/adjuvant systemic therapies have proven instrumental in reducing the rates
of locoregional relapses. This underscores the need for reliably identifying women with such low-risk
disease burdens in whom elimination of radiation from the treatment plan would not compromise
oncological safety. This review summarizes the current evidence for radiation de-intensification
strategies and details ongoing prospective clinical trials investigating the omission of adjuvant whole
breast irradiation in molecularly defined low-risk breast cancers and related evidence supporting the
potential for radiation de-escalation in HER2+ and triple-negative clinical subtypes. Furthermore,
we discuss the current evidence for the de-escalation of regional nodal irradiation after neoadjuvant
chemotherapy. Finally, we also detail the current knowledge of the clinical value of stromal tumor-
infiltrating lymphocytes and liquid-based biomarkers as prognostic factors for locoregional relapse.

Keywords: breast cancer; breast-conserving surgery; radiation; de-escalation; biomarkers; prognosis

1. Introduction

Breast-conserving surgery consolidated with adjuvant radiation has been the well-
established standard of care for women diagnosed with early invasive breast cancer for
more than three decades [1–4]. The Early Breast Cancer Trialists’ Collaborative Group
patient-level meta-analysis of 17 randomized trials, including more than 10,000 women,
provides compelling evidence favoring adjuvant radiotherapy over no radiotherapy after
breast-conserving surgery for a 10-year absolute risk reduction of 15.7% for any recurrence
and a moderate absolute decrease in breast cancer mortality by 3.8% at 15 years [5]. Supple-
mentation with a tumor bed radiation boost further diminishes the relative risk of local
recurrence by 50% in high-risk patients [6]. Over the past several decades, screening, early
diagnosis, refinements in imaging, surgical techniques, pathological evaluation, improved
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understanding of tumor biology, and now the standard use of more effective neo/adjuvant
systemic therapies have contributed to a steady and substantial improvement in clinical
outcomes [7].

Modern radiotherapy techniques incorporating hypofractionation schedules have
improved quality of life, decreased hospital stay, and lessened side effects compared to
traditional radiotherapy modalities for early breast cancer [8,9]. Furthermore, despite a lack
of proven survival benefits in some instances, optimal locoregional control undoubtedly
contributes to improved quality of life [8].

Similar to systemic therapy decisions, radiotherapy should be evaluated using an
individualized approach to avoid over-treatment for early invasive breast cancer. This
need has prompted re-consideration of radiotherapy indications and has initiated investi-
gations to identify any subset of low-risk women with such a negligible burden of residual
locoregional disease risk following breast-conserving surgery who could be safely spared ra-
diation therapy. In particular, much attention has been focused lately on elderly early-stage
breast cancer patients with favorable prognostic factors [10].

Among these different studies, retrospectively analyzed data by Herskovic et al. has shown
an improvement in overall survival with adjuvant radiation in a cohort of >60,000 women >
65 years of age [11]. In contrast, a series of at least seven first-generation clinical trials were
conducted between 1981–1998 that evaluated rates for local recurrences and overall survival
after breast-conserving surgery with or without radiation. These trials limited the eligibility
criteria for patient enrollment to T1–2 node-negative cancers with microscopically clear resection
margin status. While no survival benefit was observed, a sufficiently low-risk group in terms
of local recurrence could not be identified, signifying the insufficient capacity of standard
clinicopathological factors alone in this regard [12]. This, perhaps, was also compounded by
less established standards for hormone receptor assessment and variability in the definition of
pathologically clear surgical margins at that time.

Among the second generation of relevant phase III clinical trials, noteworthy are the
Cancer and Leukemia Group B 9343 cooperative group (CALGB 9343) and the Postoperative
Radiotherapy in Minimum-risk Elderly (PRIME II) trials that exercised more stringent
eligibility criteria based on age at diagnosis (≥70 years and ≥65 years for CALGB 9343
and PRIME II, respectively) and favorable tumor characteristics. For the CALGB 9343
trial, at 10 years, 98% of women randomized to tamoxifen and radiation after breast-
conserving surgery, versus 90% of those in the tamoxifen-only arm, remained free from
local and regional relapses [13]. PRIME II yielded comparable results at 10 years, showing
an ipsilateral breast tumor recurrence rate of 0.9% with and 9.8% without radiation [14,15].
Even with this statistically significant improvement in the risk of locoregional relapses
with radiation in both these trials, no prominent impact was noted on survival. The
level I evidence thus generated led to a modification in the clinical practice guidelines
allowing radiation omission after breast-conserving surgery in women ≥ 70 years with
T1N0, hormone receptor-positive early breast cancers who are committed to complete
a 5-year course of endocrine therapy [16] as low compliance with endocrine therapy is
associated with poor locoregional control when radiation therapy is also being omitted
from the treatment plan [17].

Regardless of these recommendations, the use of radiation therapy has continued
among elderly women, the decision largely influenced by patients’ age and physicians’
preference [18,19]. Additionally, achieving higher locoregional control with radiation may
be the preferred choice of women to avoid the deterioration in quality of life and the
financial costs associated with locoregional recurrence, particularly in the presence of poor
prognostic factors such as grade 3 histology and positive surgical margins. It has also been
reported that elderly women may prefer to receive radiation therapy (that is delivered
over weeks) over adjuvant endocrine therapy (delivered over 5 years, with often poor
compliance outside clinical trial settings) [17].

Beyond the omission of adjuvant radiation in select indolent tumors in elderly patients,
de-intensification strategies have continued to evolve over the past two decades and have
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positively contributed towards patient convenience and compliance by reducing radiation
duration and toxicities without compromising oncological safety.

Despite its undeniable benefits, radiation therapy is linked with the risk of significant
morbidities. Radiation dermatitis is the most common early complication of adjuvant
radiation following breast-conserving surgery that, if severe, may potentially interrupt
the radiation schedule [20,21]. Furthermore, while the risk of acute radiation toxicity is
significantly lower with partial breast radiation compared to whole breast radiation, the
risk of delayed dermal toxicities, including telangiectasia, fat necrosis, and subcutaneous
fibrosis, has been shown to be increased in some studies [22]. Additionally, both early and
delayed arm lymphedema remains a debilitating morbidity occurring in every fifth breast
cancer survivor, negatively impacting their quality of life and associated with an increased
burden on the health care system [23]. In particular, regional radiation therapy is a risk
factor contributing to the development of late-onset lymphedema (>12 months) [24] and
cardiac and pulmonary complications [25]. However, at least with regard to cardiac toxicity,
the use of CT-based radiotherapy planning greatly mitigates this risk [26,27]. Lastly, despite
encouraging response rates to pre-operative radiation in early-stage breast cancer, wound-
related complications remain a major concern that has prompted further investigations to
optimize radiation doses and schedules [28].

In this review, we will summarize the recent advances in hypofractionated and accel-
erated partial breast irradiation and discuss the ongoing clinical trials that utilize existing
validated genomic classifiers and immunohistochemistry-based assays for risk categoriza-
tion and radiation omission in hormone receptor-positive early breast cancers. We will
also provide an overview of the recent literature supporting the potential for radiation
de-escalation in HER2-positive and triple-negative subtypes. Next, we will discuss clin-
ical trials underway for the de-escalation of regional nodal radiation after neoadjuvant
chemotherapy. Lastly, we will provide an update on current advances in the utilization
of immune biomarkers (specifically stromal lymphocytes) and liquid-biopsy-based ap-
proaches for prognostication of locoregional risk and prediction of radiation benefit.

2. De-Intensification of Radiation in Early Breast Cancer: Hypofractionation and
Accelerated Partial Breast Radiation

Until about a decade ago, the conventional dosage for whole breast irradiation, defined
as 45–50 Gy given in 25 fractions of 1.8–2.0 Gy once a day over 5 weeks, with or without a
tumor bed boost (suggested as 10 Gy in 4–5 fractions) had been the standard of care [29].
This extended duration of treatment has been associated with acute and late radiation-
induced toxicities, poor quality of life, low compliance, increased workload, and high
costs incurred by healthcare systems [30,31]. In addition, several factors, including patient
age, co-morbidities, income, ethnicity, education attainment, distance to the treatment
facility, and the availability of radiation oncologists, have been found to be associated with
disparities in the receipt of radiotherapy [32–35]. These barriers contribute to an increased
rate of mastectomy among women who might otherwise have chosen breast-conserving
surgery with adjuvant radiation [36].

Contrary to the aforementioned conventional radiation, in the hypofractionation
approach, a higher dose (>2 Gy) per fraction is delivered in fewer fractions over a shorter
duration, such that a lower overall total dose is delivered. The radiobiologic rationale for
hypofractionation is based on the concept of fractionation sensitivity (α/β therapeutic ratio)
such that if the fractionation sensitivity of the cancer cells is similar to the fractionation
sensitivity of irradiated normal cells, a higher dose per fraction can be delivered to achieve
tumoricidal effect while limiting toxicities to the normal breast [37].

High-quality, mature follow-up data from multiple phase III randomized clinical trials
have consistently demonstrated non-inferiority of moderate hypofractionated radiation
(40–42.5 Gy in 15–16 fractions of 2.6–2.7 Gy over 3 weeks) compared to conventional
whole breast irradiation, for improving locoregional control, overall survival, and cosmetic
outcomes while reducing normal tissue toxicities [38–41]. Based on the level I evidence
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generated from these clinical trials, guidelines recommend hypofractionation as the stan-
dard of care [29]. As a further radiation de-intensification strategy, more recently, the
5-year results from the FAST FORWARD trial have shown the non-inferiority of an ultra-
hypofractionation regimen (26 Gy in 5 fractions of 5.2 Gy over 1 week versus standard
hypofractionation of 40 Gy in 15 fractions over 3 weeks) for local control of the conserved
breast or chest wall without compromising normal breast tissue [42].

Given that most in-breast recurrences occur in the index quadrant [43], Accelerated
Partial Breast Irradiation (APBI) is an alternative approach to hypofractionation that deliv-
ers targeted radiation (>2 Gy) to the lumpectomy site (and the associated margin) over a
period of 2–5 days and has shown promising results for oncological safety and cosmetic out-
comes, while decreasing the treatment time to 2–5 days. Methods of APBI delivery include
single or multiple catheter brachytherapy [44–48], intraoperative radiotherapy [49–51], and
the use of external beam radiation therapy techniques such as three-dimensional conformal
radiation therapy [42,52–54] and intensity-modulated radiation therapy [55,56].

One caveat to the use of APBI is the careful selection of eligible patients. This is
particularly evident from the phase III NSABP B-39/RTOG 0413 trial, which was unable
to demonstrate non-inferiority of APBI compared to whole breast irradiation with regard
to the ipsilateral breast tumor recurrence rate. This is likely because the trial included a
heterogenous population comprising low-risk as well as high-risk patients with features
such as age < 40, invasive lobular carcinomas, multifocality, tumor size > 2 cm, 1–3 positive
lymph nodes, or hormone receptor-negative status [57]. However, the absolute difference
(1%) in ipsilateral breast tumor recurrence was found to be small and potentially acceptable
to some patients.

Variations in APBI fraction size, delivery methods, and radiation schedules are associ-
ated with different cosmesis and tissue toxicity results. On the one hand, ABPI (compared
to whole breast irradiation) has shown comparable or improved cosmetic outcomes and
toxicity profiles [58–61], while on the other hand, some trials have shown contrary results.
For example, in the OCOG-RAPID trial, compared to whole breast irradiation, APBI deliv-
ered via three-dimensional conformal radiation therapy as 38.5 Gy in 10 fractions twice per
day over 5–8 days was associated with a higher rate of delayed radiation toxicity and poor
cosmesis [53]. The authors noted that this could be the result of short dosing intervals (daily
doses separated by 6–8 h) and that the worse cosmesis could be potentially circumvented by
a once-daily dosing regimen. Likewise, the physician reported cosmetic outcomes at 3 years
were inferior with APBI compared to whole breast irradiation in NSABP B-39/RTOG 0413,
which used a similar fractionation schedule [57].

Intraoperative radiotherapy that delivers a single fraction with electrons or soft X-rays
intraoperatively immediately after tumor resection is yet another strategy to decrease
the radiotherapy time and has been evaluated in two randomized controlled trials. The
European Institute of Oncology’s ELIOT trial showed increased local and regional relapse
rates associated with intraoperative radiotherapy compared to conventional whole breast
radiation at a median follow-up of 12.4 years (11% versus 2%), despite there being no
significant difference in the overall survival rate between the two groups. The exploratory
analysis identified several factors associated with a significantly increased risk of ipsilateral
breast tumor recurrence: tumor size > 2 cm, grade 3,≥4 positive axillary nodes, Ki-67 > 20%,
and luminal B or triple-negative clinical subtype [51]. However, intraoperative radiotherapy
as administered in ELIOT may still be an appropriate option for a subset of patients with
extremely favorable tumor biology (well-differentiated luminal A cancers < 1 cm in size
with Ki-67 < 14%) who experienced a 10-year ipsilateral breast tumor recurrence rate of
<1.3% [51]. The second phase III TARGIT-IORT trial found intraoperative radiotherapy to
be non-inferior to whole breast radiation in terms of five-year oncological outcomes. In
particular, one stratum of the trial was designed to include a risk-adapted approach whereby
patients receiving intraoperative radiotherapy, if found to have high-risk features on final
pathology, would then receive standard whole breast radiation post-operatively; in those
cases, the intraoperative dose was considered as a tumor bed boost [62]. Further detailed
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analyses have shown the oncological safety of the TARGIT-IORT risk-adapted approach
in all relevant subgroups stratified by breast cancer subtype, nodal involvement, tumor
size, and grade. Intriguingly, the results also suggest that contrary to standard whole breast
radiation, local failures occurring in the TARGIT-IOTR arm are not necessarily associated
with poor survival. While the biological mechanisms are not completely understood,
this effect could be partly explained by an abscopal effect of intraoperative radiotherapy
delivered to a well-vascularized tumor bed [63]. Of note, in the second TARGIT stratum,
delayed intraoperative radiotherapy delivered at a median of 37 days at a second surgery
failed to demonstrate non-inferiority to standard whole breast irradiation [64]. Although
the TARGIT-IORT procedure has been incorporated into clinical practice globally [65], by
and large, the intraoperative radiotherapy approach is still regarded as investigational until
mature, long-term data becomes available [66,67].

A recently published meta-analysis of 15 clinical trials, including more than 16,000 pa-
tients, compared partial breast radiation with whole breast radiation and reported the rates
of any ipsilateral breast tumor recurrences as the primary outcome measure. Collectively,
partial breast radiation was associated with a higher risk of ipsilateral breast recurrences
compared to whole breast radiation (5% versus 2.8%). Of note, after excluding intraopera-
tive radiotherapy trials, the rates of ipsilateral recurrences were 3.3% with partial breast
radiation versus 2.6% with whole breast radiation. Another noteworthy observation from
this meta-analysis is the higher rate of elsewhere recurrence in the ipsilateral breast with
partial breast radiation compared to whole breast radiation. The rates for true/marginal
recurrence were, however, comparable between the two treatment modalities. Despite the
advantage over whole breast radiation in limiting the risk of acute toxicities, overall partial
breast radiation yielded inferior effectiveness [68]. However, these results varied with the
delivery techniques such that multi-catheter brachytherapy and external beam radiation
approaches with CT planning were associated with higher oncological safety compared to
the intraoperative approach.

3. Ongoing Clinical Trials for Guiding Adjuvant Radiation Omission Decisions in
Women with Hormone Receptor-Positive Early-Stage Breast Cancers

The clinical utility of validated genomic and immunohistochemistry-based biomarkers
for guiding adjuvant radiation omission decisions following breast-conserving surgery in
favorable risk invasive breast cancers is under intense prospective investigation (Table 1).
The common theme of these third-generation clinical trials is to combine clinical factors
with some type of molecular risk assay to identify a low-risk group whose prognosis is so
good, at least in the context of adequate endocrine therapy, that radiation could not provide
significant additional benefit.
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Amongst these trials, the prespecified 5-year interim analysis of the LUMINA prospective
trial was the first to be presented at the 2022 American Society of Clinical Oncology meeting [69].
Briefly, LUMINA is a multicentre, single-arm prospective cohort study investigating the clinical
value of clinicopathological characteristics together with Ki-67 immunohistochemistry-based
phenotyping for identifying women≥ 55 years with sufficiently low-risk molecularly defined
T1N0 luminal A breast cancers (ER≥ 1%, PR > 20%, HER2 negative, and Ki-67≤ 13.25%) who
can be adequately treated with breast-conserving surgery and endocrine therapy alone without
compromising oncological outcomes. The primary endpoint is the ipsilateral local recurrence
of any invasive or non-invasive breast cancer. Amongst the 501 enrolled patients, the reported
5-year local recurrence rate of 2.3% (90% CI 1.3–3.8) was well below the prespecified boundary of
significance (5%), making this a positive study. Moreover, the 5-year rates for contralateral breast
cancer, relapse-free, disease-free, and overall survival are 1.9% (90% CI 1.1–3.2), 97.3% (90% CI
95.9–98.4), 89.9% (90% CI 87.5–92.2) and 97.2% (90% CI 95.9–98.4), respectively. While the full
analysis is awaited, these 5-year results do provide prospective data supporting the safe omission
of adjuvant whole breast radiation in precisely selected luminal A breast cancers with a low Ki-67
index (≤13.25%), quantified using a standardized, validated, decentralized IHC assay [77].

PRECISION (Profiling Early Breast Cancer for Radiotherapy Omission) is a phase
II, single-arm prospective cohort study led by the Dana-Faber Cancer Institute that aims
to evaluate the 5-year risk of ipsilateral locoregional recurrence following upfront breast-
conserving surgery without whole breast radiation. Enrollment criteria comprise women
aged 50–75 years with ER+/PR+/HER2−, pT1N0M0, grade 1–2 invasive breast cancers.
The tumors from the eligible patients are subjected to central PAM50 transcriptional profil-
ing using the Prosigna assay. Only women whose tumors yield a low risk of Recurrence
(ROR) score corresponding to the luminal A subtype qualify to forego radiation to the
conserved breast and are offered 5 years of endocrine therapy only [70,78]. At a median
follow-up of 26.9 months, 12 events have been recorded among 382 women with a ROR
≤ 40 (4, ipsilateral in-breast recurrences; 7, contralateral breast cancers; and 1, unrelated
melanoma). No regional-nodal or distant recurrences have been reported thus far. The
2-year cumulative rate of locoregional recurrence is 0.3% (95% CI: 0–1.0%) [79].

IDEA (Individualized Decisions for Endocrine Therapy Alone) is an American, multi-
centre, single-arm prospective cohort study headed by the University of Michigan Rogel
Cancer Centre, enrolling postmenopausal women (50–69 years) with ER+/PR+/HER2−,
unifocal, pT1N0M0 breast cancer. This study aims to determine if 5-year locoregional
relapse risk remains sufficiently low after breast-conserving surgery and 5 years of en-
docrine therapy (tamoxifen or aromatase inhibitor) when radiation therapy is withheld
from the treatment plan. The characterization of genomically low-risk tumors is based on
an Oncotype Dx recurrence score ≤ 18 [71].

PRIMETIME is a multicentre UK-based prospective case-cohort study that is evaluat-
ing if adjuvant radiation can be safely avoided in very low-risk women≤ 60 years surgically
treated with breast conservation followed by standard endocrine therapy. The study’s
inclusion criteria with regards to clinicopathological tumor characteristics are similar to
the PRECISION trial, but the molecular risk eligibility will incorporate the very low-risk
category assessed using a validated immunohistochemistry-based prognostic algorithm
called IHC4+Clinical (IHC4+C). This recurrence probability score combines the protein
expression of triple receptors and Ki-67, along with a Clinical Treatment Score (age, tumor
size, nodal status, tumor grade, and endocrine treatment: tamoxifen versus anastrozole)
to stratify the residual disease risk into four categories: very low, low, intermediate and
high [80,81]. Women whose tumors classify as very low risk qualify for enrollment in
PRIMETIME. The primary endpoint is 5-year ipsilateral breast tumor recurrence [72].

De-escalation of Breast Radiation (DEBRA-NRG BR007) is an NRG Oncology-sponsored,
multicentre phase III clinical trial that is investigating whether breast-conserving surgery
followed by endocrine therapy is non-inferior to breast-conserving surgery followed by
endocrine therapy and standard whole breast irradiation. Eligibility criteria include patients
aged 50–70 years who are diagnosed with unicentric ER+/PR+/HER2− pT1N0 breast cancer
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that are also genomically characterized as low-risk by an Oncotype Dx Recurrence Score of
≤ 18. The primary endpoint is invasive or non-invasive in-breast tumor recurrence. The
trial is currently recruiting and will accrue 1714 patients enabling a final randomization
cohort of 1670 patients (835 per arm). As of 30 June 2022, 169 patients had been screened and
147 randomized [73,82].

The EXPERT trial (EXamining PErsonalised Radiation Therapy for low-risk early
breast cancer) is an initiative of Breast Cancer Trials in Australia and New Zealand that
also uses PAM50/Prosigna for molecular risk stratification. EXPERT is a randomized phase
III trial of adjuvant radiation versus observation, following breast-conserving surgery and
endocrine therapy for molecularly defined luminal A breast cancer with a low ROR score
(≤60) amongst pre or postmenopausal women ≥ 50 years. The clinicopathological factors
deemed necessary for inclusion are similar to the PRECISION trial. The primary endpoint
is local recurrence at 10 years [74].

The DBCG-RT Natural trial, sponsored by the Danish Breast Cancer Cooperative
Group, is a non-inferiority phase III clinical trial designed to compare the 5-year risk of local
recurrence between partial breast irradiation versus no irradiation among women ≥60 years
with unifocal, pT1N0M0, ER+/HER2− invasive ductal carcinomas treated with breast-
conserving surgery. This is the only radiation de-escalation trial in which low-risk patient
selection is ascertained purely by traditional clinicopathological features [75].

While the above studies are specifically designed for evaluating the safety of omit-
ting whole breast radiation in stage I node-negative breast cancers, the Canadian Cancer
Trials Group MA.39 TAILOR RT is a phase III biomarker-directed randomized trial de-
signed to test the non-inferiority of omitting regional nodal irradiation versus regional
lymph node irradiation post-lumpectomy and omitting locoregional radiotherapy to the
chest wall and regional nodes versus locoregional radiotherapy following mastectomy in
women ≥ 35 years. All patients will receive endocrine therapy. The eligibility criteria in-
clude ER+, HER2− breast cancers with 1–3 positive axillary lymph nodes, and an Oncotype
DX Recurrence score ≤ 25. The primary endpoint will measure any recurrence or death
due to breast cancer [76].

4. Evidence for Radiation De-Escalation in HER2-Positive and Triple-Negative Breast Cancers

4.1. HER2+ Early Breast Cancer

About 15–20% of women are diagnosed with HER2+ early breast cancers. The Early
Breast Cancer Trialists’ Collaborative Group’s patient-level meta-analysis of seven ran-
domized clinical trials, including 13,864 women, has confirmed the benefit of adjuvant
trastuzumab to chemotherapy in reducing the risk of any invasive breast cancer recurrence
and breast cancer-specific mortality by a third in operable breast cancers regardless of the
nodal status. In addition, the risk of the first isolated local recurrence was also reduced
significantly with trastuzumab treatment [83].

While currently there are no completed clinical trials of radiation omission in HER2+
breast cancer, some insights are gained from observational studies that highlight the value
of HER2-targeted therapies in achieving good locoregional control. For instance, Bazan
et al. performed a retrospective analysis using the National Cancer Database and identified
a cohort of T1N0 HER2+ patients treated with breast conservation, adjuvant chemotherapy,
and HER2-targeted therapies. Of these, 6388 patients were treated with adjuvant radia-
tion, while 509 were radiation naïve. Patients in the radiation naïve group experienced
a significantly inferior 2-year overall survival compared to those who received adjuvant
radiation (88.9% versus 99.2%, respectively). The study has several limitations, including a
lack of information on locoregional relapses or cancer-specific survival, short follow-up,
and, importantly, non-compliance with systemic therapies that may have contributed to an
exaggerated poor overall survival in the radiation naïve group [84].

Some recent trials have investigated the de-intensification of chemotherapies and
HER2-targeted therapies in early-stage HER2+ breast cancer, where all patients received
radiation as per standard protocol. Encouraging results of these trials highlight the effective-
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ness of chemotherapies and HER2-targeted therapies for improving the clinical outcomes,
including lowering the risk of locoregional relapses. Amongst these, the single-arm, multi-
centre phase II Adjuvant Paclitaxel and Trastuzumab (APT) trial included patients with
T1–2N0–N1mic HER2+ breast cancer treated with upfront surgery followed by radiation
therapy (for breast-conserving surgery only). All patients received adjuvant paclitaxel with
trastuzumab for 12 weeks, followed by the continuation of trastuzumab for 1 year [85,86].
Only 5 of the 406 patients developed locoregional recurrences, resulting in an impres-
sive 7-year locoregional recurrence-free survival (with radiotherapy) of 98.6% (95% CI
97.4–99.8%) [87].

The phase II ATEMPT trial randomized women with HER2+ T1–2N0–N1mic breast
cancer to adjuvant trastuzumab emtansine (T-DM1) versus paclitaxel plus trastuzumab
to investigate if the two treatments had comparable efficacy and toxicity profile [88]. A
subsequent retrospective-prospective analysis reported at 3 years showed an extremely low
rate of isolated local recurrences such that only 2 events were recorded in the group treated
with T-DM1 (n = 383) and 4 in the paclitaxel plus trastuzumab arm (n = 114), though it
should be noted that the inclusion criteria specified that participants who underwent breast-
conserving surgery were required to receive radiation therapy and those who underwent
mastectomy were permitted to receive radiation therapy to the chest wall and regional
lymph nodes [89]. In the KATHERINE trial, high-risk HER2+ breast cancer patients with
residual invasive disease following neoadjuvant chemotherapy and HER2-targeted therapy
were randomized to adjuvant T-DM1 versus trastuzumab. Patients received adjuvant
radiation therapy as per participating institutional guidelines. The trial yielded positive
results showing an impressive 50% relative reduction in the risk of invasive recurrence
or mortality favoring the use of T-DM1 [90], leading to subsequent FDA approval [91,92].
Overall, a very low rate of locoregional recurrences was recorded in both the treatment
arms (trastuzumab group, n = 743: 4.6%; T-DM1 group, n = 743: 1.1%) in patients who were
HER2+ in pre-treatment biopsies but tested negative on the residual disease biopsy [93].
Albeit long-term follow-up from these trials is warranted, the substantially low risk of
locoregional relapses is indeed encouraging and may pave the way for future clinical trials
investigating radiotherapy de-escalation strategies in stringently selected low-risk early-
stage HER2+ breast cancers. In this trial, neither radiation modalities nor the sequence of
integration of systemic treatment with radiotherapy are specified. This information could
be potentially relevant in future clinical trials.

Considering these encouraging observations, NRG BR008 (HERO) is a phase III ran-
domized clinical trial expected to launch in the first quarter of 2023 that will include women
≥ 40 years diagnosed with early-stage, low-risk HER2-positive invasive breast cancer (those
with pT1N0 receiving chemotherapy or those with clinically < 3 cm node-negative cancer
achieving pathological complete responses with neoadjuvant chemotherapy and HER2-
targeted therapies). The primary endpoint of the trial is recurrence-free interval amongst
all patients surgically treated with breast-conserving surgery and randomized to adjuvant
radiation versus no radiation. In addition, relevant oncological outcomes, including ip-
silateral breast cancer recurrence, locoregional recurrence, disease-free survival, overall
survival, and patient-reported outcomes for pain and fear of recurrence, will comprise
secondary objectives [94].

4.2. Node-Negative Early-Stage Triple-Negative Breast Cancers

TNBC is a remarkably heterogenous disease entity [95]. Nevertheless, significant
progress has recently been made in expanding therapeutic opportunities for both early and
advanced stage disease [96,97]. Historically, TNBC has been linked with aggressive disease
biology and early locoregional and distant relapses [98]. Hence these cancers are managed
aggressively with systemic therapies and adjuvant radiation. Nevertheless, compared
to non-TNBC, the magnitude of benefit from adjuvant radiation in TNBC seems limited
because in the reported studies, using multivariate analyses, women with TNBC have an
increased risk of locoregional relapse, independent of systemic treatments [5,99]. Several

237



Cancers 2023, 15, 1260

retrospective series have shown that adverse clinical outcomes prevail even in small (<2 cm),
node-negative TNBC [100,101]; hence it is not surprising that survival gains are evident
with the use of adjuvant chemotherapies [102]. Albeit retrospective in nature, data from
several study cohorts demonstrate the important observation that a subset of node-negative
TNBC not exceeding 1 cm in size experiences exceptionally low rates of locoregional and
distant relapses even in the absence of chemotherapy [103,104]. In fact, a patient-level meta-
analysis of 12 international cohorts comprising 1835 early-stage chemotherapy naïve TNBC
has identified a subset of stage I TNBC with high stromal tumor-infiltrating lymphocytes
that display an inherently excellent prognosis, potentially making them suitable candidates
for therapeutic de-escalation [105].

Limited studies have addressed the adequacy of locoregional control in small, node-
negative TNBC when radiation therapy is omitted from the treatment plan. Eaton et al.
queried the Surveillance Epidemiology and End Results database to investigate the in-
fluence of radiation after breast-conserving surgery among elderly women (≥70 years)
diagnosed with estrogen receptor-negative, T1–2 node-negative breast cancers between
1993–2007. Cumulative incidences of salvage mastectomies (a surrogate for adequacy of
local tumor control) and breast cancer-specific deaths were reported for 3432 patients,
among whom about 16% were radiation naïve. Their results showed a significantly higher
5-year cumulative incidence of mastectomies (8.3% vs. 4.9%) and breast cancer-specific
mortality (24% vs. 10.8%) in the radiation naïve group compared to those that received
radiation. However, an exploratory subgroup analysis did find that women ≥ 80 years
derived somewhat limited benefit from radiation (mastectomy incidence amongst radiation
recipients versus radiation naïve group: 3.4% vs. 6.9%, p = 0.05) [106]. Another independent
analysis of the National Cancer Database cohort compared overall survival with or without
adjuvant radiation after breast-conserving surgery for T1N0M0 TNBC among women
≥ 70 years and revealed a significantly inferior overall survival in the radiation naïve
group compared to the group that received adjuvant radiation. Factors associated with
adverse outcomes in the radiation naïve group included re-excision for positive margins,
tumor size ≥ 2 cm, multiple comorbidities, lower socioeconomic status, and treatment at
academic centers [107]. Another study by the same group included data from more than
14,000 non-metastatic pT1–4 node-negative TNBC treated with upfront mastectomy. The
authors assessed the factors influencing the use of postmastectomy radiation and showed
that pathological tumor size ≤ 2 cm with histologically negative margins, advanced age,
treatment at academic centers, and omission of chemotherapy showed a positive associa-
tion with the omission of adjuvant radiation. Importantly, a significant improvement in
overall survival was observed only in pT3 tumors treated with radiation, whereas overall
survival was similar in pT1–2 and in pT4 tumors regardless of adjuvant radiation [108].

These retrospective observational data, with their inherent limitations, support a
pressing need for prospectively addressing if there is a role for escalating or de-escalation
adjuvant radiation in T1–2 node-negative TNBC. In this regard, prospective data is far
more limited. Wang et al. performed a multicentre prospective randomized clinical trial
to investigate if the addition of radiotherapy improved the clinical outcomes in women
(n = 681) with stage I–II TNBC treated with mastectomy and adjuvant chemotherapy. Their
results showed that the omission of radiation was indeed associated with significantly
worse relapse-free survival and overall survival [109].

The first analysis of the LUMINA prospective trial for radiation de-escalation in
low-risk luminal A breast cancers underscores the capacity for relevant standardized and
validated biomarkers of risk distinction being able to identify a group who can safely
avoid radiation and several similar trials are underway in women with ER-positive breast
cancers (as shown in Table 1). Given the heterogeneity of TNBC [95] and the fact that
clinicopathological factors alone are not sufficient to recapitulate this molecular complexity,
biomarker-directed approaches will need to be utilized for patient selection in prospectively
designed trials to assess if there indeed exists a group of women with TNBC who can safely
avoid radiation therapy.
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More recent reports have observed very low rates of local recurrence following lumpec-
tomy in patients who have a complete response to neoadjuvant chemotherapy. The On-
tario Clinical Oncology Group is mounting a prospective cohort trial similar to LUMINA
where patients with T1–3N0 disease who have had a complete response to neoadjuvant
chemotherapy following lumpectomy, including triple-negative disease, will not receive
RT and be followed.

5. De-Escalation of Adjuvant Locoregional Radiation in Clinically Node-Positive
Breast Cancer following Neoadjuvant Chemotherapy

The integration of neoadjuvant chemotherapy into the management of early-stage
breast cancer has surged significantly in recent years [110]. Pooled analysis of 33 studies,
including 57,531 patients, has demonstrated that axillary pathological complete response
(pCR) rates following neoadjuvant chemotherapy with clinically positive axillary nodes
vary widely within breast cancer subtypes, with hormone receptor-/HER2+ cancers show-
ing the highest rate (60%) while only 13% of patients with luminal A subtype tumors
achieved pCR. The pCR rates for other major subtype definitions are reported as follows:
59% for HER2+, 48% for TNBC, 45% for hormone receptor+/HER2+, 35% for luminal B,
and 18% for hormone receptor+/HER2− [111].

An area of much controversy has been the post-neoadjuvant management of patients
with clinically positive axillary nodes. Compared to those with residual disease after neoad-
juvant chemotherapy, axillary nodal pCR [111] confers a significant survival advantage,
with the best prognosis being observed in triple-negative and HER2+ subtypes [112]. This
has led to a gradual shift in surgical practice from the routine use of axillary lymph node
dissection to less extensive axillary interventions for pathological evaluation, including
sentinel lymph node biopsy [113], targeted axillary dissection [114,115], and Marking of
the Axilla with Radioactive Iodine (MARI) [116]. The variability of axillary procedures
in the post-neoadjuvant setting clearly reflects a current lack of consensus among expert
panels on the most accurate axillary staging strategy [3,4,117–119].

With regards to regional nodal irradiation, the current guidelines recommend consid-
ering its use in patients, particularly those with risk factors, with clinically node-positive
axillae, irrespective of the pathological response to neoadjuvant chemotherapy. Neverthe-
less, there may be patients who achieve pCR in the axillary lymph nodes and who could be
potentially considered as candidates for de-escalation of regional nodal irradiation. Much
of this speculation is based on retrospective analyses. Barrio and colleagues investigated
the rate of nodal recurrence in a series of consecutive patients with clinically node-positive
axillae who received neoadjuvant chemotherapy and standardized sentinel lymph node
biopsy alone for axillary staging (without further axillary dissection). All 610 patients with
clinically node-positive breast cancer received doxorubicin-based neoadjuvant chemother-
apy. About 90% of patients (n = 555) were rendered node negative; of these, 42% (n = 234)
were subjected to sentinel lymph node biopsy with the retrieval of up to three sentinel
lymph nodes. Though 70% (n = 164) of these patients received regional nodal radiation
in this cohort, only a single patient developed locoregional recurrence (rate = 0.4%) at a
median follow-up of 35 months, supporting the oncological safety of standardized sentinel
lymph biopsy alone [120]. Likewise, European Institute of Oncology authors have reported
an axillary failure rate of 1.8% when the axillary evaluation was limited to the removal
of a single sentinel lymph node after primary chemotherapy in a cohort of patients with
clinically node-positive or node-negative axillae. Only 11% of breast-conservation surgery
and 38% of mastectomy patients with clinically node-positive axillae received regional
nodal irradiation [121].

Haffty and colleagues retrospectively analyzed locoregional recurrence rates among
women with T0–T4, N1–N2, M0 breast cancer treated with neoadjuvant chemotherapy and
radiation therapy in the ACOSOG Z1071 trial. The decisions about adjuvant radiation in
this trial were made by the treating radiation oncologists’ best judgment rather than being
prescribed by protocol. The reported overall locoregional recurrence risk was 6% after a

239



Cancers 2023, 15, 1260

mean follow-up of 5.9 years. Subgroup analysis of patients with axillary pCR revealed that
omission of postmastectomy radiation and regional nodal radiation after breast-conserving
surgery did not adversely influence the locoregional relapse risk [122]. Contrary to these
data, some studies have instead reported significantly poor locoregional control with the
omission of radiation [123,124]. These estimates are based on retrospective analyses and
are possibly susceptible to biases due to confounding factors and selection.

The question of de-escalating regional nodal irradiation after neoadjuvant chemotherapy
has been recently addressed in a multicentre Dutch prospective registry cohort (RAPCHEM;
BOOG 2010-03) that included 838 patients diagnosed with breast cancers measuring up to 5 cm
with 1–3 positive axillary lymph nodes, who received neoadjuvant chemotherapy followed by
surgery [125]. The primary endpoint was the 5-year locoregional recurrence rate. As per study
protocol, a clinically positive axillary status required the presence of up to three radiologically
suspicious axillary nodes with pathological confirmation of metastasis in at least one. In contrast
to the ACOSOG Z1071 trial protocol [122], the recommendation for regional nodal irradiation
after neoadjuvant chemotherapy was based on three prespecified locoregional recurrence risk
categories [(low-risk, ypN0 (i.e., complete pathological response with no residual disease in
axillary lymph nodes based on axillary lymph node dissection or sentinel lymph node biopsy);
intermediate-risk, ypN1 (i.e., partial pathological response with residual disease in 1–3 axillary
lymph nodes based on axillary lymph node dissection); high-risk, ypN2–3 (i.e., residual disease
in ≥4 nodes based on axillary dissection)]. For the full study cohort, the 5-year locoregional
recurrence rate was 2.2%, supporting the oncological safety of omitting regional nodal irradiation
in low- and intermediate-risk groups, i.e., those with pre-treatment clinically positive axillae
that downstage to either no residual disease or up to 1–3 positive lymph nodes [125].

Individualization for optimal locoregional management of node-positive patients
receiving neoadjuvant chemotherapy is being investigated in two ongoing clinical tri-
als. NSABP B51/Radiation Therapy Oncology Group 1304 is a phase III multicentre
randomized clinical trial that is investigating if the addition of regional nodal irradiation
to postmastectomy chest wall radiation or whole breast radiation after breast-conserving
surgery will significantly reduce the event rate for invasive breast cancer recurrence, in
patients diagnosed with breast cancers more than 5 cm in size with up to 3 positive axillary
lymph nodes (pathologically confirmed by fine needle aspiration cytology or core biopsy)
that convert to pathologically negative axillary nodes following primary chemotherapy.
A total of 1636 patients are enrolled. The trial was activated in 2013 and is expected to
complete in 2028 (NCT01872975) [126]. Alliance 011202 is a phase III non-inferiority clinical
trial in which women with breast cancers more than 5 cm in size with up to 3 positive
axillary lymph nodes, who have a residual positive sentinel lymph node following neoad-
juvant chemotherapy, are subsequently randomized to axillary lymph node dissection with
nodal irradiation or to nodal irradiation alone (NCT01901094). The primary endpoint is
invasive breast cancer recurrence-free interval. It is important to note that while both these
trials include patients unselected with regards to ER, PR, and HER2 status, responses to
neoadjuvant chemotherapies will vary with molecular subtype [111]. Hence incorporation
of correlative biomarker studies is imperative to draw the most meaningful conclusions
for individualizing critical therapeutic decisions that can be effectively generalized and
implemented beyond the setting of this clinical trial.

6. Immune Responses in Early Breast Cancer: Ongoing Clinical Trials of Preoperative
Radiotherapy and Evidence from Prospective-Retrospective Translational Studies

Tumor-infiltrating lymphocytes (TILs) are populations of mononuclear host immune
cells that display phenotypic and functional heterogeneity. A pro-inflammatory, anti-
tumoral role is predominantly mediated by CD8+ cytotoxic T cells, natural killer cells,
dendritic cells, and M1 macrophages. In contrast, CD4+ regulatory T cells, CD4+ Th2 cells,
M2 macrophages, and myeloid-derived suppressor cells promote an immune inhibitory,
protumoral milieu [127]. The level of lymphocytic infiltration, as assessed simply and
inexpensively by light microscopy on standard hematoxylin and eosin (H&E) stained
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sections, has evolved as a promising surrogate biomarker of a pre-existing host adaptive
immune response portending favorable prognosis and has attained level 1B evidence for
clinical utility in early-stage TNBC [128]. Furthermore, stromal TILs have also shown
potential for identifying such intrinsically low-risk TNBCs that chemotherapy de-escalation
could be considered as a potentially safe choice [129,130]. The clinical relevance of TILs
for predicting response to adjuvant [131,132] or neoadjuvant systemic therapies [133–135]
alone or in combination with immune checkpoint inhibitors is gaining momentum [136,137].
However, the value of immune biomarkers in relation to radiation responses and clinical
outcomes in early breast cancer is much less well explored.

Ionizing radiation promotes several alterations in the targeted malignant cells and
their associated microenvironmental niche that may impact the immunogenicity of the
irradiated tumor. On the one hand, radiation elicits DNA damage leading to immuno-
genic cell death of the cancer cells, which in turn activates adaptive and innate immune
responses that boost anti-tumoral effector functions of cytotoxic T cells. On the other hand,
radiation-induced rebound immune suppression is fostered through the recruitment of
protumorigenic macrophages, increased expression of immune checkpoints on tumor cells,
and TGF-β stimulated accumulation of regulatory FOXP3+ T cells that suppress adaptive
immune responses [138,139].

Compared to TNBC, ER+ breast cancers are generally regarded as less immunogenic
as they are associated with low levels of lymphocytic infiltrates, immune checkpoint
activation, and tumor mutation burden [140]. Hence the immune priming potential of
radiation provides at least a theoretical opportunity for switching these immunologically
cold tumors to an inflamed phenotype [141] and is being actively investigated in ongoing
clinical trials (Table 2). The initial results are available for one of these trials. The SPORT
trial (Single Pre-Operative Radiation Therapy for low-risk breast cancer) investigated
residual disease burden and immunological responses following single-dose preoperative
radiotherapy in women ≥ 60 years with ER+/HER2− T1N0 breast cancers surgically
treated with partial mastectomy and sentinel lymph node biopsy. While no complete
pathological responses were seen, a partial response was seen in patients undergoing
delayed surgery (11–13 weeks) but not in those operated on within 24–72 h after radiation.
No significant enrichment in lymphocytic infiltrates was observed at the ablative dose of
20 Gy. No recurrences have been recorded up to 11 months in the follow-up period [142].

Multi-omic profiling has identified an immune-hot subset corresponding to an im-
munomodulatory subtype of TNBC which is considered most likely to respond to immune
checkpoint inhibitor therapy [143]. The comparatively high frequency of this TNBC sub-
type perhaps explains the relative success of recent trials evaluating the combination of
immune checkpoint inhibitors and chemotherapy in the neoadjuvant setting in unselected
TNBC, where a pathological complete response is achieved in up to 65% of cases [136,144].
In this context, it remains an outstanding question as to whether radiation-induced immune
augmentation could improve therapeutic responses in some TNBCs. Table 2 summarizes
the ongoing trials evaluating preoperative radiotherapy alone or in combination with im-
mune checkpoint inhibitors in early-stage disease. Of these, BreastVAX is a phase 1b/2 trial
investigating the feasibility and efficacy of combining a single dose infusion of pem-
brolizumab with radiation boost (delivered as a single fraction of 7 Gy) in patients with
operable breast cancers, including TNBC and hormone receptor-positive/HER2 negative
tumors [145,146]. The inclusion criteria, however, do not require evaluation of baseline
tumoral immune profile. Feasibility and tolerability were evaluated as primary endpoints,
and secondary endpoints include pathological complete responses and percentage change
in tumor-infiltrating lymphocytes in pre- versus post-treatment samples. The preliminary
results have shown major pathological complete responses (<10% viable tumor) in 3 of
9 TNBCs. Compared to the pre-treatment specimens, a significant increase in the density
of tumor-infiltrating lymphocytes was seen in the post-treatment tissues of TNBC cases
(only). Results of detailed correlative science studies involving digital spatial profiling to
identify relevant biomarkers in responsive tumors are pending [147].
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While mature results from these ongoing trials are awaited, archival materials from
completed randomized trials linked with long-term follow-up data can provide a valuable
resource to investigate the impact of pre-treatment immune cell composition on prognosis
and radiation response prediction.

Kovacs et al. [158] investigated the clinical value of stromal TILs on H&E stained
sections prepared from pre-treatment primary tumor specimens of patients diagnosed with
node-negative, stage I–II early breast cancers who were randomized to breast-conserving
surgery with or without whole breast irradiation in the SweBCG91RT clinical trial [159,160].
Their results showed that among patients assigned to the radiation arm, high stromal
TILs (≥10%) were positively associated with a significantly lower probability of ipsilateral
breast tumor recurrence in multivariate analysis. Patients whose tumors exhibited low
stromal TILs (<10%) derived significant benefits from radiation as opposed to those with
high stromal TILs, though the interaction test between radiation and TILs was not signifi-
cant [158]. The authors expanded on their translational study by characterizing CD8 and
FOXP3 expressing T lymphocytes by immunohistochemistry. They found that in contrast to
immune-depleted tumors (CD8low/FOXP3low), immune-rich tumors (CD8high/FOXP3low)
showed significantly reduced hazards for ipsilateral breast tumor recurrence or for any
recurrence amongst unirradiated patients, perhaps instantiating the antitumoral attributes
of the cytotoxic T cells. Additionally, the immune-depleted phenotype appeared to be
of benefit from radiation. However, no such advantage was evident in the immune-rich
tumors [161]. The relationship between the stromal TIL density and prognostic versus
predictive value is rather counterintuitive in the translational studies by Tullberg and col-
leagues. This may be partly explained by an intrinsically favorable tumor biology indicated
by a high stromal TIL density at baseline that translates into satisfactory local control. It
is conceivable that these tumors may have an excellent outcome regardless of radiation.
Alternatively, or in addition, radiation therapy may kill off activated, proliferating immune
cells (a detrimental form of “collateral damage”). On the other hand, tumors with low stro-
mal TILs are perhaps immunologically muted with a higher baseline risk, where radiation
therapy appears to be useful in achieving optimal local control by potentially inducing
antitumoral immune responses, perhaps through the release of neoantigens from tumor
cells killed by radiotherapy (an abscopal effect).

The value of pre-treatment immune infiltrates has been recently examined in the
Canadian MA.20 phase III clinical trial in which women undergoing breast-conserving
surgery for T1–2, node-positive or node-negative breast cancer with poor risk features were
randomized to standard irradiation with or without regional nodal radiation [162]. The
results have shown that both CD8+ and H&E assessed stromal TILs informed favorable
clinical outcomes when quantified as a continuous variable. Only CD8+ stromal TILs as a
continuous parameter predicted response from regional nodal irradiation [163].

Taking advantage of the randomized design of the Danish Breast Cancer Cooperative
Group 82bc clinical trial [164,165], Tramm and colleagues investigated the value of stromal
TILs for predicting response from post-mastectomy irradiation. They reported that in
the full cohort, high TILs (≥30%) were favorably associated with overall survival and
risk of distant metastasis. However, no prognostic value of TILs was found with regard
to locoregional relapse risk. High stromal TILs were predictive for benefit in the group
randomized to radiation for the endpoint of overall survival. Stratification according to
ER status showed that ER-negative tumors with high TILs derived greater benefit from
post-mastectomy radiation, whereas no such benefit was observed in ER-negative cases
with low TIL counts. The improvement in the locoregional recurrence was independent of
the immune infiltration [166].

Building on the abundance of clinical evidence supporting the role of immune biomark-
ers in risk stratification and guiding decisions for chemotherapy and immune checkpoint
inhibitors, analogous data with respect to radiation therapy in early breast cancers is only
beginning to emerge from prospective-retrospective studies. Since these trials were not
originally designed for subtype-based translational studies, the lack of statistical power
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remains a major shortcoming in generating consistent results. Hence prospective validation
in biomarker-directed studies is imperative. Testing the immune priming potential of radi-
ation in combination with chemotherapy and/or immune checkpoint inhibitors provides
an ideal opportunity to induce immune modulation in breast cancers which are largely
considered to be poorly immunogenic. It is expected that accompanying, preplanned cor-
relative studies will allow for an in-depth assessment of immunological responses (or lack
thereof) in the primary tumor and draining lymph nodes that can inform future definitive
clinical trials.

7. Biomarkers to Guide Adjuvant Radiation Decisions

Over the years, several groups have invested significant efforts to develop radiation-
specific genomic classifiers for prognostication of locoregional relapse risk and prediction
of response to radiation therapy. These classifiers have been reviewed in detail in previous
publications [167,168], and those with the potential for clinical development are summa-
rized in Table 3. To date, none of these classifiers have progressed to stages of analytical
and clinical validity which is critical before these genomic assays can be tested for their
clinical utility in phase III randomized trials [169–171].

Here we will focus on liquid biopsy-based approaches and review the recent investi-
gations into the role of disseminated tumor cells and circulating tumor cells as prognostic
biomarkers for locoregional relapse risk.
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7.1. Disseminated Tumor Cells

Disseminated tumor cells (DTCs) are isolated cancer cells that, upon physical detach-
ment from the primary tumor, escape the circulation, extravasate into distant sites such
as bone marrow, and are capable of survival in a hostile host niche, reversible quiescence,
and therapeutic resistance. DTCs detected via bone marrow aspiration are found in ap-
proximately 40% of women with stage I–III breast cancers who do not have any clinical
or histological evidence of overt metastatic disease at initial presentation. A substantial
body of evidence from clinical studies has demonstrated that compared to patients without
DTCs, those with DTC positivity have features of aggressive tumor biology, including
larger tumor size, higher grade, axillary lymph node metastasis, estrogen/progesterone
receptor negativity, and HER2 positivity [182,183]. An earlier pooled analysis of 9 stud-
ies comprising 4703 patients with operable breast cancer (enrolled before 2002) provided
evidence for a strong association of DTCs with significant adverse outcomes [182]. These
findings have been further confirmed in a recently published patient-level meta-analysis
comprising 10,307 early breast cancer patients from 11 centers with a median follow-up of
7.6 years [183].

Only a few studies have investigated the impact of bone marrow occult metastasis on
locoregional relapses, showing either no association [183–185] or a significantly increased
risk of locoregional failures. In a single centre prospective cohort of more than 3000 stage
I–III treatment naïve breast cancers, Hartkopf and colleagues demonstrated bone marrow
DTCs in 24% of patients at the time of initial surgical intervention. DTC positivity was
independently associated with locoregional failures. Their results further revealed that, of
the available biopsy samples from patients with isolated local relapses, the 55 subjected
to a repeat bone marrow aspiration showed a DTC detection rate of 35% [186]. Bidard
et al. investigated the relationship between locoregional relapse-free survival and bone
marrow DTCs in a prospective cohort of 621 patients from Institute Curie’s Breast Can-
cer Micrometastasis Project for a median follow-up of 4.6 years. In this cohort, 15% of
patients had detectable DTCs in the bone marrow. Overall, 18/621 patients experienced
a locoregional relapse, among whom 44% had evidence of DTCs at their initial evalua-
tion. Amongst patients with DTC positivity, a longer locoregional relapse-free survival
was observed in patients who received endocrine therapy and radiation to supraclavicu-
lar/internal mammary lymph nodes [187]. These results remained consistent at an updated
median follow-up of 11.7 years, where there was a 10-year locoregional relapse rate of 20%
in patients with DTC-positive status compared to 10% in those without, supporting the
capacity of DTCs as a biomarker predictive of benefit from regional nodal irradiation [188].
The biological basis of locoregional relapse in patients with bone marrow micrometastasis
is not completely understood. However, preclinical studies using mouse models suggest
that DTCs may transition into circulating tumor cells, a fraction of which have the potential
to re-colonize the primary tumor site [189]. It is conceivable that irradiating regional lymph
nodes in patients with DTC-positive status may eradicate subclinical micrometastases and
may serve as a candidate predictive biomarker for optimizing patient selection for regional
nodal irradiation. This may be potentially relevant in the context of selecting patients who
may benefit most from irradiation of regional lymph nodes [162,190–192].

7.2. Circulating Tumor Cells

Circulating tumor cells (CTCs) are occult malignant cells that exit from the primary
tumor into the circulation and are associated with enhanced metastatic potential [193].
When examined prior to any treatment (neoadjuvant chemotherapy or upfront surgery)
by utilizing CellSearch®, an FDA-approved standardized assay, the prevalence of CTCs
has been found to be 25% in an international meta-analysis including 2156 patients from
21 studies. After eliminating T4 tumors from analysis, CTC positivity did not have a
statistically prominent association with clinicopathological factors or pathological complete
response. However, CTC presence prior to initiation of neoadjuvant therapy was indicative
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of shortened disease-free survival, overall survival, and locoregional relapse-free interval
in univariate and multivariate analyses. Moreover, the inclusion of baseline CTC counts
significantly improved the prognostic capacity of the clinicopathological model [194].

Goodman and colleagues have reported on the association between CTCs and re-
sponse to adjuvant radiation in patients with pT1–T2, N0–1 early breast cancer utilizing
patients’ clinical and CTC data from the National Cancer Database (n = 1697) and validated
their findings in a cohort from the German SUCCESS trial [195,196] (n = 1516). CTC posi-
tivity was associated with the benefit from adjuvant radiation with a significant increase in
overall survival in the National Cancer Database cohort and in disease-free-, overall, and
locoregional relapse-free survival in the SUCCESS cohort. In addition, an improvement
in overall survival was seen in CTC+ patients undergoing breast-conserving surgery with
standard adjuvant radiation but not in CTC- patients. When stratified by CTC status, the
benefit of radiation was not evident in patients treated with mastectomy. These results
should be interpreted carefully in light of the existing evidence [5,197], as adjuvant radia-
tion was not the randomization criteria in either of the evaluated cohorts. Nevertheless,
these encouraging results support value for CTCs as a potential biomarker for guiding
radiotherapy decisions, requiring prospective validation to analyze the benefit of adjuvant
radiation therapy in low-risk patients with CTC positivity who otherwise might otherwise
be considered for radiation omission.

BreastImmune03 is a randomized phase II clinical trial designed to assess the clinical
benefit of post-surgery adjuvant radiotherapy + immunotherapy with nivolumab + ipili-
mumab, versus radiotherapy + capecitabine in TNBC patients with residual disease after
neoadjuvant chemotherapy. Evaluation of CTC will be performed as a secondary outcome
measure for immune monitoring at cycles 1, 2, 5, and 2 years post-randomization or in the
event of a relapse [198].

8. Summary

Adjuvant radiotherapy is an integral component of early breast cancer management,
with proven efficacy for preventing locoregional and distant failures. Over the years, tradi-
tional whole breast irradiation approaches have evolved considerably, such that the less
intensive option of whole breast hypofractionated radiation has now become the preferred
standard, yielding improved compliance, cosmetic outcomes, and quality of life. More
recent data have shown the comparable efficacy and safety of an ultra-hypofractionation
regimen that is delivered as five fractions in less than a week. Equivalence of acceler-
ated partial breast radiation delivered by external beam has been demonstrated in several
clinical trials and endorsed for women with tumors with favorable biology, and together
with ultra-hypofractionation, may be an attractive option in resource-restricted regions.
Investigations for further de-intensifying radiation schedules using ultra-accelerated partial
breast radiation as a single fraction are being planned to be tested against accelerated partial
breast radiation + endocrine therapy [199,200].

The encouraging results of the LUMINA trial support the safe omission of adjuvant
radiation following breast-conserving surgery when selection criteria are strictly limited
to low-risk cancers (T1N0, grade 1 or 2) with luminal A phenotype with a Ki-67 index
of ≤ 13.25%. This and the other ongoing trials of radiation omission underscore the
significance of biomarker-driven risk stratification for critical decisions involving radiation
de-escalation. These trials are a step forward in personalizing options for radiation, the
integration of which into clinical practice has lagged behind analogous de-escalation
protocols in systemic therapy.

Recognizing the immune-modulatory potential of radiation, the ongoing clinical trials
of pre-operative radiotherapy will provide opportunities to investigate combinatorial
therapies in early-stage settings. Nevertheless, critical to the success of immune priming
approaches will be the understanding of the biological interactions of host immunity with
key factors that influence immune-modulating properties of radiotherapy, such as radiation
dose, quality, fractionation schedules, and sequence of the therapies [201].
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Ultimately, the actively evolving scientific understanding of breast cancer biology
is driving clinical trials that are providing radiation oncologists and women with breast
cancer with the information they need to make personalized choices that both protect them
from recurrences and from unwarranted treatment morbidity. In view of the evolving
evidence, therapeutic strategies incorporating tumor and patient characteristics, as well as
patient preferences, should be discussed in a multidisciplinary tumor board to tailor the
treatment for the patient [10].
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Simple Summary: The breakthrough in developing novel HER2-targeting antibody drug conjugates
and identifying their clinical benefits in HER2-low breast cancer will dramatically revolutionize the
clinical treatment landscape of HER2 negative breast cancers, as well as the pathologic evaluation of
HER2 status in breast cancers. This review updates the current biological, pathological and clinical
landscape of HER2-low breast cancer and proposes the future directions on clinical management,
pathology practice, and translational research in this subset of breast cancer.

Abstract: HER2-low breast cancer (BC) is a newly defined subset of HER2-negative BC that has HER2
immunohistochemical (IHC) score of 1+ or score of 2+/in situ hybridization (ISH) negative phenotype.
Recent clinical trials have demonstrated significant clinical benefits of novel HER2 directing antibody-
drug conjugates (ADCs) in treating this group of tumors. Trastuzumab-deruxtecan (T-Dxd), a
HER2-directing ADC was recently approved by the U.S. Food and Drug Administration as the
first targeted therapy to treat HER2-low BC. However, HER2-low BC is still not well characterized
clinically and pathologically. This review aims to update the current biological, pathological and
clinical landscape of HER2-low BC based on the English literature published in the past two years
and to propose the future directions on clinical management, pathology practice, and translational
research in this subset of BC. We hope it would help better understand the tumor biology of HER2-low
BC and the current efforts for identifying and treating this newly recognized targetable group of BC.

Keywords: HER2; breast cancer; HER2-low; antibody-drug conjugate; trastuzumab-deruxtecan; T-Dxd

1. The Natural History of HER2-Low Breast Cancer

Human epidermal growth factor receptor 2 (HER2) is an important prognostic and
predicative biomarker in breast cancer (BC) and all patients with newly diagnosed primary
or metastatic BCs should be tested for HER2 protein expression by immunohistochemistry
(IHC) and/or gene expression by in situ hybridization (ISH) to guide the clinical manage-
ment [1–3]. BCs are currently classified as HER2 positive when HER2 expression is scored
3+ by IHC or an IHC score of 2+ with HER2 gene amplification tested by ISH. Patients with
HER2-positive tumors are eligible for HER2-pathway blockade agents including anti-HER2
monoclonal antibodies (trastuzumab, pertuzumab and margetuximab), anti-HER2 antibody
drug conjugates (ADCs) [trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan
(T-Dxd)] and tyrosine kinase inhibitors (tucatinib, lapatinib and neratinib). These HER2-
targeted agents have dramatically improved the clinical outcomes of HER2-positive BCs [4].
On the contrary, BCs with HER2 IHC score of 0 or 1+, or an IHC score of 2+ without gene
amplification are considered as HER2-negative and these tumors lack a significant clinical
benefit from these traditional HER2-pathway blockade agents.

Among HER2-negative BCs, hormonal receptor (HR)-negative tumor (triple negative,
TNBC) is a biologically aggressive subtype of BC with a poor prognosis and limited
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treatment options. Currently, the mainstay treatment for TNBCs is cytotoxic chemotherapy,
although other therapies including immunotherapy are expanding [5,6]. In a recent meta-
analysis, Li et al. reported median overall survival (OS) of 17.5 and 8.1 months and
median progression-free survival (PFS) of 5.4 months and 2.9 months in patients with
metastatic TNBCs after first-line chemotherapy and later lines of treatment, respectively [7].
In addition, although HR positive, HER2-negative BCs have overall relatively favorable
prognosis, most advanced/metastatic HR positive/HER2 negative BCs remain incurable
with a median overall survival of 24.8 months [8]. Up to 40% of advanced/metastatic HR
positive/HER2-negative BCs respond to the first line treatment, but eventually develop
endocrine therapy resistance and options are limited for later line of therapy [8]. The limited
activity and associated unfavorable toxicity profiles of chemotherapies in treating high
risk or advanced HER2 negative BCs highlight a considerable unmet need for improved
therapeutic options.

Promising results of recent clinical trials opened the door for treating a subset of
HER2 negative BCs with HER2-targting ADCs. Banerji et al. first published a phase I
clinical trial results of trastuzumab duocarmazine, a new HER2-targeting ADC in patients
who had advanced BCs with HER2 IHC scores of 1+ or 2+/negative ISH. Treatment
with trastuzumab duocarmazine achieved objective response in 28% (9/32) of HR positive
tumors and in 40% (6/16) of patients with HR negative tumors [9]. Modi et al. subsequently
reported the results of another phase Ib clinical trial which showed patients with advanced
BCs and HER2 IHC scores of 1+ or 2+/ISH negative results achieved an objective response
rate (ORR) of 37% after the administration of T-Dxd, a previously FDA-approved HER2-
targeting ADC for metastatic HER2 positive BCs [10]. Based on these promising clinical
trial results, in 2020, Tarantino et al. first proposed the concept of “HER2 low” in BC which
refers to BC with HER2 IHC score of 1+ or 2+/ISH negative result [11]. Figure 1 illustrates
the changes of HER2 scoring in BC from the current two-tier to three-tier scoring system
with the addition of HER2-low category.

 

Figure 1. The changes of HER2 scoring in BC from the current two-tier to three-tier scoring system
with the addition of HER2-low category. (A,C,E,G,I): Hematoxylin & eosin staining of breast cancer,
×40; (B,D,F,H,J): Corresponding HER2 IHC, ×200. Abbreviations: HER2: Human epidermal growth
factor receptor 2; IHC: Immunohistochemistry; ISH: In situ hybridization.
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The result of phase 3 clinical trial (DESTINY Breast-04, DB-04) of T-Dxd in previously
heavily-treated HER2-low advanced BC was published in June 2022 and it showed T-Dxd
significantly improved survival in patients with HER2-low advanced BC, compared to
chemotherapy of physician choice [12]. In August 2022, the U.S. Food and Drug Adminis-
tration (FDA) approved T-Dxd as the first targeted therapy for the treatment of patients
with unresectable or metastatic HER2-low BC [13]. The breakthrough in developing novel
HER2-targeting ADCs and identifying their clinical benefits in HER2-low BC will dra-
matically revolutionize the clinical treatment landscape of BC, as well as the pathologic
evaluation of HER2 status in BC. Figure 2 lists the key publications and timeline in the
natural history of HER2-low BC.

Figure 2. Key publications and timeline in the natural history of HER2-low BC. BC: Breast cancer;
DFS: Disease-free survival; FDA: Food and Drug Administration; HER2: Human epidermal growth
factor receptor 2; HR: Hazard ratio; HR: Hormonal receptor; IHC: Immunohistochemistry; ISH: In situ
hybridization; OS: Overall survival; PFS: Progression-free survival; T-Dxd: Trastuzumab deruxtecan;
TNBC: Triple negative breast cancer.

2. Current Biological Landscape of HER2-Low Breast Cancer

2.1. The Incidence of HER2-Low Breast Cancer

HER2-low BC is estimated to account for approximately 45–55% of BCs; however,
this estimation is based on studies using variable HER2 scoring criteria [11,14,15]. After
the introduction of “HER2-low” in BC in 2020, few studies have reported the incidence
of HER2-low BC was between 31% and 51% [16–19]. HER2-low BC is more common
in HR+ positive BCs (ranges: 43.5–67.6%) than TNBCs (ranges:15.7–53.6%) [20]. More
specifically, in the advanced BCs, the reported incidence of HER2-low BC ranged from
35.2–63.2% [19,21,22].

2.2. The Biology of HER2-Low Breast Cancer

Currently, the knowledge on the biology of HER2-low BC is still limited and it appears
to represent a group of breast tumors with significant biological heterogeneity. Both pooled-
analysis of large cohorts and smaller single-institutional studies have revealed that most
of HER2-low tumors are luminal molecular subtypes (Luminal A: 29.3–65.5%; Luminal B:
22.8–50.5%; HER2-enriched: 1.1–4.1%; Basal: 4.6–7.7%) [16,18,23,24], are enriched in HR
positive BCs [16,19,25–32], have a lower Ki-67 proliferation index [17,18,25–27,32], and are
less responsive to neoadjuvant chemotherapy (NAC) with a pCR rate between 9.8% and
36.3% [17,25,26,32–38].
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Whether HER2-low BC represents a distinct biologic/clinical group and the HER2-low
expression has prognostic significance in BC, especially when compared to HER2-0 BC (BC
with HER2 IHC score of 0), remain controversial in the current literature [17,26,28,31,33,39,40].
In a large cohort study by Denkert et al., HER2-low BC appeared to be a distinct biological
subtype in HER2-negative BCs because this group of tumors had different clinicopathologic
characteristics, less responsive to NAC, and relatively-better survival in therapy-resistant
HR-negative BCs [17]. On the contrary, in another large cohort study of 5235 patients with
HER2-negative BCs, Tarantino et al. [31] found that most of clinicopathologic differences
between HER2-0 and HER2-low BCs were associated with HR status. Compared to HER2-0
BC, HER2-low BC had no prognostic significance when adjusting to HR status. The results
of that study failed to support the interpretation of HER2-low as a distinct biologic subtype
of BC [31]. Likewise, the superior prognosis in HER2-low than HER2-0 tumors has been
reported in several studies [17,28,30,41]; while, other studies have failed to demonstrate
any prognostic values of HER2-low status in BCs [16,19,29,31,38,39,42–44]. Based on these
conflicting results, no clear conclusions can be drawn at present time on both the prognostic
value of HER2-low expression and the distinct biologic/clinical entity of HER2-low BC, and
this is likely due to differences in the studied patient population, the HR status, the study
design/endpoint, and/or follow-up duration. More studies, especially prospective studies
which include HR status and treatment protocols may be helpful to better understand the
biology of this group of BCs.

The dynamic change associated with HER2-low BC in both primary BCs and matched
local recurrences/distant metastases or post-NAC tumors has also been reported. Both
Miglietta et al. [22] and Tarantino et al. [45] reported that HER2-low expression was highly
unstable during disease progression, and there was a significant discordance (38% and
66%) in HER2-low expression between primary tumors and matched advanced stage
tumors, with enrichment of HER2-low carcinomas in the advanced setting. It was also
demonstrated that 26.4% of patients had discordant HER2 expression between pre- and
post-NAC treatments, mostly seen in cases converting either from HER2-low (14.8%) or to
HER2-low (8.9%) expression [46].

2.3. The Molecular Basis of HER2-Low Breast Cancer

Compared to HER2-0 BC, HER2-low BC has been reported to have a higher ERBB2
mRNA expression [16,47], increased prevalence of PIK3CA mutation [17,26,48] and reduced
TP53 mutation [17,48]. A higher prevalence of FGFR1 amplification (defined as ≥10 copy
number gain) in the HER2-low group (12% vs. 1.8%) compared to HER2-0 carcinomas was
reported [48].

To gain insights into the molecular basis of HER2-low BC, Berrino et al. performed
high-throughput molecular analysis on 99 HER2-low BC tissue samples and compared the
mutation rates and gene expression profiles of HER2-low BC with those of HER2-negative
and HER2-positive BCs in a Memorial Sloan-Kettering Cancer Center BC cohort [24]. The
results showed that the most common mutations in HER2-low BC were PIK3CA (31/99,
31%), GATA3 (18/99, 18%), TP53 (17/99, 17%), and ERBB2 (8/99, 8%). In addition, the
RNA-based class discovery analysis also unveiled four subsets in the HER2-low tumors
using LAURA classification: 1) lymphocyte activation, 2) unique enrichment in HER2-
related features, 3) stromal remodeling alterations, and 4) actionability of PIK3CA mutations.
Tumor mutational burden was significantly higher in HER2-low BC with IHC score 1+
compared to those with IHC score 2+, HER2/CEP17 ratio < 2 and copy number between
4 and 6 (p = 0.04). Comparison of mutation spectra revealed that HER2-low BC was
different from both HER2-0 and HER2-positive BCs, with score 1+ tumors resembling
more the HER2-0 tumors and score 2+/ISH negative tumors more related to the HER2-
positive tumors. Intra-group gene expressions also demonstrated overlapping features
between IHC score 1+ tumors and HER2-0 BCs, whereas tumors with IHC score 2+, HER2
HER2/CEP17 ratio <2 and copy number between 4 and 6 showed the highest diversity [24].
van den Ende et al. studied the gene expressions in 429 HER2-0 and 100 HER2-low
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BCs. HER2-low tumors were found to have higher Era Like 12S Mitochondrial RRNA
Chaperone 1 (ERAL1), Mediator Complex Subunit 24 (MED24) and Post-GPI Attachment
to Proteins Phospholipase 3 (PGAP3) gene expression, likely due to the amplification of a
common chromosomal region. In addition, HER2-low BC was associated with a limited
immune response compared to HER2-0 BC, as demonstrated by the gene-expression data
in the ER-positive tumors and the tumor infiltrating lymphocytes-score in the ER-negative
cohort [47].

2.4. Factors may Contribute to the HER2-Low Expression in Breast Cancer

Although BCs have been scored as HER2 0, 1+, 2+ or 3+ by IHC, the numbers of
HER2 receptor molecule in human breast cancer cells are continuously distributed, ranging
from approximately 20,000 per cell in normal breast epithelium and HER2 IHC 0 BCs
to approximately 2,300,000 per cell in HER2 IHC 3+ BCs [49]. Several factors have been
speculated to contribute to the HER2-low expression in BC including the bi-directional
crosstalk between ER and HER2, the modification effect by endocrine therapy, and the
activation of NF-kB pathway by chemotherapy and radiation therapy [11]. It is well-
documented that the presence of complex bi-directional molecular crosstalk between the ER
and HER2 pathways in BC plays a significant role in the development of tumor resistance to
endocrine or HER2-targeted therapies, since treatment strategies targeting either pathway
result in the upregulation of the other one [50,51]. In the recently published literature, it has
been consistently demonstrated that HER2-low BC is enriched in HR+ tumors and majority
of HER2-low tumors are ER+ [16,19,25–31], indicating ER signaling contributes significantly
to the HER2-low expression and related tumor biology. In addition, the dynamic changes
of HER2 expression in HER2-low tumors between primary and metastatic/recurrent/NAC
BCs further support the roles of endocrine therapy, chemotherapy and radiation therapy in
shaping the HER2-low expression in BC [22,45,46].

3. Current Pathological Landscape of HER2-Low Breast Cancer

3.1. The Fundamental Challenge in the Pathological Landscape of HER2-Low Breast Cancer:
Accurate Definition

Due to lack of clinical benefits from the HER2-pathway blockade agents, HER2-low
expressing BC has long been disregarded as an epiphenomenon without clinical impli-
cation of considering HER2-targted therapy. The American Society of Clinical Oncology
(ASCO)/College of American Pathologists (CAP) HER2 testing guidelines in BC, initially
published in 2007, and updated in 2013 and 2018, have been focusing on separating patients
with HER2 positive tumors who are eligible for HER2-targeted therapy, from those with
HER2 negative tumors [1–3].

There is no formal definition for HER2-low BC up to this point and this is a funda-
mental challenge in the current pathological landscape of this newly recognized, targetable
tumor group, especially for developing an accurate testing method. The widely used
HER2 IHC 1+ or 2+ with negative ISH result for defining HER2-low in BC is based on
the inclusion criteria of those clinical trials. In the DB-04 study, the PFS benefit of T-Dxd
was consistently observed in patients with HER2 IHC 1+ (10.3 months) and IHC 2+/ISH-
negative disease (10.1 months) [12], indicating the number of HER2 receptor molecules in
the IHC 1+ tumor cell membrane (~100,000 molecules) reached the threshold for the unique
bystander killing effect of T-Dxd in HER2-low expressing tumors. However, the current
definition for HER2-low BC may not be an adequate representation of the target population
for these novel ADCs and how to decide the lower end of HER2 expression to define HER2-
low BC is still evolving. Preliminary results from a phase II clinical trial demonstrated
similar response rates to T-Dxd treatment between advanced BC patients with HER2 IHC
score of 0+ (30.6%) and HER2-low (33.3%) [52]. In the ongoing DB-06 trial (NCT04494425),
which is designed to evaluate the efficacy of T-Dxd in metastatic HER2-low/HR-positive
metastatic BC patients with disease progression on endocrine therapy, BC patients with
both HER2-low and HER2 IHC expression of >0 and <1+ (currently considered as HER2-0,
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or ultra-low) are included. Hopefully the results of this trial will provide more evidence on
defining the threshold levels /lower limits of HER2 expression required to benefit from
an ADC therapeutic approach, such as T-Dxd, and determining the clinical significance of
distinguishing HER2-low BC from HER2-0 tumor by using current testing methods.

3.2. IHC Testing as the Primary Method for Identifying HER2-Low Breast Cancer

Under the current definition, the identification of HER2-low BC relies on the IHC
testing protocol and scoring system as laid out in the ASCO/CAP guidelines [1–3]. In the
DB-04 study, the VENTANA anti-HER2/neu (4B5) IUO Assay system (with ISH testing
when applicable) was used to identify patients with HER2-low status, which suggested that
a conventional IHC test can accurately identify patients who may benefit from T-Dxd [12].
However, as a semi-quantitative test, HER2 IHC testing was primarily developed to help
separate high levels of HER2 expression [~2 millions of molecules per cell, corresponding to
HER2 IHC score 3+] from lower level HER2 expression (~20,000–500,000 molecules per cell,
corresponding to HER2 IHC 0–2+) and may not be an ideal method for detecting HER2-low
BC. The pre-analytic, analytic and post-analytic variables of IHC testing also significantly
affect the interpretation of HER2 status. We have previously emphasized the limitations
and challenges of IHC as the primary testing method for identifying HER2-low BC in detail,
including the notable inter-observer and inter-antibody variability in HER2 IHC scoring,
especially in the HER2-low expressing tumors [15,53,54]. Since it was used in the DB-04
trial, the U.S. FDA recently approved the VENTANA PATHWAY anti-HER2/neu (4B5)
Rabbit Monoclonal Primary Antibody as the first companion diagnostic test to identify
metastatic BC patients with low HER2 expression for whom T-Dxd may be considered as a
targeted treatment [55]. This approval would have a significant impact on the pathology
practice, especially in those pathology laboratories which do not have the VENTANA
platform. In addition, although it has demonstrated that HER2-low BC is targetable group
of tumor in the clinical trials, those clinical trials do not necessarily serve as the platform for
validating the assay of the vendor used in the trial [56]. Further efforts to address whether
other commonly used, FDA-approved HER2 IHC testing methods could reliably identify
appropriate patients for T-Dxd treatment are needed.

3.3. Current Developments in More Accurate and Reliable Methods for Identifying HER2-Low
Expressing Tumors

Due to the limitations of IHC method as the primary testing for identifying patients
with HER2-low tumors, more accurate and reproducible methods are urgently needed for
an accurate prediction of efficacy of the novel HER2-targeting ADCs used to treat HER2-low
BC. The scientific community and industry are currently making efforts to develop more
accurate and reliable methods to facilitate the identification of patients with HER2-low BC.

After investigating 363 BCs with HER2 IHC scores 0, 1+ and 2+ without HER2 gene
amplification, with the aid of an artificial neural network model and the correlated HER2
mRNA levels, Atallah et al. proposed a refined HER2-low definition in BC [57]. More
specifically, the proposed definition for HER2 IHC score 1+ in this study was membranous
staining in invasive tumor cells as either (1) faint intensity in ≥20% of cells regardless the
circumferential completeness; (2) weak complete staining in ≤10%; (3) weak incomplete
staining in >10% or (4) moderate incomplete staining in ≤10%. It has showed that this
refined definition reached high intra-observer agreement (kappa value of 0.8) and inter-
observer agreement (kappa value of 0.9) [57].

Deep learning-based technology plays an increasingly significant role in the pathology
field, especially in the image analysis and quantitative evaluations. With the assistance of
artificial intelligence (AI), it is feasible to develop computer algorithms to analyze HER2
IHC images and provide more objective, reproducible scoring results [58–62]. Gustavson
et al. used deep learning-based image analysis and generated a novel HER2 Quantitative
Continuous Score (QCS). The HER2 QCS was largely consistent with pathologist’s HER2
scoring, and could potentially enhance prediction of patient outcome with T-Dxd by in-
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creasing sensitivity and specificity of response, especially in the HER2-low population [63].
A study from China accessed the role of AI in the accurate interpretation of HER2 IHC
0 and 1+ in 246 BCs and found the interpretation accuracy was significantly increased
with AI assistance (Accuracy 0.93 vs. 0.80), as well as the evaluation precision of HER2
0 and 1+. The AI algorithm also improved the total consistency (ICC = 0.542 to 0.812),
especially in HER2 1+ cases, as well as the accuracy in cases with heterogeneity (Accuracy
0.68 to 0.89) [64]. Recently, PAIGE, an AI-based company announced CE-IVD and UKCA
designations of its new digital biomarker assay, HER2Complete, to identify patients with
HER2-low BC, but this software has not been approved for diagnostic procedure in the
U.S. [65].

Developing accurate and quantitative methods to facilitate the identification of HER2-
low BC is also under active investigation. Moutafi et al. recently developed a quantitative
immunofluorescence coupled with a mass spectrometry standardized HER2 array to mea-
sure absolute amounts of HER2 protein on conventional histology sections. It showed the
assay was linear between 2–20 attomols/mm2 which was within the range of expression
in normal breast epithelium, but below the levels seen in the HER2 amplified cell lines or
tumors, indicating it may allow for objective and quantitative low HER2 assessment [66].
Kennedy et al. also reported that an immunoaffinity-enrichment coupled to multiple
reaction monitoring-mass spectrometry (immuno-MRM-MS) had acceptable analytical
characteristics, high concordance with predicate assays, even at low HER2 expression
levels [67]. In addition, a study by Xu et al. suggested that molecular method such as
mRNA may better serve on defining HER2-low cancer for the treatment decision needs
due to its relatively broader dynamic range [68]; while, a recent study found neither IHC
nor HER2 mRNA measured by qRT-PCR method would be optimal to quantify HER2-low
expression, especially for HER2 1+ BC [69].

These exciting results in the quantitative measurement of HER2 protein expression
have opened the doors, but efforts are largely needed in developing cost-effective and easily-
implemented methods for facilitating patient selection in the HER2-low era. Furthermore,
as we mentioned previously [15], any of new quantitative methods on HER2 protein
detection will need to undergo extensive analytic and clinical validation to demonstrate
level 1 evidence of clinical utility before approval for the use in clinical practice.

3.4. HER2 Evaluation and Reporting in Breast Cancer in the New HER2-Low Era

Until more accurate and reliable quantitative methods are available for identifying
HER2-low BC in routine clinical practice, IHC stays as the primary method to select patients
with HER2-low expressing BCs who may benefit from the newly approved HER2-targeted
agent. It is important for the pathologist to be familiar with the concept and definition of
HER2-low BC and be aware of any changes in the ASCO/CAP HER2 testing guidelines.
When evaluating HER2 status in BC, we should adhere strictly to the most updated
ASCO/CAP HER2 testing guidelines and carefully evaluate HER2 IHC slide, especially at
400×. Pursuing consensus opinion among pathologists on challenging/borderline cases,
and repeating HER2 IHC on the same or different block as well as communicating with
clinical team can be helpful. Additional training may be necessary for the accurate and
reproducible evaluation of HER2-low phenotype. In addition, revising the pathology
report to include the HER2 IHC score and the staining patterns would provide valuable
information for the clinical team to decide whether patient is eligible for T-Dxd treatment.

4. Current Clinical Landscape of HER2-Low Breast Cancer: Role of
HER2-Targeted Agents

4.1. Limited Activity of Anti-HER2 Monoclonal Antibodies in HER2-Low Breast Cancer

In the retrospective subgroup analysis of two landmark adjuvant trastuzumab trials
(NSABP B-31 and N9831), 174 tumors in NSABP B-31 trial and 103 tumors in N9831 trial
were reclassified from HER2 positive to negative after central review, and these patients
appeared possibly to benefit from additional trastuzumab therapy [70,71]. However, the
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recent NSABP B-47/NRG oncology phase III trial demonstrated the unequivocal evidence
that the addition of trastuzumab to adjuvant chemotherapy did not benefit women with
high-risk HER2-low BCs [72]. With a median follow-up of 46 months, the addition of
trastuzumab to the standard adjuvant chemotherapy did not improve DFS (89.8% vs. 89.2%;
hazard ratio, 0.98; p = 0.85), distant recurrence-free interval (92.7% vs. 93.6%; hazard ratio,
1.10; p = 0.55), or OS (94.8% vs. 96.3%; hazard ratio, 1.33; p = 0.15). Similarly, pertuzumab has
limited activity in patient with HER2-low metastatic BCs, with only 4.9% (2/78) of patients
achieved partial response as monotherapy, or very narrow therapeutic window with high
incidence of diarrhea when combined with pertuzumab and paclitaxel [73,74]. It has been
reported that margetuximab showed anti-tumor activity against HER2-low expressing cell
lines in an in vitro study [75], and a phase 2 clinical trial on the activity of margetuximab in
relapsed or refractory advanced BC with HER2-low expression (NCT01828021) was not
completed due to lack of efficacy in 17 patients (68%), adverse effect in 2 patients (20%) and
withdrawal in 1 patient (4%) [76].

4.2. Limited Activity of First Generation of HER2-Targeted ADC in HER2-Low Breast Cancer

ADC is a novel class of anticancer agents, which consists of a recombinant monoclonal
antibody (mAbs), a cytotoxic drug (payload) and a synthetic linker. By targeting the antigen
in the cell membrane by the mAb, the payload will be delivered into the targeted cells
more specifically, thus improving the efficacy of payload and significantly reducing the
systemic toxicities. T-DM1 is the first HER2-targeted ADC that received the U.S. FDA
approval as second or beyond-line for HER2-positive BC and as adjuvant treatment for
HER2 positive patients with residual disease after NAC. Currently, there is no formal
clinical trial on evaluating T-DM1 in HER2-low BC. In an exploratory analysis of two phase
2 trials designed for HER2-positive BC (TDM4258 g and TDM4374 g), T-DM1 showed a
lower ORR (4.8 vs. 33.8% in 4258 g, and 20 vs. 41.3% in 4374 g) and PFS (2.6 vs. 8.2 months in
4258 g, and 2.8 vs. 7.3 months in 4374 g) for HER2-negative than HER2-positive BCs [77,78].

4.3. Significant Clinical Benefit of New HER2-Targeted ADC in HER2-Low BCs

T-Dxd is the 2nd U.S. FDA-approved HER2-targeted ADC in metastatic HER2-positive
BC and the first HER2-targeted agent in metastatic or inoperable HER2-low BC. It is
composed of an anti-HER2 immunoglobulin G1 antibody, a tetrapeptide-based cleavable
linker and a membrane permeable topoisomerase I inhibitor payload with a drug-to-
antibody ratio of 8:1. A randomized phrase III, DB-04 trial evaluated T-Dxd in 557 patients
(494 HR positive and 63 TNBCs) with HER2-low unresectable or metastatic BC previously
treated with one or two lines chemotherapy [12]. Treatment with T-Dxd (5.4 mg/kg,
every 3 weeks), in addition to chemotherapy of physician’s choice, resulted in a confirmed
objective response rate of 52.6% in HR-positive patients and 52.3% in the overall study
population compared to chemotherapy of physicians’ choice (16.3%). Compared to the
chemotherapy of physician’s choices, T-Dxd significantly improved PFS in HR-positive
patients (10.1 vs. 5.4 months, hazard ratio 0.51, p < 0.001) and in the overall population
(9.9 vs. 5.1 months, hazard ratio 0.50, p < 0.001). OS was also improved by T-Dxd treatment
among HR-positive patients (23.9 vs. 17.5 months, hazard ratio 0.64, p = 0.003) and the
overall population (23.4 vs. 16.8 months, hazard ratio 0.64, p = 0.001). Similarily, in an
exploratory analysis in a small number of patients with TNBCs, T-Dxd also improved PFS
(8.5 vs. 2.9 months, hazard ratio 0.46) and OS (18.2 vs. 8.3 months, hazard ratio 0.48) [12].

In contrast to other anti-HER2 agents, the unique clinical benefits of T-Dxd in HER2-
low BC might be achieved by the so-called “bystander killing” mechanisms due to the
highly membrane-permeable payload, high drug-to-antibody ratio and cleavable linker.
An in vitro study has demonstrated that T-Dxd could induce a potent “bystander killing”
effect on cells in close proximity to targeted HER2-expressing tumor cells by transferring
the released payload into the neighboring cells, regardless of their HER2 status [79]. It
appears that in HER2-low BC, HER2 molecules on the tumor cell surface primarily function
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as a means for delivering antibody conjugated drugs, instead of direct inhibition of HER2
dimerization or the blockade of downstream signaling [15].

T-Dxd has generally manageable and tolerable safety profile with gastrointestinal dis-
turbances, myelotoxicity, and alopecia being most common adverse effects. Approximately
28% of patients developed adverse reactions, and 16% of patients had to stop receiving the
drug permanently during the clinical trial [80]. Interstitial lung disease (ILD)/pneumonitis
is the most concerning adverse event associated with T-Dxd treatment. In a recent pooled
analysis of 1150 patients who received one or more dose of ≥5.4 mg/kg T-Dxd monother-
apy from nine phase I and II clinical trials, T-Dxd-related ILD/pneumonitis was found in
15.4% of patients, and most were low grade (77.4%, grade 1 or 2; 3.4% grade 3 and above)
and occurred in the first 12 months of treatment [81]. Age <65 years, enrollment in Japan,
T-Dxd dose >6.4 mg/kg, oxygen saturation <95%, moderate/severe renal impairment,
presence of lung comorbidities, and time since initial diagnosis >4 years are the factors of
interest associated with any-grade adjudicated drug-related ILD/pneumonitis [81,82]. It
needs to be mentioned that with the implementation of updated guidelines for the man-
agement of toxic effects in 2019, in the DB-04 trial, the numerical incidence of high-grade
events (grade 3 and above) decreased to 2.1% [12]. The specific mechanism of lung injury
by T-Dxd is not clear, although it was hypothesized that the ADC-induced alveolar dam-
age is likely due to the target-independent uptake of the conjugated payload by immune
cells [82,83]. During T-Dxd treatment, if patients develop dry cough, dyspnea, fever or
other new or worsening respiratory symptoms, prompt clinical and imaging evaluation of
potential ILD/pneumonitis is warranted [82,84], and permanent discontinuation of T-Dxd
in patients with grade 2 or higher ILD/pneumonitis should be considered. Further work is
needed to better understand the pathophysiology of T-Dxd-associated ILD/pneumonitis
along with the delineation of risk factors, prevention, and treatment measures, ultimately
to improve the safety profile of T-Dxd for treating HER2-low BC.

4.4. Other Clinical Development of Agents in the Setting of HER2-Low Breast Cancer

Currently, there are several other agents under clinical development for treating
HER2-low BC, including T-Dxd combined with nivolumab, T-Dxd combined with Durval-
umab, trastuzumab duocarmazine, disitamab vedotin (RC-48), ARX788, A166, FS-1502 and
zenocutuzumab [20].

5. Future Directions

Compared to 2 years ago when the concept of “HER2-low” in BC was first introduced,
our understanding of HER2-low BC has significantly advanced, especially on the tumor
biology. Nevertheless, there are still challenges and unanswered questions that need to be
addressed, including pathology practice, translational research and clinical management
in this subset of BCs. We herein propose the following future directions on the topic of
HER2-low BC:

1. What is the most appropriate/accurate assay to use for identifying HER2-low BC in
the clinical practice;

2. How to best incorporate this new classification of BC into scoring approaches and
what changes are needed in terms of test implementation, validation and quality
control measures;

3. To establish a more accurate and reproducible definition of HER2-low BC;
4. To further address whether HER2-low tumor represents a distinct clinical entity and

whether HER2-low expression has prognostic value, especially prospective studies
that include HR status and treatment protocols;

5. Real-world experience with large multicenter case series on the treatment pattern and
efficacy of T-Dxd in HER2-low BC;

6. How should T-Dxd be sequenced with other treatment options for treating HER2-
low BC and further evaluation of treatment combination strategies of T-Dxd with
other drugs;
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7. To investigate the pathophysiology of ADC-associated adverse events especially
ILD/pneumonitis along with the delineation of risk factors, prevention, and treatment
measures, ultimately to improve the safety profile of these ADCs for treating HER2-
low BC.

6. Conclusions

The development of novel HER2-targeting ADCs and identification of their significant
clinical benefits in HER2-low BC, currently defined as BC with HER2 IHC 1+ or 2+/ISH
negative phenotype, will dramatically revolutionize the clinical treatment landscape of
HER2 negative BCs. Although our understanding of HER2-low BC has significantly
advanced in the past 2 years, further efforts including basic and translational research as
well as clinical studies in this newly recognized targetable group of BC are still largely
needed. Figure 3 summarizes the current biological, pathological and clinical treatment
landscape of HER2-low BC and our proposal for future directions on clinical management,
pathology practice, and translational research in this subset of BC.

 

Figure 3. Summary of the current biological, pathological and clinical treatment landscape of HER2-
low BC and our proposal for future directions on clinical management, pathology practice, and trans-
lational research in this subset of BC. Abbreviations: ADC: Antibody-drug conjugate; ASCO/CAP:
The American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP); BC:
Breast cancer; HER2: Human epidermal growth factor receptor 2; IHC: Immunohistochemistry; HR:
Hormonal receptor; ILD: Interstitial lung disease; NAC: Neoadjuvant chemotherapy.
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Simple Summary: The aryl hydrocarbon receptor (AhR) is expressed in breast cancer cells and
tumors and in some studies, the AhR is a negative prognostic factor for patient survival. Structurally
diverse AhR ligands have been extensively investigated as anticancer agents in breast cancer cells and
tumors and show efficacy in both estrogen receptor (ER)-positive and ER -negative breast cancer cells.
Moreover, synthetic AhR ligands are being developed and have been in clinical trials for treating
breast cancer. In contrast, other reports show that AhR ligands enhance mammary carcinogenesis
and in a few studies opposite results are observed for the same AhR ligands in comparable breast
cancer cells lines. This paper attempts to provide an extensive, unbiased review of the contrasting
effects of AhR ligands in breast cancer and points out that future research will be required to resolve
these conflicting results.

Abstract: Breast cancer is a complex disease which is defined by numerous cellular and molecular
markers that can be used to develop more targeted and successful therapies. The aryl hydrocarbon
receptor (AhR) is overexpressed in many breast tumor sub-types, including estrogen receptor-positive
(ER+) tumors; however, the prognostic value of the AhR for breast cancer patient survival is not
consistent between studies. Moreover, the functional role of the AhR in various breast cancer cell
lines is also variable and exhibits both tumor promoter- and tumor suppressor- like activity and
the AhR is expressed in both ER-positive and ER-negative cells/tumors. There is strong evidence
demonstrating inhibitory AhR-Rα crosstalk where various AhR ligands induce ER degradation. It has
also been reported that different structural classes of AhR ligands, including halogenated aromatics,
polynuclear aromatics, synthetic drugs and other pharmaceuticals, health promoting phytochemical-
derived natural products and endogenous AhR-active compounds inhibit one or more of breast
cancer cell proliferation, survival, migration/invasion, and metastasis. AhR–dependent mechanisms
for the inhibition of breast cancer by AhR agonists are variable and include the downregulation
of multiple genes/gene products such as CXCR4, MMPs, CXCL12, SOX4 and the modulation of
microRNA levels. Some AhR ligands, such as aminoflavone, have been investigated in clinical trials
for their anticancer activity against breast cancer. In contrast, several publications have reported
that AhR agonists and antagonists enhance and inhibit mammary carcinogenesis, respectively, and
differences between the anticancer activities of AhR agonists in breast cancer may be due in part to
cell context and ligand structure. However, there are reports showing that the same AhR ligand in
the same breast cancer cell line gives opposite results. These differences need to be resolved in order
to further develop and take advantage of promising agents that inhibit mammary carcinogenesis by
targeting the AhR.

Keywords: AhR; breast cancer; agonist; ligand; TCDD

1. Introduction

The aryl hydrocarbon receptor (AhR) is a basic helix-loop-helix protein that binds the
environmental toxicant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) with high affinity and
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mediates the toxic and biologic effects induced by this compound and structurally-related
halogenated aromatics [1–5]. The classical mechanism of AhR-mediated gene expression
and functions involves the ligand-dependent formation of the AhR and the AhR nuclear
translocator (ARNT) protein as a heterodimer, which in turn binds cognate cis elements in
target gene promoters [6]. The cis elements or xenobiotic response elements (XREs) contain
a core GCGTG pentanucleotide sequence and variable flanking nucleotides [6–8]. This
classical mechanism of action of the AHR:ARNT complex which targets sequence-specific
cis-elements is similar to that described for many members of the nuclear receptor (NR)
superfamily of intracellular receptors such as estrogen receptors (ERs, ESR1) [9–11].

Among all intracellular receptors, the AhR is the only receptor identified in molecular
toxicology studies focused on determining the mechanism of action of TCDD and struc-
turally related compounds [1,2]. The discovery of the AhR as a “toxicant” receptor has
subsequently been a significant hindrance in development and clinical applications of AhR
ligands for the treatment of multiple diseases. Overcoming the concerns regarding the
potential toxicity of AhR ligands was due to several factors, including the development of
AhR knockout (AhRKO) mouse models [12–14] and discoveries showing that many AhR
ligands are “health promoting” compounds [15–19]. Differences in AhR ligand persistence
may be related to their dioxin-like toxicities. In this review article, the role of the AhR and
its ligands as inhibitors of breast cancer in cellular and in vivo models will be investigated.
Several studies support a role for AhR ligands as inhibitors of breast cancer and this in-
cludes some studies in this laboratory on TCDD and related compounds as antiestrogens
associated with ligand-dependent inhibitory AhR-ERα crosstalk [20–22]. There is extensive
support from cell culture and in vivo studies indicating that the AhR is a target for breast
cancer therapy [23] and human clinical trials using the AhR ligand “aminoflavone” have
been carried out for treating breast and other cancers [24–27]. Moreover, studies from
several laboratories show that many structural classes of AhR ligands also inhibit some
aspects of mammary carcinogenesis [23]. In contrast, there are also reports showing that
AhR ligands enhance breast cancer growth and development [28–31] and there are other
examples of AhR/AhR ligands exhibiting both tumor suppressive and tumor promoter-like
activities for specific cancers [32–36]. Some of these differences are irreconcilable. However,
in breast cancer there are several factors that can contribute differences in the role of the
AhR/AhR ligands in breast cancer and this includes the following:

1. breast cancer cell context which includes differential expression of the ER and other
as yet unidentified factors,

2. breast cancer complexity associated with multiple classifications of tumors based on
differences in their histopathology, gene expression, and other clinical parameters,

3. ligand structure and the fact that selective AhR modulators (SAhRMs) exhibit tissue/
cell-specific AhR agonist or antagonist activity,

4. other mechanisms of action of the AhR which involve altered genomic and non-
genomic (e.g., cell membrane) pathways that may be differentially be affected by AhR
ligands some of which also activate more than one receptor. An example of dual
receptor ligands are the polyaromatic hydrocarbons (PAHs) and other compounds
which bind both the AhR and ER [36–39].

2. Selective AhR Modulators (SAhRMs)

Initial studies on the AhR and the steroid hormone NRs identified exogenous (e.g.,:
TCDD) or endogenous (e.g., steroid hormones) ligands that act primarily as receptor ag-
onists. However, for the AhR and other nuclear receptors, it was soon recognized that
many different structural classes of ligands also bound the receptor and could act as
tissue/cell-and even gene specific agonists, antagonists or partial agonists/antagonists.
For example, the AhR binds structurally diverse industrial and synthetic compounds,
PAHs, pharmaceuticals, mycotoxins, multiple classes of health promoting phytochemicals
including flavonoids, polyphenolics, heteroaromatics such as indole-3-carbinol (I3C), mi-
crobial metabolites, and 1,4-dihyroxy-2-naphthoic acid (DHNA) [15–19] (Figures 1 and 2).
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In addition, some endogenous compounds, including 6-formyl (3,2-b) carbazole (FICZ),
2-(1′-H-indole-3-carbonyl) thiazole-4-carboxylic acid methyl ester (ITE), tryptophan metabo-
lites such as kynurenine and other gut microbial products, and leukotrienes may play a
role as endogenous ligands for the AhR [40–45].

Figure 1. The structures of AhR ligands that inhibit DMBA-induced mammary cancer growth in
female Sprague Dawley rats [46–51] using the Huggins model [52].

Figure 2. The structures of synthetic compounds, including pharmaceuticals that are AhR ligands.

The selectivity of AhR ligands in terms of their tissue-specific agonist or antagonist
activity has been reported in breast and other cancer cell lines and also has been recently
reviewed [15]. It is striking that the RNAseq analysis of TCDD and related toxicants are
highly variable with respect to their differentially expressed genes. A landmark study of
596 drug-related compounds identified a sub-set of 147 compounds that were evaluated
in several Ah-responsive assays, including receptor binding, reporter gene activation and
CYP1A1 gene expression [53]. They observed multiple differences among these phar-
maceutical compounds to activate putative Ah-responsive endpoints. For example, 59%
(81/137) of the compounds induced hepatic CYP1A1 mRNA in mice but did not bind or
activate the AhR in vitro. Only nine of these compounds exhibited both in vitro and in vivo
activity as AhR agonists in the complete panel of assays which included cytochrome P450
induction in mouse cancer cell lines and liver (in vivo). The selectivity of these AhR-active
pharmaceuticals has been further investigated in our laboratory in breast and pancreatic
cancer cells [54–56].

The pharmaceutical-derived AhR agonists identified in the screening study [54], in-
cluding flutamide, leflunomide, mexiletine hydrochloride, nimodipine, omeprazole, sulin-
dac and tranilast were investigated in breast cancer cells. Their activity as inducers of
CYP1A1 and CYP1B1 in MDA-MB-468 and BT474 breast cancer cells was structure, re-
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sponse and cell type-specific. Compared to TCDD, induction of CYP1A1 was more robust
in BT474 than MDA-MB-468 cells, whereas for most of these compounds the reverse was
true for the induction of CYP1B1. 4-Hydroxytamoxifen induced minimal (<25% of maximal
induction observed for 10 nM TCDD) CYP1A1 and CYP1B1 expression in both cell lines
and with the exception of induction of CYP1B1 (50% of maximal induction observed for 10
nM TCDD), tranilast was also a weak inducer of CYP1A1 and CYP1B1 [54]. The pattern
of CYP1A1/CYP1B1 induction in MDA-MB-231 cells also differed from that observed in
MDA-MB-468 and BT474 cells. The selectivity was also observed for the effects of these
pharmaceuticals on the invasion (Boyden chamber) of MDA-MB-231 cells. TCDD (minimal),
omeprazole and tranilast inhibited invasion at sub-toxic concentrations, whereas no effects
were observed for 4-hydroxytamoxifen, flutamide, leflunomide, mexiletine, nimodipine,
and sulindac [55]. Using omeprazole as a model, it was also shown that inhibition of
MDA-MB-231 cell invasion by omeprazole was reversed by AhR antagonists and AhR
knockdown (siAhR) and inhibition of invasion was primarily due to AhR-dependent down-
regulation of CXCR4, which was observed both in vitro and in vivo [55]. These highly
variable ligand-dependent results in breast cancer cells were observed for pharmaceuticals
that were all AhR-active in liver and liver cancer cells, demonstrating that these compounds
are SAhRMs. Moreover, there is evidence for SAhRM-like activity for many other structural
classes of AhR ligands [15,16].

3. AhR in Breast Cancer: Prognostic Significance

There are multiple genes/gene products expressed in breast cancer and other tumors
that can predict overall survival or recurrence of disease and they also may be useful for
selecting appropriate treatment regimens [57]. These markers, which include receptors,
may or may not be indicative of their functional activity or predict effects of therapeutic
regimens. There were some differences in the nuclear and extranuclear distribution of AhR
protein in non-pathological breast ductal epithelial cells and invasive ductal carcinoma and
AhR overexpression was associated with better prognosis of ER-negative and ER-positive
invasive ductal carcinoma patients [58]. In another study on 436 breast cancer cases, it was
concluded “that AhR expression is not a prognostic factor in breast cancer” [59]. There were
correlations between AhR, and levels of several genes associated with inflammation and
high levels of AhR repressor (AhRR) mRNA which predicted enhanced patient survival.
This might suggest that since AhRR inhibits AhR function due to competition for ARNT,
then high AhR levels would be negative prognostic factors; however, this was not observed
in a prospective study of 1116 patients where correlations between multiple prognostic
factors and their combination with AhR expression were evaluated for their prognostic
value. Low cytosolic AhR levels and positive aromatase were associated with more ag-
gressive ER negative (ER-) tumors; however, AhR tumor genotypes did not correlate with
AhR protein levels [60]. Another report indicated that the predictive value of the AhR was
dependent on the lymph node status of the patient and concluded “that AhR is a marker of
poor prognosis for patients with LN-negative luminal-like BCs” [61]. The results suggest
that the prognostic value of AhR levels (mRNA and protein), intracellular location and
AhR polymorphisms with respect to patient survival/disease recurrence is complex and
dependent on many other factors, including prior patient treatment protocols [58–61].

4. Role of the AhR and Its Ligands as Inhibitors Breast Cancer in Cellular and
Rodent Models

(i) Long-term feeding and Huggins model: Knockdown of the AhR in mice results
in lesions in multiple tissues and immune function abnormalities [62–65]. However, the
loss of this receptor and development of murine mammary tumorigenesis has not been
reported. Studies on the potential effects of TCDD on the development of mammary cancer
in rodent models were initially investigated as part of the risk assessment of TCDD, and
there is also evidence for impacts of this toxicant on mammary gland development [66–68].
A long-term feeding study in female Sprague Dawley rats showed that TCDD decreased
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benign mammary tumor formation in one study [69] but this response was minimal in
another chronic toxicity feeding study [70]. Another breast cancer model involves 7,12-
dimethylbenz[a]anthracene (DMBA)-induced mammary cancer in female Sprague Daw-
ley rats which can then be subsequently treated to identify potential antitumor agents.
This model developed by Huggins and coworkers [52] depends on the administration
of DMBA to 50 day-old rats and appropriate metabolic activation of DMBA which pro-
duces a maximal mammary tumor response. The prenatal administration of TCDD altered
mammary gland development [66–68] and enhanced DMBA-induced mammary cancer
formation, whereas AhR activation during pregnancy decreased DMBA-induced tumor pro-
motion [71,72]. The Huggins protocol has been used to determine the anticancer activities
of AhR ligands. The results show that several AhR agonists, including TCDD, 3,31,4,41-
tetrachlorobiphenyl (TCBP), diindolylmethane (DIM) and substituted DIM analogs, and
6-methyl-1,3,8-trichlorodibenzofuran (MCDF) inhibit the formation and growth of mam-
mary tumors [46–51]. These studies are consistent with the antiestrogenic effects of AhR
ligands, resulting in antitumorigenic activity.

(ii) AhR Function: In many tumor types, the AhR alone exhibits tumor promoter or
tumor suppressor like activity (Table 1) [73–89], and this can be observed in animals or
cells after knockdown or overexpression studies [33,34]. Although the loss of AhR in mice
does not affect mammary tumorigenesis, studies in breast cancer cell lines give variable
results. For example, knockdown of the AhR by RNA interference increased or did not
affect proliferation in BT474 and MDA-MB-468 cells, respectively [73]. In MCF-7 breast
cancer cells in a mouse xenograft model, AhR expression was not required for mammary
tumorigenesis [74]. In another study, the loss of AhR did not affect the growth of MCF-
7 cells; however, TCDD inhibited the growth of AhR-expressing and AhR-KO cells [75].
Another report showed that overexpression of the AhR enhanced MCF-7 cell growth [76,77].
AhR knockdown in ER-negative, MDA-MB-231 cells decreased proliferation and wound
healing but induced apoptosis and inhibited tumor growth in an athymic nude mouse
xenograft model. [78]. In contrast, knockdown of the AhR in MDA-MB-231 and SKBR3
cells increased invasion [79], whereas other studies gave variable results [55,80]. Stable
AhRKO MDA-MB-231 cells were analyzed in a 3-dimensional microfluidic invasion assay
that examined both functional and genomic differences with respect to loss of the AhR.
MDA-MB-231-AhRKO cells exhibited enhanced invasion characteristics and transient AhR
expression in these cells’ decreased invasion, confirming that the AhR inhibited invasion.
In contrast, the loss of AhR in these cells decreased proliferation and proliferation-related
genes, indicating that the receptor played a role in cell proliferation, which was in contrast
to its effect as an inhibitor of invasion [81]. Thus, the role of the AhR alone in breast
cancer is variable and is breast cancer cell type-dependent; current evidence favors a pro-
oncogenic phenotype for the AhR, but this needs to be further investigated in multiple
breast cancer cell lines. Nevertheless, the expression of the AhR in breast cancer and in
breast cancer cell lines offers the opportunity for investigating the potential for AhR ligands
as chemotherapeutic agents for treating breast cancer.

(iii) Synthetic halogenated aromatic AhR ligands: Confirmation that the AhR is a
target for developing anticancer drugs for treating breast cancer has been extensively
investigated using different structural classes of AhR ligands and an array of breast cancer
cell lines, including ER-positive (T47D, MCF-7 and ZR-75), ER-negative (MDA-MB-231,
MDA-MB-468, MDA-MB-436, MDA-MB-157, MDA-MB435, BT26, CRL2335, BT20, BT549,
BT479, HS5787, HCC38, mouse 4T1) and HER-2/ErbB2 positive (BT474, SKBR3 and MDA-
MB-453) cells. AhR-active ligands have primarily been used in these studies, but it is
also possible that some of these compounds also target other receptors and proteins. AhR
specificity is confirmed in many studies by results from AhR knockdown (KO) or cotreating
with AhR antagonists. Many of these studies investigate the effects of AhR ligands on one
or more of cell proliferation/cell cycle progression, survival/apoptosis invasion/migration,
metastasis, inflammation, changes in mRNA and microRNA expression, and as SAhRMs
most AhR ligands selectively modulate responses.
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Table 1. TCDD and halogenated aromatics as inhibitors of mammary carcinogenesis.

Compounds Responses Cell KO In Vivo Reference

TCDD multiple

MDA-MB-231
MDA-MB-436
MDA-MB-157

MDA-MB-435 and BT474

� [73]

2,3,7,8-TCDF multiple

MDA-MB-231
MDA-MB-436
MDA-MB-157

MDA-MB-435 and BT474

� [73]

2,3,4,7,8-PeCDD multiple

MDA-MB-231
MDA-MB-436
MDA-MB-157

MDA-MB-435 and BT474

� [73]

1,2,3,7,8-PeCDD multiple

MDA-MB-231
MDA-MB-436
MDA-MB-157

MDA-MB-435 and BT474

� [73]

3,3′4,4′,5-PeCB multiple

MDA-MB-231
MDA-MB-436
MDA-MB-157

MDA-MB-435 and BT474

� [73]

TCDD cell cycle prog. MCF-7 – – [82]

TCDD gr. MDA-MB-468 – � [83]

TCDD gr. MCF-7 – – [84]

TCDD CXCR4/CXCL12 Multiple [85]

TCDD Inv MDA-MB-231, SKBR3 � – [79]

TCDD Inv MDA-MB-231, SKBR3 � – [79]

TCDD Inv MDA-MB-231, T47D � – [86]

TCDD Inv MDA-MB-231 and BT474 � – [87]

TCDD gr MCF-7 – � [88]

TCDD met 4T-1 – � [89]

Inv = invasion; met = metastasis; gr = growth.

Table 1 summarizes the effects of TCDD and structurally related halogenated aromatics
as AhR agonists in breast cancer cells (Figure 1). One study used 5 different ligands and
6 different breast cancer cell lines to show that these AhR ligands inhibited breast cancer
cell growth, and this was supported by limited KO studies in which loss of the AhR
resulted in loss of AhR ligand -dependent growth inhibition [73]. Moreover, it was also
shown that TCDD inhibited tumor growth in an athymic nude mouse xenograft model
bearing MDA-MB-468 cells [83]. Several other studies reported that TCDD inhibited
growth or invasiveness, decreasing pro-invasion genes (CXCR4 and MMP-9) in breast
cancer cells [83–86] and 2,3,7,8-tetrachlorodibenzofuran (TCDF) also inhibited invasion of
MDA-MB-431 and T47D cells [86] and BT474 cells [87]. Another early study using MCF-7
cells showed that TCDD inhibited early tumor growth, but this effect was lost during
the later stages of the experiment [88]. Wang and coworkers used a syngeneic immune
competent mouse xenograft study with mouse mammary cancer 4T-1 cells and showed
that TCDD inhibited lung metastasis and metastasis from the primary tumor site but did
not affect growth of the primary tumor [89]. In addition, TCDD and DIM suppressed
metastasis by targeting SOX4 via microRNAs [86]. Thus, results obtained using TCDD and
related AhR ligands indicate that these compounds inhibit some pro-oncogenic functions
of breast cancer.
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(iv) Synthetic AhR ligands including pharmaceuticals (Figure 2): Initial studies in
this laboratory identified MCDF as a partial AhR antagonist which inhibited induction
of CYP1A1 by TCDD in cell culture, whereas MCDF exhibited AhR-dependent antie-
strogenic activity in the mouse uterus and breast cancer cells. Table 2 summarizes the
inhibitory effects of MCDF on the growth and invasion of breast cancer cells [73,87] and
this compound also inhibited growth of tumors in an athymic nude mouse model bearing
MDA-MB-231 cells [87]. Synthetic aminoflavone [5-amino-2-(4-amino-3-fluorophenyl)-6,8-
difluoro-7-methyl-4H-1-benzopyran-4-one; NSC-688228] and its prodrug conjugate are
AhR ligands that have been in clinical trials for breast cancer chemotherapy [24–27,90–94].
In contrast to most other AhR ligands, aminoflavone and some related synthetic aromatic
amines require AhR-dependent activation of CYP1A1 and other drug metabolizing en-
zymes. The induced enzymes result in metabolic activation of the pro-drug, which causes
downstream cellular damage and pathways leading to cell killing. Two aminobenzothiazole
derivatives, namely 2-(4-amino-3-methlyphenyl)benzothiazole (DF-203) and 2-(4-amino-3-
methlyphenyl)-5 fluorobenzothiazole (SF-203) are AhR ligands that have also been in clinic
trials for treating breast cancer [95–103]. These compounds are similar to aminoflavones,
undergo metabolic activation and induce cytotoxic downstream pathways, including ox-
idative stress. Some ER-negative cell lines which exhibit low CYP induction were relatively
insensitive to the cytotoxic effects of the aminobenzothiazoles. Several other AhR ligands,
including a novel naphthylamide (2-(2-aminophenyl) -H-benzo [d,e]isquinoline-1,3 [2H]-
dione) (NAP6) and related compounds [104,105] and N,2-dimethyl-N-[1,2-dimethylindol-
5-yl] quinazoline-5-amine (#12), [106] also inhibit breast cancer cell/tumor growth. Both
AhR ligands may act in part via metabolic activation and #12 also inhibits microtubule
polymerization. (Z)-2 (3,4-dichlorophenyl)-3-(1H -pyrrol-2-yl) acrylonitrile (ANI-7) and
related compounds are AhR ligands that exhibit antitumor activity in breast cancer and
there is some evidence that metabolic activation also contributes to their effects [107–109].
CGS-15943 is an aminoglycoside identified in a screen for inhibitors of multidrug resis-
tance plasmid [110] that was also identified as an AhR ligand that exhibits anticancer
activity [111]. This compound induced apoptosis in MDA-MB-468 cells and its activity as
a SAhRM was confirmed primarily in liver cancer cell lines. A recent study also showed
that carbidopa, a drug used in treating Parkinson’s disease, inhibited breast cancer cell and
tumor growth through the AhR-dependent degradation of ER [112], and this pathway has
also been observed for TCDD [20].

Hu and coworkers [54] investigated 596 pharmaceuticals for their AhR activity and
identified only 9 compounds that were active in vitro in mouse liver and in mouse hep-
atoma cells. As indicated above, some of these AhR active compounds were subsequently
screened for their activity in breast cancer cells. Among the AhR -active (liver) pharma-
ceuticals 4-hydroxytamoxifen mexiletine, flutamide, leflunomide, nimodipine omeprazole,
sulindac and tranilast, all but 4-hydroxytamoxifen and mexiletine inhibited migration of
MDA-MB-468 cells [55]. In contrast, only nimodipine and omeprazole inhibited MDA-
MB-231 cell invasion, and for omeprazole, this response was reversed after knockdown
of AhR [87]. Tranilast has also been investigated in mouse 4T1 cancer cells and inhibits
cell growth and invasion and migration, as well as tumor growth and metastasis in a
syngeneic mouse model [113]. Tranilast was also anticarcinogenic in BT474 and MDA-
MB-231 human breast cancer cell lines [114,115]. Beta-Naphthoflavone is a well-known
“non-toxic” AhR ligand which inhibits MCF-7 but not MDA-MB-231 cell proliferation, cell
cycle progression and related genes [116]. Both raloxifene and 4-hydroxytamoxifen are two
antiestrogens that are also AhR ligands that inhibit apoptosis and differentiation of breast
cancer cells [117,118] and they are part of a group of compounds that are dual AhR-ER
and ligands. Results summarized in Table 2 demonstrate that structurally diverse ligands
inhibit mammary carcinogenesis in multiple breast cancer cell lines and in vivo xenograft
models. The specific responses observed are ligand structure- and cell context-dependent
and this includes compounds such as aminoflavone that have been in clinical trials for
breast cancer and other cancers. A role for the AhR in mediating these responses has been
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confirmed in cell cultures and in vivo studies; however, contributions from the drug acting
on its traditional target cannot be excluded.

Table 2. Synthetic and pharmaceutical AhR ligands as inhibitors of mammary carcinogenesis.

Compounds Responses Cells KO In Vivo Reference

MCDF gr

MDA-MB-453,
MDA-MB-436, HCC-38,
MDA-MB-435, BT-474,

MDA-MB-157

� [73]

MCDF inv MDA-MB-231 and BT474 � � [87]

MCDF gr MDA-MB-468 – � [83]

Aminoflavone
gr, DNA damage

cytotoxicity,
ROS apoptosis

MCF-7, MDA-MB-231, T47D. ZR-75,
MDA-MB-468 – � [24–26,90–95]

Aminobenzothiazoles
(DF-203 and

SF-203)

gr, ROS,
DNA damage

MCF-7, MDA-MB-468, CRL2335,
MDA-MB-435 – � [96–103]

Naphthylamide
der-invatives

(NAP6)
gr MCF-7, MDA-MB-231, BT26, BT474,

MDA-MB-468 – � [104,105]

#12 (quinazoline
derivative)

gr, apoptosis,
MMP, ROS MCF-7 – � [106]

ANI -7
(acrylo-nitriles) gr MCF-7, T47D, ZR-75 SKBR3, MDA-MB-468,

BT20, and BT474 � – [107–109]

Aminoglycoside
CG3-15943 MDA-MB-468 � – [110,111]

Flutamide migr. MDA-MB-468 – – [54]

Leflunomide migr. MDA-MB-468 – – [54]

Nimodipine migr. MDA-MB-468 – – [54]

Omeprazole migr. MDA-MB-468 – – [54]

Sulindac migr. MDA-MB-468 – – [54]

Sulindac migr MDA-MB-468 – – [54]

Tranilast inv, migr, gr, met MDA-MB-468, 4T1 – � [54,113–115]

β-Naphthoflavone gr MCF-7, MDA-MB-231 � – [116]

Raloxifene Apoptosis MDA-MB-231 � – [117]

Carbidopa multiple MCF-7, MDA-MB-231 � [112]

4-
Hydroxytamoxifen diff MCF-7 – – [118]

gr = growth; inv = invasion; diff = differentiation; migr = migration; met = metastasis; ROS = reactive oxygen
species; MMP = mitochondrial membrane potential.

(v) Natural products and endogenous AhR ligands: Natural products such as the
polyphenolics are also AhR ligands; however, many of these compounds bind multiple
receptors or have other activities which contribute to their anticancer activities in breast
and other cancers (Figure 3). 1, 1-Bis (31-indolyl) methane (DIM), the dimeric metabolite
of indole-3-carbinol (I3C) binds the AhR and several studies confirm the activity of this
compound as an inhibitor of breast cancer cell and tumor growth [48,85,119–122]. DIM
inhibits growth of ER+ and ER+ cancer cell lines and inhibits growth of carcinogen induced
mammary tumors in both orthotopic and syngeneic mouse models. These effects have
been associated with CXCR4/CXCL12 downregulation and induction of miR-212/132 [86].
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The antiestrogenic activity of DIM was also reported in a human nutritional intervention
study with healthy women that express BRCA [122]. I3C also binds the AhR with lower
affinity than DIM and I3C inhibits breast cancer cell growth and migration [123–126]; some
of this activity may be due to the facile conversion of I3C into DIM. Indolo-[3,2b}-carbazole
is another AhR-active metabolite of I3C that inhibits breast cancer cell migration [125].
Although many flavonoids have been characterized as AhR ligands [127,128], very few
have been investigated for their effects on breast cancer. Luteolin was particularly effective
against MD-MB-231 cells [129] and the prenylflavone icaritin exhibited dose-dependent
antiestrogenic activity but also inhibited the growth of MCF-7 cells in culture and in a
xenograft model in vivo [130]. Icaritin also downregulated ER expression and this was
presumed to be a major pathway for mediating cell growth inhibition. 3,4,5-Trihydroxy-6-
methylphthaldehyde (Flavipin) is a fungal metabolite that inhibits T47D, and MDA-MB-231
cell growth, invasion and migration and these responses are blunted after AhR knock-
down [131]. Glyceollins (Figure 3) are soybean phytoalexins that are AhR ligands and both
glyceollin I and glyceollin II inhibit migration of MDA-MB-231 cells [132]. Camalexin, an
indole phytoalexin, 2-hydroxy-6-tridecylbenzoic acid and the polyphenolic gallic acid, are
also phytochemical AhR ligands that exhibit anticancer activity in breast cancer [133,134].
Gallic acid inhibits tumor growth in athymic mouse xenograft models bearing MDA-MB-
231 and T47D cells, and also inhibited growth, migration, and invasion in cell culture [135].

Figure 3. The structures of endogenous and natural product-derived AhR ligands.

FICZ and ITE are endogenous AhR ligands that may play a role in AhR function and
both compounds are inhibitory in breast cancer cells [136,137]. ITE inhibits growth, migra-
tion, and invasion of MDA-MB-231 but not MCF-7 cells, and this may be related in part to
decreased JAG1 and NOTCH signaling. In contrast, the antiproliferative and antimigration
effects of FICZ in MCF-7 cells are associated with several miRs. The tryptophan metabolites
indoxyl sulfate and indole propionic acid are AhR ligands and inhibited 4T1 cell and tumor
growth (syngeneic mouse model) and EMT and induced oxidative stress [138,139]. The
results observed with the natural products and potential endogenous AhR ligands clearly
show that these compounds exhibit anticancer activity in breast cancer cells (Figure 4).
However, it is also apparent that this activity is response and cell context dependent, which
is typically observed for SAhRMs.
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Figure 4. Examples of AhR ligand-activated pathways/genes that result in anticancer activity in
breast cancer cells.

5. AhR and AhR Ligands Enhance Mammary Carcinogenesis

Although endogenous expression and function of the AhR in breast cancer cells is
variable, the effects of structurally diverse AhR ligands (Tables 1–3) are primarily associ-
ated with selective inhibition of pro-oncogenic responses. This was observed in cells in
which AhR knockdown exhibited increased or decreased proliferation, survival, or migra-
tion/invasion (Figure 5). Studies by Sherr and colleagues contrast with results summarized
in Tables 1–3. It was initially reported that the AhR and ReIA cooperatively activated cMyc
expression in Hs578T cells and thereby enhanced cMyc-dependent tumorigenesis [140]. In
a subsequent study in Hs578T cells, it was reported that the constitutive AhR suppressed
cMyc expression and was activated by the AhR repressor (AhRR) but not TCDD [30]. These
studies, which focused primarily on the role of constitutive AhR, gave variable results; how-
ever, subsequent reports show that in ER-negative Hs578T and SUM149 breast cancer cells
that AhR ligands enhance tumorigenesis (Table 4) (Figure 5) and contrast with results sum-
marized in Tables 1–3. For example, the tryptophan metabolites kynurenine, xanthurenic,
acid (XA) FICZ, and benzol(a)pyrene (BaP) enhance SUM149 cell migration and the AhR
antagonist CH223191 inhibited these responses for the former two compounds [141]. More-
over, a newly identified AhR antagonist (CB7993113) [142] and CH223191 also inhibited
migration in Hs578T and SUM149 cells, and this is supported by a study showing that
the AhR antagonist galangin decreased growth promoting genes in Hs578T cells [143].
Similar results were observed in SUM149, Hs578T and MCF-7 cells where the AhR and its
agonists were associated with inducing cancer stem cell characteristics [144]. Suspended
ER negative BT549, MDA-MB-231 and SUM159 breast cancers cells express higher AhR
levels and AhR inhibition or loss decreased pro-oncogenic pathways. AhR agonists DIM
and TCDD enhanced migration of Hs578T and SUM149 cells and complementary results
were observed in a zebrafish model [31]. TCDD also induced the inflammatory precursor
gene COX-2 and in MCF7-cells DIM inhibited the induction by TCDD [145]. In contrast,
it has also been reported that the AhR agonist DIM inhibits mammary carcinogenesis
(Table 2). In a study on interactions between tryptophan-2.3-dioxygenase (TD02) and AhR
signaling [146], it was observed that cells in suspension exhibited an enhanced response
that was associated with expression of higher AhR levels. Knockdown of AhR or treatment
with CH223191 decreased MDA-MB-231 and BT549 cell growth and colony formation and
kynurenine decreased apoptosis in BT479 cells [146]. Knockdown of the AhR in BT549
and MDA-MB-231 cells in suspension induced apoptosis, which has also been observed
in MDA-MB-231 cells treated with AhR ligands that inhibit mammary carcinogenesis
(Tables 1–3), and these differences need to be resolved. BaP was used as an AhR ligand
and it was shown that it induced migration of MDA-MB-231 cells and this response was
inhibited by CH223191 [147]. This inhibitory interaction between an AhR ligand and an
AhR antagonist is expected but the results showing that the AhR ligand BaP induced
migration of MDA-MB-231 cells contrast with the effects of other AhR ligand in this and
other cells lines, as summarized in Tables 1–3.
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Table 3. Endogenous and natural product AhR ligands as inhibitors of mammary carcinogenesis.

Compounds Responses Cells KO In vivo Reference

DIM gr, invasion, met MDA-MB-231, MCF-7, 4T-1 � � [78,86,119–122]

I3C gr, migr. apoptosis MIF-7, MDA-MB-231, MDA-MB-468, T47D – – [123–126]

ICZ migr MCF-7, MDA-MB-231, – – [125]

Luteolin inv, gr, met MDA-MB-231 – – [129]

Icaritin
MIR-212/132 gr MCF-7 � � [130]

Flavipin gr, inv, migr MDA-MB-231, T47D � � [131]

Glyceollins
CI and II migr MDA-MB-231 – – [132]

Camalexin gr, migr
(mammosphere) MCF-7, T47D – � [133]

2-Hydroxy-6-
tridecylbenzone

acia
gr MDA-MB-231 – – [134]

Gallic acid apoptosis, migr,
inv, gr T47D, MDA-MB-231 [135]

ITE MCF7, MDA-MB-231. MDA-MB-157 � – [136]

FICZ gr, migr MCF-7 � – [137]

Indoxylsulfate ROS, met, migr 4T1 � – [138]

Indolepropionic
acid gr, ROS, met 4T1, SKBR3 � – [139]

gr = growth; migr = migration; inv = invasion; met = metastasis; ROS = reactive oxygen species.

Figure 5. Ligand/AhR-mediated pro-oncogenic activities. (A). AhR ligands metabolically activate
pro-oncogenic genes/pathways that are inhibited by AhR loss or AhR antagonists. (B). Role of
AhR in pro-oncogenic pathways that involve other factors resulting in activation of downstream
pro-oncogenic pathways.
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Table 4. AhR/AhR ligands enhancing mammary carcinogenesis.

Compound Responses/Pathway Cells KO In Vivo Reference

TCDD gr, Myc/Rel-AhR Hs5787 – – [30,140]

FICZ, BaP, TCDD,
XA, Kyn

migr/AhR-TDO-
Kyn SUM149, Hs578T � � [141]

CB7993113
DMBA migr, inv, tox BP1, Hs5787 � – [142]

FICZ, BaP, TCDD migr/AhR-SOX2 Hs578T, MCF-7,SUM149 � – [144]

Galangin, NF, MC gr/genes Hs5787 � – [143]

DIM, TCDD colony form, migr BP1, Hs578T, SUM149, MDA-MB-231 � – [31,145]

Kyn

colonies, inv
met/AhR-TDO-

KYN,
NFkB

BT59, SUM159, MDA-MB-231 � – [146]

BaP inv, gr, migr MDA-MB-231 � – [147]

Phthalates migr, inv/HDAC6 MCF-7, MDA-MB-231 � – [148–150]

TCDD, Kyn surv, infl/COX2,
NFkB MDA-MB-231, SKBR3, others � – [151]

MC cytotox/AKR1C3 MDA-MB-231 � – [152]

TCDD apoptosis, gr,
AhRR MDA-MB-231, MCF-7, others � – [153]

CH223191 Proangiogenic/AhR-
AREG-ROS multiple � � [154]

CH223191 met, migr, motility MDA-MB-231, Hs578T Others � � [155]

MC gr/AhR-GPER SKBR3 � – [156]

TCDD, BaP infl, IL6 MCF-7 � – [157]

MC migr/HRG-AhR MCF-7 � – [158]

5-
Hydroxtryptophan

IL-2-CD8 +T cell
exhaustion 4T1 � � [159]

migr = migration; gr = growth; inv = invasion; form = formation; surv = survival; infl = inflammation;
met = metastasis; ROS = reactive oxygen species.

There are also studies where the AhR and other ligands or cellular factors play a
pro-oncogenic role in breast cancer. For example, several phthalates activate the extranu-
clear AhR in MDA-MB-231 cells via activation of histone deacetylase 6 (HDAC6) and
downstream induction of cMyc [148]. A subsequent study by this group focused on other
factors involved in phthalate-AhR interactions in MCF-7 and MDA-MB-231 cells and their
data suggest some phthalates may directly activate the AhR -dependent metabolic genes
and enhance doxorubicin metabolism [149]. A third study [149] showed that TCDD in-
duced migration of MCF7 cells, which also contrasted with results of previous studies
with TCDD and other AhR ligands (Tables 1–3). Moreover, they observed that mono
2-ethylhexylphthalate (MEHP) induced MCF7 cell migration that was inhibited after co-
treatment with TCDD. The phthalate/AhR/AhR ligand interactions gave some conflicting
results [148–150] and warrant further investigation due to the importance of environmen-
tal/dietary exposures to phthalates. The effects of AhR ligands on drug-induced responses,
such as apoptosis in breast cancer, have also been investigated in several cancer cell lines,
including MDA-MB-231 and SKBR3 cells treated with doxorubicin, lapatinib and pacli-
taxel [151]. Cotreatment with TCDD decreased drug induced apoptosis, which was partially
reversed by the AhR antagonist 31-methoxy-41-nitroflavone. A complementary study [152]
showed that the AhR blunted the effects of doxorubicin on cell viability in MDA-MB-231
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cells and this was due in part to AhR regulation of aldo-ketoreductase 1C3. The AhRR
decreases availability of functional AhR by competing for ARNT, and using transgenic mice
overexpressing AhRR, it was shown that AhRR suppresses mammary tumor development
and AhR-dependent growth and the inflammatory gene COX2 (±TCDD) [153]. Similar
results were observed in MCF-7 and MDA-MB-231 cells treated with etoposide and dox-
orubicin; both drugs induced the percentage of apoptotic cells which was further enhanced
after cotransfection with an AhRR expression plasmid. These results are also consistent
with a role for the AhR in blunting the effects of drug induced cytotoxic responses in
breast cancer.

There is also evidence that the AhR plays a pro-oncogenic role in other models of breast
cancer. One study reported that ROS levels in BRCA1 and basal-like breast cancer correlated
with AhR expression and this increased expression of amphiregulin (AREG), a ligand for the
epidermal growth factor receptor (EGFR) [154]. The AhR antagonist CH223191 inhibited
AREG expression in HCC1937 and MDA-MB-468 cells and synergistically interacted with
the kinase inhibitor erlotinib in BT20, MDA-MB-468 and HCC1937 cells but not MDA-MB-
231 cells (due to low EGFR expression). These results demonstrating growth inhibition
of MDA-MB-468 cells by the AhR antagonist CH223191 contrasts with previous reports
showing that TCDD, MCDF, I3C and other AhR angonists inhibit MDA-MB-468 cell growth
(Tables 1–3). Protein kinase 6 (PTK6) is also overexpressed in many breast tumors and
plays a role in lung metastasis and cell motility in triple negative breast cancer cells [155].
Mechanistic studies show a relationship between PTK6, RhOA and the AhR and AhR
activities require the PTK6SH2 domain. In SKBR3 cells, it has also been shown that the
AhR agonist 3-methylcholanthrene (MC) binds and integrates the AhR and the G protein
estrogen receptor (GPER) [156]. This results in induction of CYP1B1 in cancer-associate
fibroblasts and SKBR3 cells. Cyclin D1 was also increased and was inhibited not only by
CH223191, but also mithramycin (Sp1 inhibitor), G15 (GPER inhibitor) and TMS (CYP1B1)
inhibitor. Endogenous growth of SKBR3 cells was not affected by CH223191, suggesting
that MC may be acting as a dual AhR/ER ligand [37,39,40,153], and this system needs to
be further investigated.

Several studies have also linked expression of the AhR with inflammatory response
pathways in breast cancer cells. For example, phorbol ester, (PMA) alone induced interleukin-
8 (IL-8) and IL-6 in MCF-7 cells and PMA in combination with TCDD synergistically enhanced
Il-6 but not IL-8 mRNA levels [157]. Similar interactions of PMA and interleukin-1β with
other AhR ligands enhanced IL-6 levels. Another report showed that heregulin enhanced
AhR levels, IL-6 and IL-8 expression and also increased invasion in a HER2 overexpressing
breast cancer cell line. Loss of AhR decreased invasion, IL-6 and IL-eight levels [157]. IL-2
plays an important role in the development of T cell exhaustion [159] and this compromises
the effects of the CD8 + T cell dependent-immune response to tumors and infection. IL-2 also
enhances AhR expression and metabolism of tryptophan to 5-hydroxytryptophan, an AhR
ligand which enhances markers of CD8 + T cell exhaustion [159]. Evidence for the IL-2-AhR-
5HTP-dependent activation of T cell exhaustion is supported by human and laboratory animal
studies, and this pro-oncogenic role for the AhR and 5HTP suggests that targeting the AhR
to inhibit IL-2-dependent initiation of CD8 + T cell exhaustion may be feasible for treating
breast cancer. It will also be important to resolve potential differences between this and other
studies using a syngeneic mouse model and mouse cancer 4T-1 cells. For example, tumors
derived from this cell line exhibit T cell exhaustion and two AhR-active tryptophan -related
metabolites, indoxyl sulfate and indole propionic acid inhibited tumor growth [138,139].

6. Conclusions

In this review, there is strong evidence that in a large number of breast cancer cell
lines the AhR alone exhibits both pro-and anti-oncogenic activity or minimal activity based
on results of knockdown experiments. In these cell lines and in some animal models,
structurally diverse synthetic, pharmaceutical, natural product and endogenous AhR
ligands exhibit pro-oncogenic activity and inhibit one or more of cell/tumor proliferation
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survival migration/invasion and metastasis (Tables 1–3) (Figure 4). In some studies, these
responses are reversed by AhR knockdown or AhR antagonists. Moreover, many of these
ligands have been tested in clinical trials for breast cancer chemotherapy. Not surprisingly,
the mechanisms associated with the anticancer activity of these SAhRMs exhibit selectivity
and are dependent on ligand structure and cell context, and for some compounds this
includes their differential effects in ER-positive and ER negative cell lines. However, results
illustrated in Figure 4 summarize a number of the key genes/pathways that have been
characterized, and these include CXCR4, CXCL12, MMP-9, SOX4, and several microRNAs.

In contrast, the treatment of some cell lines such as the inflammatory Hs578T and
SUM149 cells, AhR ligands inhibit AhR-dependent pro-oncogenic genes and signaling
pathways. Moreover, several in vitro and in vivo studies show that the AhR plays a pro-
oncogenic and pro-inflammatory role in mammary carcinogenesis; AhR agonists enhance
these responses, while AhR antagonists inhibit them, as outlined in Figure 5. However,
in some cases, effects of AhR ligands in the same cell line gave opposite responses and
these differences need to be resolved. However, it is clear that AhR ligands effect some
AhR-dependent genes and pathways to promote mammary cancer (Figure 5), whereas
there is also strong evidence that AhR agonists are potential drugs for clinical application
in breast cancer therapy (Tables 1–3).

It will be important in the future to identify factors that are responsible for these
differences in the anticancer activities of AhR ligands (cell context) in order to use AhR-
active compounds as “precision” therapeutics for treating breast cancer.

Author Contributions: Writing—original draft preparation, S.S.; writing—review and editing, S.S and
L.Z.; visualization, L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health (P30-ES029067) and the Syd
Kyle Chair.

Acknowledgments: The financial assistance of the Syd Kyle Chair endowment and the National
Institutes of Health (P30-ES029067) are acknowledged. The assistance of Donna Lewis and Weston
Porter are gratefully appreciated.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

AhR repressor, AhRR; amphiregulin, AREG; AhR nuclear translocator ARNT; AhR knockout, AhRKO;
Aryl Hydrocarbon Receptor, AhR; 1,4-dihydroxy-2-naphthoic acid, DHNA; diindolylmethane, DIM;
7,12-dimethylbenz[a]anthracene, DMBA; epidermal growth factor receptor, EGFR; estrogen recep-
tor, ER; 6-formyl (3,2-b) carbazole, FICZ; G protein estrogen receptor, GPER; histone deacetylase 6,
HDAC6; indole-3-carbinol, I3C; 2-(1′-H-indole-3-carbonyl) thiazole-4-carboxylic acid methyl ester
(ITE); 6-methyl-1,3,8-trichlorodibenzofuran, MCDF; Nuclear receptor, NR; Nuclear Receptor 4A1,
NR4A1; polyaromatic hydrocarbons, PAHs; Protein kinase 6, PTK6; selective AhR modulators,
SAhRMs; 3,31,4,41-tetrachlorobiphenyl, TCBP; 2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD; xenobiotic
response elements, XREs.

References

1. Poland, A.; Glover, E.; Kende, A.S. Stereospecific, high affinity binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin by hepatic cytosol:
Evidence that the binding species is receptor for induction of aryl hydrocarbon hydroxylase. J. Biol. Chem. 1976, 251, 4936–4946.
[CrossRef]

2. Poland, A.; Knutson, J.C. 2,3,7,8-tetrachlorodibenzo-p-dioxin and related halogenated aromatic hydrocarbons: Examination of
the mechanism of toxicity. Annu. Rev. Pharmacol. Toxicol. 1982, 22, 517–554. [CrossRef] [PubMed]

3. Avilla, M.N.; Malecki, K.M.C.; Hahn, M.E.; Wilson, R.H.; Bradfield, C.A. The Ah Receptor: Adaptive Metabolism, Ligand
Diversity, and the Xenokine Model. Chem. Res. Toxicol. 2020, 33, 860–879. [CrossRef]

4. Schmidt, J.V.; Bradfield, C.A. Ah receptor signaling pathways. Annu. Rev. Cell Dev. Biol. 1996, 12, 55–89. [CrossRef]

290



Cancers 2022, 14, 5574

5. Beischlag, T.V.; Luis Morales, J.; Hollingshead, B.D.; Perdew, G.H. The aryl hydrocarbon receptor complex and the control of gene
expression. Crit. Rev. Eukaryot. Gene Expr. 2008, 18, 207–250. [CrossRef]

6. Whitlock, J.P., Jr.; Okino, S.T.; Dong, L.; Ko, H.P.; Clarke-Katzenberg, R.; Ma, Q.; Li, H. Cytochromes P450 5: Induction of
cytochrome P4501A1: A model for analyzing mammalian gene transcription. FASEB J. 1996, 10, 809–818. [CrossRef]

7. Whitlock Jr, J.P. Genetic and molecular aspects of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin action. Annu. Rev. Pharmacol. Toxicol. 1990,
30, 251–277. [CrossRef]

8. Hankinson, O. The aryl hydrocarbon receptor complex. Annu. Rev. Pharmacol. Toxicol. 1995, 35, 307–340. [CrossRef]
9. Evans, R.M. The nuclear receptor superfamily: A rosetta stone for physiology. Mol. Endocrinol. 2005, 19, 1429–1438. [CrossRef]
10. Chambon, P. The nuclear receptor superfamily: A personal retrospect on the first two decades. Mol. Endocrinol. 2005, 19,

1418–1428. [CrossRef] [PubMed]
11. Simpson, E.; Santen, R.J. Celebrating 75 years of oestradiol. J. Mol. Endocrinol. 2015, 55, T1–T20. [CrossRef]
12. Schmidt, J.V.; Su, G.H.; Reddy, J.K.; Simon, M.C.; Bradfield, C.A. Characterization of a murine AhR null allele: Involvement of the

Ah receptor in hepatic growth and development. Proc. Natl. Acad. Sci. USA 1996, 93, 6731–6736. [CrossRef]
13. Mimura, J.; Yamashita, K.; Nakamura, K.; Morita, M.; Takagi, T.N.; Nakao, K.; Ema, M.; Sogawa, K.; Yasuda, M.; Katsuki, M.; et al.

Loss of teratogenic response to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in mice lacking the Ah (dioxin) receptor. Genes Cells
1997, 2, 645–654. [CrossRef] [PubMed]

14. Gonzalez, F.J.; Fernandez-Salguero, P. The aryl hydrocarbon receptor: Studies using the AHR-null mice. Drug Metab Dispos. 1998,
26, 1194–1198.

15. Safe, S.; Jin, U.H.; Park, H.; Chapkin, R.S.; Jayaraman, A. Aryl Hydrocarbon Receptor (AHR) Ligands as Selective AHR Modulators
(SAhRMs). Int. J. Mol. Sci. 2020, 21, 6654. [CrossRef]

16. Safe, S.; Han, H.; Goldsby, J.; Mohankumar, K.; Chapkin, R.S. Aryl Hydrocarbon Receptor (AhR) Ligands as Selective AhR
Modulators: Genomic Studies. Curr. Opin. Toxicol. 2018, 11–12, 10–20. [CrossRef]

17. Denison, M.S.; Nagy, S.R. Activation of the aryl hydrocarbon receptor by structurally diverse exogenous and endogenous
chemicals. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 309–334. [CrossRef]

18. Denison, M.S.; Seidel, S.D.; Rogers, W.J.; Ziccardi, M.H.; Winter, G.M.; Heath-Pagliuso, S. Natural and synthetic ligands for the
Ah receptor. In Molecular Bioloy Approaches to Toxicology; Puga, A., Kendall, K.B., Eds.; Taylor and Francis: London, UK, 1998;
pp. 3–33.

19. Safe, S. Selective Ah receptor modulators (SAhRMs): Progress towards development of a new class of inhibitors of breast cancer
growth. J. Women’s Cancer 2001, 3, 37–45.

20. Wormke, M.; Stoner, M.; Saville, B.; Walker, K.; Abdelrahim, M.; Burghardt, R.; Safe, S. The aryl hydrocarbon receptor mediates
degradation of estrogen receptor alpha through activation of proteasomes. Mol. Cell Biol. 2003, 23, 1843–1855. [CrossRef]
[PubMed]

21. Krishnan, V.; Porter, W.; Santostefano, M.; Wang, X.; Safe, S. Molecular mechanism of inhibition of estrogen-induced cathepsin D
gene expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in MCF-7 cells. Mol. Cell Biol. 1995, 15, 6710–6719. [CrossRef]
[PubMed]

22. Safe, S.; Wormke, M. Inhibitory aryl hydrocarbon receptor-estrogen receptor alpha cross-talk and mechanisms of action. Chem.
Res. Toxicol. 2003, 16, 807–816. [CrossRef]

23. Baker, J.R.; Sakoff, J.A.; McCluskey, A. The aryl hydrocarbon receptor (AhR) as a breast cancer drug target. Med. Res. Rev. 2020,
40, 972–1001. [CrossRef] [PubMed]

24. Meng, L.-h.; Kohlhagen, G.; Liao, Z.-y.; Antony, S.; Sausville, E.; Pommier, Y. DNA-protein cross-links and replication-dependent
histone H2AX phosphorylation induced by aminoflavone (NSC 686288), a novel anticancer agent active against human breast
cancer cells. Cancer Res. 2005, 65, 5337–5343. [CrossRef]

25. Terzuoli, E.; Puppo, M.; Rapisarda, A.; Uranchimeg, B.; Cao, L.; Burger, A.M.; Ziche, M.; Melillo, G. Aminoflavone, a ligand
of the aryl hydrocarbon receptor, inhibits HIF-1α expression in an AhR-independent fashion. Cancer Res. 2010, 70, 6837–6848.
[CrossRef] [PubMed]

26. Callero, M.A.; Suarez, G.V.; Luzzani, G.; Itkin, B.; Nguyen, B.; Loaiza-Perez, A.I. Aryl hydrocarbon receptor activation by
aminoflavone: New molecular target for renal cancer treatment. Int. J. Oncol. 2012, 41, 125–134. [CrossRef] [PubMed]

27. Kuffel, M.J.; Schroeder, J.C.; Pobst, L.J.; Naylor, S.; Reid, J.M.; Kaufmann, S.H.; Ames, M.M. Activation of the antitumor agent
aminoflavone (NSC 686288) is mediated by induction of tumor cell cytochrome P450 1A1/1A2. Mol. Pharmacol. 2002, 62, 143–153.
[CrossRef]

28. Guarnieri, T. Aryl Hydrocarbon Receptor Connects Inflammation to Breast Cancer. Int. J. Mol. Sci. 2020, 21, 5264. [CrossRef]
29. Schlezinger, J.J.; Liu, D.; Farago, M.; Seldin, D.C.; Belguise, K.; Sonenshein, G.E.; Sherr, D.H. A role for the aryl hydrocarbon

receptor in mammary gland tumorigenesis. Biol. Chem. 2006, 387, 1175–1187. [CrossRef]
30. Yang, X.; Liu, D.; Murray, T.J.; Mitchell, G.C.; Hesterman, E.V.; Karchner, S.I.; Merson, R.R.; Hahn, M.E.; Sherr, D.H. The aryl

hydrocarbon receptor constitutively represses c-myc transcription in human mammary tumor cells. Oncogene 2005, 24, 7869–7881.
[CrossRef]

31. Narasimhan, S.; Stanford Zulick, E.; Novikov, O.; Parks, A.J.; Schlezinger, J.J.; Wang, Z.; Laroche, F.; Feng, H.; Mulas, F.;
Monti, S.; et al. Towards Resolving the Pro- and Anti-Tumor Effects of the Aryl Hydrocarbon Receptor. Int. J. Mol. Sci. 2018, 19,
1388. [CrossRef]

291



Cancers 2022, 14, 5574

32. Murray, I.A.; Patterson, A.D.; Perdew, G.H. Aryl hydrocarbon receptor ligands in cancer: Friend and foe. Nat. Rev. Cancer 2014,
14, 801–814. [CrossRef]

33. Kolluri, S.K.; Jin, U.H.; Safe, S. Role of the aryl hydrocarbon receptor in carcinogenesis and potential as an anti-cancer drug target.
Arch. Toxicol. 2017, 91, 2497–2513. [CrossRef] [PubMed]

34. Jin, U.-H.; Karki, K.; Cheng, Y.; Michelhaugh, S.K.; Mittal, S.; Safe, S. The aryl hydrocarbon receptor is a tumor suppressor–like
gene in glioblastoma. J. Biol. Chem. 2019, 294, 11342–11353. [CrossRef]

35. Opitz, C.A.; Litzenburger, U.M.; Sahm, F.; Ott, M.; Tritschler, I.; Trump, S.; Schumacher, T.; Jestaedt, L.; Schrenk, D.; Weller, M.; et al.
An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 2011, 478, 197–203. [CrossRef]

36. Abdelrahim, M.; Ariazi, E.; Kim, K.; Khan, S.; Barhoumi, R.; Burghardt, R.; Liu, S.; Hill, D.; Finnell, R.; Wlodarczyk, B. 3-
Methylcholanthrene and other aryl hydrocarbon receptor agonists directly activate estrogen receptor α. Cancer Res. 2006, 66,
2459–2467. [CrossRef] [PubMed]

37. Liu, S.; Abdelrahim, M.; Khan, S.; Ariazi, E.; Jordan, V.C.; Safe, S. Aryl hydrocarbon receptor agonists directly activate estrogen
receptor alpha in MCF-7 breast cancer cells. Biol. Chem. 2006, 387, 1209–1213. [CrossRef]

38. Shipley, J.M.; Waxman, D.J. Aryl hydrocarbon receptor-independent activation of estrogen receptor-dependent transcription by
3-methycholanthrene. Toxicol. Appl. Pharmacol. 2006, 213, 87–97. [CrossRef]

39. Swedenborg, E.; Rüegg, J.; Hillenweck, A.; Rehnmark, S.; Faulds, M.H.; Zalko, D.; Pongratz, I.; Pettersson, K. 3-
Methylcholanthrene displays dual effects on estrogen receptor (ER) α and ERβ signaling in a cell-type specific fashion.
Mol. Pharmacol. 2008, 73, 575–586. [CrossRef] [PubMed]

40. Rannug, A.; Rannug, U.; Rosenkranz, H.S.; Winqvist, L.; Westerholm, R.; Agurell, E.; Grafstrom, A.K. Certain photooxidized
derivatives of tryptophan bind with very high affinity to the Ah receptor and are likely to be endogenous signal substances. J.
Biol. Chem. 1987, 262, 15422–15427. [CrossRef]

41. Song, J.; Clagett-Dame, M.; Peterson, R.E.; Hahn, M.E.; Westler, W.M.; Sicinski, R.R.; DeLuca, H.F. A ligand for the aryl
hydrocarbon receptor isolated from lung. Proc. Natl. Acad. Sci. USA 2002, 99, 14694–14699. [CrossRef] [PubMed]

42. Chiaro, C.R.; Morales, J.L.; Prabhu, K.S.; Perdew, G.H. Leukotriene A4 metabolites are endogenous ligands for the Ah receptor.
Biochemistry 2008, 47, 8445–8455. [CrossRef] [PubMed]

43. Zelante, T.; Iannitti, R.G.; Cunha, C.; De Luca, A.; Giovannini, G.; Pieraccini, G.; Zecchi, R.; D’Angelo, C.; Massi-Benedetti, C.;
Fallarino, F.; et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via
interleukin-22. Immunity 2013, 39, 372–385. [CrossRef] [PubMed]

44. Fukumoto, S.; Toshimitsu, T.; Matsuoka, S.; Maruyama, A.; Oh-Oka, K.; Takamura, T.; Nakamura, Y.; Ishimaru, K.;
Fujii-Kuriyama, Y.; Ikegami, S.; et al. Identification of a probiotic bacteria-derived activator of the aryl hydrocarbon receptor that
inhibits colitis. Immunol. Cell Biol. 2014, 92, 460–465. [CrossRef] [PubMed]

45. Mexia, N.; Gaitanis, G.; Velegraki, A.; Soshilov, A.; Denison, M.S.; Magiatis, P. Pityriazepin and other potent AhR ligands isolated
from Malassezia furfur yeast. Arch. Biochem. Biophys. 2015, 571, 16–20. [CrossRef] [PubMed]

46. Holcomb, M.; Safe, S. Inhibition of 7,12-dimethylbenzanthracene-induced rat mammary tumor growth by 2,3,7,8-tetrachlorodibenzo-
p-dioxin. Cancer Lett. 1994, 82, 43–47. [CrossRef]

47. Ramamoorthy, K.; Gupta, M.S.; Sun, G.; McDougal, A.; Safe, S. 3,3’,4,4’-Tetrachlorobiphenyl exhibits antiestrogenic and an-
titumorigenic activity in the rodent uterus and mammary and in human breast cancer cells. Carcinogenesis 1999, 20, 115–123.
[CrossRef]

48. Chen, I.; McDougal, A.; Wang, F.; Safe, S. Aryl hydrocarbon receptor-mediated antiestrogenic and antitumorigenic activity of
diindolylmethane. Carcinogenesis 1998, 19, 1631–1639. [CrossRef]

49. McDougal, A.; Wilson, C.; Safe, S. Inhibition of 7,12-dimethylbenz[a]anthracene-induced rat mammary tumor growth by aryl
hydrocarbon receptor agonists. Cancer Lett. 1997, 120, 53–63. [CrossRef]

50. McDougal, A.; Sethi Gupta, M.; Ramamoorthy, K.; Sun, G.; Safe, S.H. Inhibition of carcinogen-induced rat mammary tumor
growth and other estrogen-dependent responses by symmetrical dihalo-substituted analogs of diindolylmethane. Cancer Lett.
2000, 151, 169–179. [CrossRef]

51. McDougal, A.; Wormke, M.; Calvin, J.; Safe, S. Tamoxifen-induced antitumorigenic/antiestrogenic action synergized by a selective
aryl hydrocarbon receptor modulator. Cancer Res. 2001, 61, 3902–3907.

52. Huggins, C.B. Selective induction of hormone-dependent mammary adenocarcinoma in the rat. J. Lab. Clin. Med. 1987, 109,
262–266. [PubMed]

53. Hu, W.; Sorrentino, C.; Denison, M.S.; Kolaja, K.; Fielden, M.R. Induction of cyp1a1 is a nonspecific biomarker of aryl hydrocarbon
receptor activation: Results of large scale screening of pharmaceuticals and toxicants in vivo and in vitro. Mol. Pharmacol. 2007,
71, 1475–1486. [CrossRef] [PubMed]

54. Jin, U.H.; Lee, S.O.; Safe, S. Aryl hydrocarbon receptor (AHR)-active pharmaceuticals are selective AHR modulators in MDA-MB-
468 and BT474 breast cancer cells. J. Pharm. Exp. 2012, 343, 333–341. [CrossRef] [PubMed]

55. Jin, U.H.; Lee, S.O.; Pfent, C.; Safe, S. The aryl hydrocarbon receptor ligand omeprazole inhibits breast cancer cell invasion and
metastasis. BMC Cancer 2014, 14, 498. [CrossRef] [PubMed]

56. Jin, U.H.; Kim, S.B.; Safe, S. Omeprazole Inhibits Pancreatic Cancer Cell Invasion through a Nongenomic Aryl Hydrocarbon
Receptor Pathway. Chem. Res. Toxicol. 2015, 28, 907–918. [CrossRef]

292



Cancers 2022, 14, 5574

57. Saito, R.; Miki, Y.; Hata, S.; Takagi, K.; Iida, S.; Oba, Y.; Ono, K.; Ishida, T.; Suzuki, T.; Ohuchi, N. Aryl hydrocarbon receptor in
breast cancer—A newly defined prognostic marker. Horm. Cancer 2014, 5, 11–21. [CrossRef]

58. Vacher, S.; Castagnet, P.; Chemlali, W.; Lallemand, F.; Meseure, D.; Pocard, M.; Bieche, I.; Perrot-Applanat, M. High AHR
expression in breast tumors correlates with expression of genes from several signaling pathways namely inflammation and
endogenous tryptophan metabolism. PLoS ONE 2018, 13, e0190619. [CrossRef]

59. Tryggvadottir, H.; Sandén, E.; Björner, S.; Bressan, A.; Ygland Rödström, M.; Khazaei, S.; Edwards, D.P.; Nodin, B.; Jirström, K.;
Isaksson, K. The Prognostic Impact of Intratumoral Aryl Hydrocarbon Receptor in Primary Breast Cancer Depends on the Type
of Endocrine Therapy: A Population-Based Cohort Study. Front. Oncol. 2021, 11, 1671. [CrossRef]

60. Jeschke, U.; Zhang, X.; Kuhn, C.; Jalaguier, S.; Colinge, J.; Pfender, K.; Mayr, D.; Ditsch, N.; Harbeck, N.; Mahner, S. The prognostic
impact of the aryl hydrocarbon receptor (AhR) in primary breast cancer depends on the lymph node status. Int. J. Mol. Sci. 2019,
20, 1016. [CrossRef]

61. Li, Y.; Qin, H.Z.; Song, Q.; Wu, X.D.; Zhu, J.H. Lack of association between the aryl hydrocarbon receptor rs2066853 polymorphism
and breast cancer: A meta-analysis on Ahr polymorphism and breast cancer. Genet. Mol. Res. 2015, 14, 16162–16168. [CrossRef]

62. Marshall, N.B.; Kerkvliet, N.I. Dioxin and immune regulation: Emerging role of aryl hydrocarbon receptor in the generation of
regulatory T cells. Ann. N. Y. Acad. Sci. 2010, 1183, 25–37. [CrossRef]

63. Gutierrez-Vazquez, C.; Quintana, F.J. Regulation of the Immune Response by the Aryl Hydrocarbon Receptor. Immunity 2018, 48,
19–33. [CrossRef]

64. Esser, C.; Rannug, A. The aryl hydrocarbon receptor in barrier organ physiology, immunology, and toxicology. Pharm. Rev. 2015,
67, 259–279. [CrossRef]

65. Stockinger, B.; Di Meglio, P.; Gialitakis, M.; Duarte, J.H. The aryl hydrocarbon receptor: Multitasking in the immune system.
Annu. Rev. Immunol. 2014, 32, 403–432. [CrossRef] [PubMed]

66. Lewis, B.C.; Hudgins, S.; Lewis, A.; Schorr, K.; Sommer, R.; Peterson, R.E.; Flaws, J.A.; Furth, P.A. In utero and lactational
treatment with 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin impairs mammary gland differentiation but does not block the response to
exogenous estrogen in the postpubertal female rat. Toxicol. Sci. 2001, 62, 46–53. [CrossRef] [PubMed]

67. Lew, B.J.; Collins, L.L.; O’Reilly, M.A.; Lawrence, B.P. Activation of the aryl hydrocarbon receptor during different critical
windows in pregnancy alters mammary epithelial cell proliferation and differentiation. Toxicol. Sci. 2009, 111, 151–162. [CrossRef]

68. Vorderstrasse, B.A.; Fenton, S.E.; Bohn, A.A.; Cundiff, J.A.; Lawrence, B.P. A novel effect of dioxin: Exposure during pregnancy
severely impairs mammary gland differentiation. Toxicol. Sci. 2004, 78, 248–257. [CrossRef]

69. Kociba, R.J.; Keyes, D.G.; Beyer, J.E.; Carreon, R.M.; Wade, C.E.; Dittenber, D.A.; Kalnins, R.P.; Frauson, L.E.; Park, C.L.;
Barnard, S.D.; et al. Results of a 2-year chronic toxicity and oncogenicity study of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in
rats. Toxicol. Appl. Pharmacol. 1978, 46, 279–303. [CrossRef]

70. Walker, N.J.; Wyde, M.E.; Fischer, L.J.; Nyska, A.; Bucher, J.R. Comparison of chronic toxicity and carcinogenicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in 2-year bioassays in female Sprague-Dawley rats. Mol. Nutr. Food Res. 2006, 50, 934–944.
[CrossRef] [PubMed]

71. Jenkins, S.; Rowell, C.; Wang, J.; Lamartiniere, C.A. Prenatal TCDD exposure predisposes for mammary cancer in rats. Reprod.
Toxicol. 2007, 23, 391–396. [CrossRef]

72. Wang, T.; Gavin, H.M.; Arlt, V.M.; Lawrence, B.P.; Fenton, S.E.; Medina, D.; Vorderstrasse, B.A. Aryl hydrocarbon receptor
activation during pregnancy, and in adult nulliparous mice, delays the subsequent development of DMBA-induced mammary
tumors. Int. J. Cancer 2011, 128, 1509–1523. [CrossRef]

73. Zhang, S.; Lei, P.; Liu, X.; Li, X.; Walker, K.; Kotha, L.; Rowlands, C.; Safe, S. The aryl hydrocarbon receptor as a target for estrogen
receptor-negative breast cancer chemotherapy. Endocr. Relat. Cancer 2009, 16, 835–844. [CrossRef] [PubMed]

74. Spink, B.C.; Bennett, J.A.; Lostritto, N.; Cole, J.R.; Spink, D.C. Expression of the aryl hydrocarbon receptor is not required for the
proliferation, migration, invasion, or estrogen-dependent tumorigenesis of MCF-7 breast cancer cells. Mol. Carcinog. 2013, 52,
544–554. [CrossRef] [PubMed]

75. Yoshioka, H.; Hiromori, Y.; Aoki, A.; Kimura, T.; Fujii-Kuriyama, Y.; Nagase, H.; Nakanishi, T. Possible aryl hydrocarbon
receptor-independent pathway of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin-induced antiproliferative response in human breast
cancer cells. Toxicol. Lett. 2012, 211, 257–265. [CrossRef] [PubMed]

76. Li, E.-Y.; Huang, W.-Y.; Chang, Y.-C.; Tsai, M.-H.; Chuang, E.Y.; Kuok, Q.-Y.; Bai, S.-T.; Chao, L.-Y.; Sher, Y.-P.; Lai, L.-C. Aryl
hydrocarbon receptor activates NDRG1 transcription under hypoxia in breast cancer cells. Sci. Rep. 2016, 6, 1–13. [CrossRef]

77. Luecke-Johansson, S.; Gralla, M.; Rundqvist, H.; Ho, J.C.; Johnson, R.S.; Gradin, K.; Poellinger, L. A Molecular Mechanism To
Switch the Aryl Hydrocarbon Receptor from a Transcription Factor to an E3 Ubiquitin Ligase. Mol. Cell Biol. 2017, 37, e00630-16.
[CrossRef] [PubMed]

78. Goode, G.; Pratap, S.; Eltom, S.E. Depletion of the aryl hydrocarbon receptor in MDA-MB-231 human breast cancer cells altered
the expression of genes in key regulatory pathways of cancer. PLoS ONE 2014, 9, e100103. [CrossRef]

79. Hall, J.M.; Barhoover, M.A.; Kazmin, D.; McDonnell, D.P.; Greenlee, W.F.; Thomas, R.S. Activation of the aryl-hydrocarbon
receptor inhibits invasive and metastatic features of human breast cancer cells and promotes breast cancer cell differentiation.
Mol. Endocrinol. 2010, 24, 359–369. [CrossRef]

293



Cancers 2022, 14, 5574

80. Goode, G.D.; Ballard, B.R.; Manning, H.C.; Freeman, M.L.; Kang, Y.; Eltom, S.E. Knockdown of aberrantly upregulated aryl
hydrocarbon receptor reduces tumor growth and metastasis of MDA-MB-231 human breast cancer cell line. Int. J. Cancer. 2013,
133, 2769–2780. [CrossRef]

81. Li, B.B.; Scott, E.Y.; Olafsen, N.E.; Matthews, J.; Wheeler, A.R. Analysis of the effects of aryl hydrocarbon receptor expression on
cancer cell invasion via three-dimensional microfluidic invasion assays. Lab A Chip 2022, 22, 313–325. [CrossRef]

82. Barhoover, M.A.; Hall, J.M.; Greenlee, W.F.; Thomas, R.S. Aryl hydrocarbon receptor regulates cell cycle progression in human
breast cancer cells via a functional interaction with cyclin-dependent kinase 4. Mol. Pharmacol. 2010, 77, 195–201. [CrossRef]
[PubMed]

83. Wang, W.L.; Porter, W.; Burghardt, R.; Safe, S.H. Mechanism of inhibition of MDA-MB-468 breast cancer cell growth by 2,3,7,8-
tetrachlorodibenzo-p-dioxin. Carcinogenesis 1997, 18, 925–933. [CrossRef] [PubMed]

84. Vogel, C.; Abel, J. Effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin on growth factor expression in the human breast cancer cell line
MCF-7. Arch. Toxicol. 1995, 69, 259–265. [CrossRef] [PubMed]

85. Hsu, E.L.; Yoon, D.; Choi, H.H.; Wang, F.; Taylor, R.T.; Chen, N.; Zhang, R.; Hankinson, O. A proposed mechanism for the
protective effect of dioxin against breast cancer. Toxicol. Sci. Off. J. Soc. Toxicol. 2007, 98, 436–444. [CrossRef] [PubMed]

86. Hanieh, H. Aryl hydrocarbon receptor-microRNA-212/132 axis in human breast cancer suppresses metastasis by targeting SOX4.
Mol. Cancer 2015, 14, 172. [CrossRef] [PubMed]

87. Zhang, S.; Kim, K.; Jin, U.H.; Pfent, C.; Cao, H.; Amendt, B.; Liu, X.; Wilson-Robles, H.; Safe, S. Aryl hydrocarbon receptor
agonists induce microRNA-335 expression and inhibit lung metastasis of estrogen receptor negative breast cancer cells. Mol.
Cancer 2012, 11, 108–118. [CrossRef]

88. Gierthy, J.F.; Bennett, J.A.; Bradley, L.M.; Cutler, D.S. Correlation of in vitro and in vivo growth suppression of MCF-7 human
breast cancer by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Cancer Res. 1993, 53, 3149–3153.

89. Wang, T.; Wyrick, K.L.; Meadows, G.G.; Wills, T.B.; Vorderstrasse, B.A. Activation of the aryl hydrocarbon receptor by TCDD
inhibits mammary tumor metastasis in a syngeneic mouse model of breast cancer. Toxicol. Sci. 2011, 124, 291–298. [CrossRef]
[PubMed]

90. Loaiza-Perez, A.I.; Kenney, S.; Boswell, J.; Hollingshead, M.; Alley, M.C.; Hose, C.; Ciolino, H.P.; Yeh, G.C.; Trepel, J.B.;
Vistica, D.T.; et al. Aryl hydrocarbon receptor activation of an antitumor aminoflavone: Basis of selective toxicity for MCF-7
breast tumor cells. Mol. Cancer 2004, 3, 715–725. [CrossRef]

91. Callero, M.A.; Loaiza-Pérez, A.I. The role of aryl hydrocarbon receptor and crosstalk with estrogen receptor in response of breast
cancer cells to the novel antitumor agents benzothiazoles and aminoflavone. Int. J. Breast Cancer 2011, 2011, 923250. [CrossRef]

92. McLean, L.; Soto, U.; Agama, K.; Francis, J.; Jimenez, R.; Pommier, Y.; Sowers, L.; Brantley, E. Aminoflavone induces oxidative
DNA damage and reactive oxidative species-mediated apoptosis in breast cancer cells. Int. J. Cancer 2008, 122, 1665–1674.
[CrossRef] [PubMed]

93. Campbell, P.S.; Mavingire, N.; Khan, S.; Rowland, L.K.; Wooten, J.V.; Opoku-Agyeman, A.; Guevara, A.; Soto, U.; Cavalli, F.;
Loaiza-Pérez, A.I. AhR ligand aminoflavone suppresses α6-integrin–Src–Akt signaling to attenuate tamoxifen resistance in breast
cancer cells. J. Cell. Physiol. 2019, 234, 108–121. [CrossRef]

94. Brantley, E.; Callero, M.A.; Berardi, D.E.; Campbell, P.; Rowland, L.; Zylstra, D.; Amis, L.; Yee, M.; Simian, M.; Todaro, L. AhR
ligand Aminoflavone inhibits α6-integrin expression and breast cancer sphere-initiating capacity. Cancer Lett. 2016, 376, 53–61.
[CrossRef]

95. Callero, M.A.; Rodriguez, C.E.; Sólimo, A.; Bal de Kier Joffé, E.; Loaiza Perez, A.I. The immune system as a new possible cell
target for AFP 464 in a spontaneous mammary cancer mouse model. J. Cell. Biochem. 2017, 118, 2841–2849. [CrossRef] [PubMed]

96. Loaiza-Perez, A.I.; Trapani, V.; Hose, C.; Singh, S.S.; Trepel, J.B.; Stevens, M.F.; Bradshaw, T.D.; Sausville, E.A. Aryl hydrocarbon
receptor mediates sensitivity of MCF-7 breast cancer cells to antitumor agent 2-(4-amino-3-methylphenyl) benzothiazole. Mol.
Pharmacol. 2002, 61, 13–19. [CrossRef] [PubMed]

97. Chua, M.-S.; Kashiyama, E.; Bradshaw, T.D.; Stinson, S.F.; Brantley, E.; Sausville, E.A.; Stevens, M.F. Role of CYP1A1 in modulation
of antitumor properties of the novel agent 2-(4-amino-3-methylphenyl) benzothiazole (DF 203, NSC 674495) in human breast
cancer cells. Cancer Res. 2000, 60, 5196–5203.

98. McLean, L.S.; Watkins, C.N.; Campbell, P.; Zylstra, D.; Rowland, L.; Amis, L.H.; Scott, L.; Babb, C.E.; Livingston, W.J.; Darwanto, A.
Aryl hydrocarbon receptor ligand 5F 203 induces oxidative stress that triggers DNA damage in human breast cancer cells. Chem.
Res. Toxicol. 2015, 28, 855–871. [CrossRef] [PubMed]

99. Stone, E.L.; Citossi, F.; Singh, R.; Kaur, B.; Gaskell, M.; Farmer, P.B.; Monks, A.; Hose, C.; Stevens, M.F.; Leong, C.-O. Antitumour
benzothiazoles. Part 32: DNA adducts and double strand breaks correlate with activity; synthesis of 5F203 hydrogels for local
delivery. Bioorganic Med. Chem. 2015, 23, 6891–6899. [CrossRef]

100. Trapani, V.; Patel, V.; Leong, C.; Ciolino, H.; Yeh, G.; Hose, C.; Trepel, J.; Stevens, M.; Sausville, E.; Loaiza-Perez, A. DNA damage
and cell cycle arrest induced by 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole (5F 203, NSC 703786) is attenuated in aryl
hydrocarbon receptor deficient MCF-7 cells. Br. J. Cancer 2003, 88, 599–605. [CrossRef]

101. Bradshaw, T.D.; Bibby, M.C.; Double, J.A.; Fichtner, I.; Cooper, P.A.; Alley, M.C.; Donohue, S.; Stinson, S.F.; Tomaszewjski, J.E.;
Sausville, E.A. Preclinical evaluation of amino acid prodrugs of novel antitumor 2-(4-amino-3-methylphenyl) benzothiazoles.
Mol. Cancer Ther. 2002, 1, 239–246. [PubMed]

294



Cancers 2022, 14, 5574

102. Brantley, E.; Antony, S.; Kohlhagen, G.; Meng, L.; Agama, K.; Stinson, S.F.; Sausville, E.A.; Pommier, Y. Anti-tumor drug candidate
2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole induces single-strand breaks and DNA-protein cross-links in sensitive MCF-7
breast cancer cells. Cancer Chemother. Pharmacol. 2006, 58, 62–72. [CrossRef]

103. Leong, C.O.; Gaskell, M.; Martin, E.A.; Heydon, R.T.; Farmer, P.B.; Bibby, M.C.; Cooper, P.A.; Double, J.A.; Bradshaw, T.D.;
Stevens, M.F. Antitumour 2-(4-aminophenyl)benzothiazoles generate DNA adducts in sensitive tumour cells in vitro and in vivo.
Br. J. Cancer 2003, 88, 470–477. [CrossRef] [PubMed]

104. Gilbert, J.; De Iuliis, G.N.; McCluskey, A.; Sakoff, J.A. A novel naphthalimide that selectively targets breast cancer via the
arylhydrocarbon receptor pathway. Sci. Rep. 2020, 10, 13978. [CrossRef] [PubMed]

105. Baker, J.R.; Pollard, B.L.; Lin, A.J.S.; Gilbert, J.; Paula, S.; Zhu, X.; Sakoff, J.A.; McCluskey, A. Modelling and Phenotypic Screening
of NAP-6 and 10-Cl-BBQ, AhR Ligands Displaying Selective Breast Cancer Cytotoxicity in Vitro. ChemMedChem 2021, 16,
1499–1512. [CrossRef] [PubMed]

106. Wang, K.; Zhong, H.; Li, N.; Yu, N.; Wang, Y.; Chen, L.; Sun, J. Discovery of Novel Anti-Breast-Cancer Inhibitors by Synergistically
Antagonizing Microtubule Polymerization and Aryl Hydrocarbon Receptor Expression. J. Med. Chem. 2021, 64, 12964–12977.
[CrossRef]

107. Gilbert, J.; De Iuliis, G.N.; Tarleton, M.; McCluskey, A.; Sakoff, J.A. (Z)-2-(3,4-Dichlorophenyl)-3-(1H-Pyrrol-2-yl)Acrylonitrile
Exhibits Selective Antitumor Activity in Breast Cancer Cell Lines via the Aryl Hydrocarbon Receptor Pathway. Mol. Pharmacol.
2018, 93, 168–177. [CrossRef]

108. Baker, J.R.; Russell, C.C.; Gilbert, J.; McCluskey, A.; Sakoff, J.A. Amino alcohol acrylonitriles as broad spectrum and tumour
selective cytotoxic agents. RSC Med. Chem. 2021, 12, 929–942. [CrossRef]

109. Stanton, D.T.; Baker, J.R.; McCluskey, A.; Paula, S. Development and interpretation of a QSAR model for in vitro breast cancer
(MCF-7) cytotoxicity of 2-phenylacrylonitriles. J. Comput. Aided. Mol. Des. 2021, 35, 613–628. [CrossRef]

110. Zulauf, K.E.; Kirby, J.E. Discovery of small-molecule inhibitors of multidrug-resistance plasmid maintenance using a high-
throughput screening approach. Proc. Natl. Acad. Sci. USA 2020, 117, 29839–29850. [CrossRef]

111. O’Donnell, E.F., 3rd; Jang, H.S.; Liefwalker, D.F.; Kerkvliet, N.I.; Kolluri, S.K. Discovery and Mechanistic Characterization of a
Select Modulator of AhR-regulated Transcription (SMAhRT) with Anti-cancer Effects. Apoptosis 2021, 26, 307–322. [CrossRef]

112. Chen, Z.; Xia, X.; Chen, H.; Huang, H.; An, X.; Sun, M.; Yao, Q.; Kim, K.; Zhang, H.; Chu, M.; et al. Carbidopa suppresses estrogen
receptor-positive breast cancer via AhR-mediated proteasomal degradation of ERalpha. Investig. New Drugs, 2022; Online ahead of
print. [CrossRef]

113. Chakrabarti, R.; Subramaniam, V.; Abdalla, S.; Jothy, S.; Prud’homme, G.J. Tranilast inhibits the growth and metastasis of
mammary carcinoma. Anticancer Drugs 2009, 20, 334–345. [CrossRef] [PubMed]

114. Subramaniam, V.; Chakrabarti, R.; Prud’homme, G.J.; Jothy, S. Tranilast inhibits cell proliferation and migration and promotes
apoptosis in murine breast cancer. Anticancer Drugs 2010, 21, 351–361. [CrossRef] [PubMed]

115. Subramaniam, V.; Ace, O.; Prud’homme, G.J.; Jothy, S. Tranilast treatment decreases cell growth, migration and inhibits colony
formation of human breast cancer cells. Exp. Mol. Pathol. 2011, 90, 116–122. [CrossRef] [PubMed]

116. Wang, C.; Xu, C.X.; Bu, Y.; Bottum, K.M.; Tischkau, S.A. Beta-naphthoflavone (DB06732) mediates estrogen receptor-positive
breast cancer cell cycle arrest through AhR-dependent regulation of PI3K/AKT and MAPK/ERK signaling. Carcinogenesis 2014,
35, 703–713. [CrossRef] [PubMed]

117. O’Donnell, E.F.; Koch, D.C.; Bisson, W.H.; Jang, H.S.; Kolluri, S.K. The aryl hydrocarbon receptor mediates raloxifene-induced
apoptosis in estrogen receptor-negative hepatoma and breast cancer cells. Cell Death Dis. 2014, 5, e1038. [CrossRef]

118. DuSell, C.D.; Nelson, E.R.; Wittmann, B.M.; Fretz, J.A.; Kazmin, D.; Thomas, R.S.; Pike, J.W.; McDonnell, D.P. Regulation of aryl
hydrocarbon receptor function by selective estrogen receptor modulators. Mol. Endocrinol. 2010, 24, 33–46. [CrossRef]

119. Kim, E.J.; Shin, M.; Park, H.; Hong, J.E.; Shin, H.K.; Kim, J.; Kwon, D.Y.; Park, J.H. Oral administration of 3,3’-diindolylmethane
inhibits lung metastasis of 4T1 murine mammary carcinoma cells in BALB/c mice. J. Nutr. 2009, 139, 2373–2379. [CrossRef]

120. Chang, X.; Tou, J.C.; Hong, C.; Kim, H.A.; Riby, J.E.; Firestone, G.L.; Bjeldanes, L.F. 3,3’-Diindolylmethane inhibits angiogenesis
and the growth of transplantable human breast carcinoma in athymic mice. Carcinogenesis 2005, 26, 771–778. [CrossRef]

121. Hsu, E.L.; Chen, N.; Westbrook, A.; Wang, F.; Zhang, R.; Taylor, R.T.; Hankinson, O. CXCR4 and CXCL12 down-regulation: A
novel mechanism for the chemoprotection of 3,3’-diindolylmethane for breast and ovarian cancers. Cancer Lett. 2008, 265, 113–123.
[CrossRef]

122. Yerushalmi, R.; Bargil, S.; Bar, Y.; Ozlavo, R.; Tuval, S.; Rapson, Y.; Pomerantz, A.; Zoref, D.; Sharon, E.; Caspi, O.; et al. 3,3-
Diindolylmethane (DIM): A nutritional intervention and its impact on breast density in healthy BRCA carriers. A prospective
clinical trial. Carcinogenesis 2020, 41, 1395–1401. [CrossRef]

123. Bjeldanes, L.F.; Kim, J.Y.; Grose, K.R.; Bartholomew, J.C.; Bradfield, C.A. Aromatic hydrocarbon responsiveness-receptor agonists
generated from indole-3-carbinol in vitro and in vivo: Comparisons with 2,3,7,8-tetrachlorodibenzo-p-dioxin. Proc. Natl. Acad.
Sci. USA 1991, 88, 9543–9547. [CrossRef] [PubMed]

124. Moiseeva, E.P.; Heukers, R.; Manson, M.M. EGFR and Src are involved in indole-3-carbinol-induced death and cell cycle arrest of
human breast cancer cells. Carcinogenesis 2007, 28, 435–445. [CrossRef] [PubMed]

125. Ho, J.N.; Jun, W.; Choue, R.; Lee, J. I3C and ICZ inhibit migration by suppressing the EMT process and FAK expression in breast
cancer cells. Mol. Med. Rep. 2013, 7, 384–388. [CrossRef] [PubMed]

295



Cancers 2022, 14, 5574

126. Hargraves, K.G.; He, L.; Firestone, G.L. Phytochemical regulation of the tumor suppressive microRNA, miR-34a, by p53-dependent
and independent responses in human breast cancer cells. Mol. Carcinog. 2016, 55, 486–498. [CrossRef] [PubMed]

127. Yang, T.; Feng, Y.L.; Chen, L.; Vaziri, N.D.; Zhao, Y.Y. Dietary natural flavonoids treating cancer by targeting aryl hydrocarbon
receptor. Crit. Rev. Toxicol. 2019, 49, 445–460. [CrossRef]

128. Goya-Jorge, E.; Jorge Rodriguez, M.E.; Veitia, M.S.; Giner, R.M. Plant Occurring Flavonoids as Modulators of the Aryl Hydrocarbon
Receptor. Molecules 2021, 26, 2315. [CrossRef]

129. Feng, J.; Zheng, T.; Hou, Z.; Lv, C.; Xue, A.; Han, T.; Han, B.; Sun, X.; Wei, Y. Luteolin, an aryl hydrocarbon receptor ligand,
suppresses tumor metastasis in vitro and in vivo. Oncol. Rep. 2020, 44, 2231–2240. [CrossRef]

130. Tiong, C.T.; Chen, C.; Zhang, S.J.; Li, J.; Soshilov, A.; Denison, M.S.; Lee, L.S.; Tam, V.H.; Wong, S.P.; Xu, H.E.; et al. A novel
prenylflavone restricts breast cancer cell growth through AhR-mediated destabilization of ERalpha protein. Carcinogenesis 2012,
33, 1089–1097. [CrossRef]

131. Hanieh, H.; Mohafez, O.; Hairul-Islam, V.I.; Alzahrani, A.; Bani Ismail, M.; Thirugnanasambantham, K. Novel Aryl Hydrocarbon
Receptor Agonist Suppresses Migration and Invasion of Breast Cancer Cells. PLoS ONE 2016, 11, e0167650. [CrossRef]

132. Pham, T.H.; Lecomte, S.; Le Guevel, R.; Lardenois, A.; Evrard, B.; Chalmel, F.; Ferriere, F.; Balaguer, P.; Efstathiou, T.; Pakdel, F.
Characterization of Glyceollins as Novel Aryl Hydrocarbon Receptor Ligands and Their Role in Cell Migration. Int. J. Mol. Sci.
2020, 21, 1368. [CrossRef]

133. Yamashita, N.; Taga, C.; Ozawa, M.; Kanno, Y.; Sanada, N.; Kizu, R. Camalexin, an indole phytoalexin, inhibits cell proliferation,
migration, and mammosphere formation in breast cancer cells via the aryl hydrocarbon receptor. J. Nat. Med. 2022, 76, 110–118.
[CrossRef] [PubMed]

134. Zhou, D.; Jiang, C.; Fu, C.; Chang, P.; Yang, B.; Wu, J.; Zhao, X.; Ma, S. Antiproliferative effect of 2-Hydroxy-6-tridecylbenzoic acid
from ginkgo biloba sarcotestas through the aryl hydrocarbon receptor pathway in triple-negative breast cancer cells. Nat. Prod.
Res. 2020, 34, 893–897. [CrossRef] [PubMed]

135. Hanieh, H.; Ibrahim, H.M.; Mohammed, M.; Alwassil, O.I.; Abukhalil, M.H.; Farhan, M. Activation of aryl hydrocarbon receptor
signaling by gallic acid suppresses progression of human breast cancer in vitro and in vivo. Phytomedicine 2022, 96, 153817.
[CrossRef] [PubMed]

136. Piwarski, S.A.; Thompson, C.; Chaudhry, A.R.; Denvir, J.; Primerano, D.A.; Fan, J.; Salisbury, T.B. The putative endogenous AHR
ligand ITE reduces JAG1 and associated NOTCH1 signaling in triple negative breast cancer cells. Biochem. Pharmacol. 2020, 174,
113845. [CrossRef] [PubMed]

137. Mobini, K.; Tamaddon, G.; Fardid, R.; Keshavarzi, M.; Mohammadi-Bardbori, A. Aryl hydrocarbon-estrogen alpha receptor-
dependent expression of miR-206, miR-27b, and miR-133a suppress cell proliferation and migration in MCF-7 cells. J. Biochem.
Mol. Toxicol. 2019, 33, e22304. [CrossRef] [PubMed]

138. Sari, Z.; Miko, E.; Kovacs, T.; Boratko, A.; Ujlaki, G.; Janko, L.; Kiss, B.; Uray, K.; Bai, P. Indoxylsulfate, a Metabolite of the
Microbiome, Has Cytostatic Effects in Breast Cancer via Activation of AHR and PXR Receptors and Induction of Oxidative Stress.
Cancers 2020, 12, 2915. [CrossRef] [PubMed]

139. Sari, Z.; Miko, E.; Kovacs, T.; Janko, L.; Csonka, T.; Lente, G.; Sebo, E.; Toth, J.; Toth, D.; Arkosy, P.; et al. Indolepropionic Acid, a
Metabolite of the Microbiome, Has Cytostatic Properties in Breast Cancer by Activating AHR and PXR Receptors and Inducing
Oxidative Stress. Cancers 2020, 12, 2411. [CrossRef]

140. Kim, D.W.; Gazourian, L.; Quadri, S.A.; Romieu-Mourez, R.; Sherr, D.H.; Sonenshein, G.E. The RelA NF-kappaB subunit and the
aryl hydrocarbon receptor (AhR) cooperate to transactivate the c-myc promoter in mammary cells. Oncogene 2000, 19, 5498–5506.
[CrossRef] [PubMed]

141. Novikov, O.; Wang, Z.; Stanford, E.A.; Parks, A.J.; Ramirez-Cardenas, A.; Landesman, E.; Laklouk, I.; Sarita-Reyes, C.;
Gusenleitner, D.; Li, A.; et al. An Aryl Hydrocarbon Receptor-Mediated Amplification Loop That Enforces Cell Migration
in ER-/PR-/Her2- Human Breast Cancer Cells. Mol. Pharmacol. 2016, 90, 674–688. [CrossRef]

142. Parks, A.J.; Pollastri, M.P.; Hahn, M.E.; Stanford, E.A.; Novikov, O.; Franks, D.G.; Haigh, S.E.; Narasimhan, S.; Ashton, T.D.;
Hopper, T.G.; et al. In silico identification of an aryl hydrocarbon receptor antagonist with biological activity in vitro and in vivo.
Mol. Pharmacol. 2014, 86, 593–608. [CrossRef]

143. Murray, T.J.; Yang, X.; Sherr, D.H. Growth of a human mammary tumor cell line is blocked by galangin, a naturally occurring
bioflavonoid, and is accompanied by down-regulation of cyclins D3, E, and A. Breast Cancer Res. BCR 2006, 8, R17. [CrossRef]
[PubMed]

144. Stanford, E.A.; Wang, Z.; Novikov, O.; Mulas, F.; Landesman-Bollag, E.; Monti, S.; Smith, B.W.; Seldin, D.C.; Murphy, G.J.;
Sherr, D.H. The role of the aryl hydrocarbon receptor in the development of cells with the molecular and functional characteristics
of cancer stem-like cells. BMC Biol. 2016, 14, 1–22. [CrossRef] [PubMed]

145. Degner, S.C.; Papoutsis, A.J.; Selmin, O.; Romagnolo, D.F. Targeting of aryl hydrocarbon receptor-mediated activation of
cyclooxygenase-2 expression by the indole-3-carbinol metabolite 3,3’-diindolylmethane in breast cancer cells. J. Nutr. 2009, 139,
26–32. [CrossRef] [PubMed]

146. D’Amato, N.C.; Rogers, T.J.; Gordon, M.A.; Greene, L.I.; Cochrane, D.R.; Spoelstra, N.S.; Nemkov, T.G.; D’Alessandro, A.;
Hansen, K.C.; Richer, J.K. A TDO2-AhR signaling axis facilitates anoikis resistance and metastasis in triple-negative breast cancer.
Cancer Res. 2015, 75, 4651–4664. [CrossRef]

296



Cancers 2022, 14, 5574

147. Shadboorestan, A.; Tarfiei, G.A.; Montazeri, H.; Sepand, M.R.; Zangooei, M.; Khedri, A.; Ostad, S.N.; Ghahremani, M.H. Invasion
and migration of MDA-MB-231 cells are inhibited by block of AhR and NFAT: Role of AhR/NFAT1/β4 integrin signaling. J. Appl.
Toxicol. 2019, 39, 375–384. [CrossRef]

148. Hsieh, T.H.; Tsai, C.F.; Hsu, C.Y.; Kuo, P.L.; Lee, J.N.; Chai, C.Y.; Wang, S.C.; Tsai, E.M. Phthalates induce proliferation and
invasiveness of estrogen receptor-negative breast cancer through the AhR/HDAC6/c-Myc signaling pathway. FASEB J. 2012, 26,
778–787. [CrossRef]

149. Hsieh, T.H.; Hsu, C.Y.; Yang, P.J.; Chiu, C.C.; Liang, S.S.; Ou-Yang, F.; Kan, J.Y.; Hou, M.F.; Wang, T.N.; Tsai, E.M. DEHP mediates
drug resistance by directly targeting AhR in human breast cancer. Biomed. Pharm. 2022, 145, 112400. [CrossRef]

150. Shan, A.; Leng, L.; Li, J.; Luo, X.M.; Fan, Y.J.; Yang, Q.; Xie, Q.H.; Chen, Y.S.; Ni, C.S.; Guo, L.M.; et al. TCDD-induced antagonism
of MEHP-mediated migration and invasion partly involves aryl hydrocarbon receptor in MCF7 breast cancer cells. J. Hazard
Mater 2020, 398, 122869. [CrossRef]

151. Bekki, K.; Vogel, H.; Li, W.; Ito, T.; Sweeney, C.; Haarmann-Stemmann, T.; Matsumura, F.; Vogel, C.F. The aryl hydrocarbon
receptor (AhR) mediates resistance to apoptosis induced in breast cancer cells. Pestic. Biochem. Physiol. 2015, 120, 5–13. [CrossRef]

152. Yamashita, N.; Kanno, Y.; Saito, N.; Terai, K.; Sanada, N.; Kizu, R.; Hiruta, N.; Park, Y.; Bujo, H.; Nemoto, K. Aryl hydrocarbon
receptor counteracts pharmacological efficacy of doxorubicin via enhanced AKR1C3 expression in triple negative breast cancer
cells. Biochem. Biophys. Res. Commun. 2019, 516, 693–698. [CrossRef]

153. Vogel, C.F.A.; Lazennec, G.; Kado, S.Y.; Dahlem, C.; He, Y.; Castaneda, A.; Ishihara, Y.; Vogeley, C.; Rossi, A.; Haarmann-
Stemmann, T.; et al. Targeting the Aryl Hydrocarbon Receptor Signaling Pathway in Breast Cancer Development. Front. Immunol.
2021, 12, 625346. [CrossRef] [PubMed]

154. Kubli, S.P.; Bassi, C.; Roux, C.; Wakeham, A.; Gobl, C.; Zhou, W.; Jafari, S.M.; Snow, B.; Jones, L.; Palomero, L.; et al. AhR controls
redox homeostasis and shapes the tumor microenvironment in BRCA1-associated breast cancer. Proc. Natl. Acad. Sci. USA 2019,
116, 3604–3613. [CrossRef] [PubMed]

155. Dwyer, A.R.; Kerkvliet, C.P.; Krutilina, R.I.; Playa, H.C.; Parke, D.N.; Thomas, W.A.; Smeester, B.A.; Moriarity, B.S.; Seagroves, T.N.;
Lange, C.A. Breast Tumor Kinase (Brk/PTK6) Mediates Advanced Cancer Phenotypes via SH2-Domain Dependent Activation of
RhoA and Aryl Hydrocarbon Receptor (AhR) Signaling. Mol. Cancer Res. MCR 2021, 19, 329–345. [CrossRef] [PubMed]

156. Cirillo, F.; Lappano, R.; Bruno, L.; Rizzuti, B.; Grande, F.; Guzzi, R.; Briguori, S.; Miglietta, A.M.; Nakajima, M.; Di
Martino, M.T.; et al. AHR and GPER mediate the stimulatory effects induced by 3-methylcholanthrene in breast cancer cells and
cancer-associated fibroblasts (CAFs). J. Exp. Clin. Cancer Res. 2019, 38, 335. [CrossRef]

157. Hollingshead, B.D.; Beischlag, T.V.; Dinatale, B.C.; Ramadoss, P.; Perdew, G.H. Inflammatory signaling and aryl hydrocarbon
receptor mediate synergistic induction of interleukin 6 in MCF-7 cells. Cancer Res. 2008, 68, 3609–3617. [CrossRef]

158. Yamashita, N.; Saito, N.; Zhao, S.; Terai, K.; Hiruta, N.; Park, Y.; Bujo, H.; Nemoto, K.; Kanno, Y. Heregulin-induced cell migration
is promoted by aryl hydrocarbon receptor in HER2-overexpressing breast cancer cells. Exp. Cell Res. 2018, 366, 34–40. [CrossRef]

159. Liu, Y.; Zhou, N.; Zhou, L.; Wang, J.; Zhou, Y.; Zhang, T.; Fang, Y.; Deng, J.; Gao, Y.; Liang, X.; et al. IL-2 regulates tumor-reactive
CD8(+) T cell exhaustion by activating the aryl hydrocarbon receptor. Nat. Immunol. 2021, 22, 358–369. [CrossRef]

297



Citation: Derevianko, A.; Pizzoli,

S.F.M.; Pesapane, F.; Rotili, A.;

Monzani, D.; Grasso, R.; Cassano, E.;

Pravettoni, G. The Use of Artificial

Intelligence (AI) in the Radiology

Field: What Is the State of

Doctor–Patient Communication in

Cancer Diagnosis? Cancers 2023, 15,

470. https://doi.org/10.3390/

cancers15020470

Academic Editor: Rita Golfieri

Received: 5 December 2022

Revised: 4 January 2023

Accepted: 10 January 2023

Published: 12 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Systematic Review

The Use of Artificial Intelligence (AI) in the Radiology Field:
What Is the State of Doctor–Patient Communication in
Cancer Diagnosis?

Alexandra Derevianko 1, Silvia Francesca Maria Pizzoli 2,*, Filippo Pesapane 3, Anna Rotili 3, Dario Monzani 4,

Roberto Grasso 1,2, Enrico Cassano 3 and Gabriella Pravettoni 1,2

1 Applied Research Division for Cognitive and Psychological Science, IEO European Institute of Oncology
IRCCS, 20141 Milan, Italy; alexandra.derevianko@ieo.it (A.D.); roberto.grasso@ieo.it (R.G.);
gabriella.pravettoni@ieo.it (G.P.)

2 Department of Oncology and Hemato-Oncology, University of Milan, 20122 Milan, Italy
3 Breast Imaging Division, IEO European Institute of Oncology IRCCS, 20139 Milan, Italy;

filippo.pesapane@ieo.it (F.P.); anna.rotili@ieo.it (A.R.); enrico.cassano@ieo.it (E.C.)
4 Department of Psychology, Educational Science and Human Movement, University of Palermo,

90128 Palermo, Italy; dario.monzani@unipa.it
* Correspondence: silvia.pizzoli@unimi.it; Tel.: +39-0294372099

Simple Summary: Artificial Intelligence (AI) has been increasingly used in radiology to improve
diagnostic procedures over the past decades. The application of AI at the time of cancer diagnosis
also creates challenges in the way doctors should communicate the use of AI to patients. The present
systematic review deals with the patient’s psycho-cognitive perspective on AI and the interpersonal
skills between patients and physicians when AI is implemented in cancer diagnosis communication.
Evidence from the retrieved studies pointed out that the use of AI in radiology is negatively associated
with patient trust in AI and patient-centered communication in cancer disease.

Abstract: Background: In the past decade, interest in applying Artificial Intelligence (AI) in radiology
to improve diagnostic procedures increased. AI has potential benefits spanning all steps of the
imaging chain, from the prescription of diagnostic tests to the communication of test reports. The
use of AI in the field of radiology also poses challenges in doctor–patient communication at the
time of the diagnosis. This systematic review focuses on the patient role and the interpersonal
skills between patients and physicians when AI is implemented in cancer diagnosis communication.
Methods: A systematic search was conducted on PubMed, Embase, Medline, Scopus, and PsycNet
from 1990 to 2021. The search terms were: (“artificial intelligence” or “intelligence machine”) and
“communication” “radiology” and “oncology diagnosis”. The PRISMA guidelines were followed.
Results: 517 records were identified, and 5 papers met the inclusion criteria and were analyzed. Most
of the articles emphasized the success of the technological support of AI in radiology at the expense
of patient trust in AI and patient-centered communication in cancer disease. Practical implications
and future guidelines were discussed according to the results. Conclusions: AI has proven to be
beneficial in helping clinicians with diagnosis. Future research may improve patients’ trust through
adequate information about the advantageous use of AI and an increase in medical compliance with
adequate training on doctor–patient diagnosis communication.

Keywords: artificial intelligence; communication; decision-making; patient empowerment

1. Introduction

In the last four decades, medical technology has seen a shift in the development of
Artificial Intelligence (AI) which is commonly defined as “a field of computer science that
develops systems able to perform tasks commonly associated with intelligent human be-
ings” [1]. AI refers to machines or systems that can act for themselves and make decisions
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when faced with new situations such as problem-solving or decision-making systems.
AI applications include machine learning (ML), natural language processing, automated
speech recognition, deep learning (DL), computer vision, and radiomic [2,3]. Particularly,
ML, introduced by Arthur Samuel in 1959, defines a field of artificial intelligence where a
computer learns automatically from data accumulation, whereas DL emerged as a promis-
ing approach for image processing [4], allowing the system to recognize patterns and make
predictions [5]. The use of AI demonstrated significant progress in image-recognition
tasks [6]. Indeed, AI is one of the fastest-growing areas of informatics and computing
with great relevance to healthcare and radiology. Some media headlines claiming doctors’
better performances have fueled hype among the public and the press for accelerated
implementation of AI techniques. Examples include: “Google says its AI can spot lung
cancer a year before doctors” and “AI is better at diagnosing skin cancer than your doctor,
study finds” [7,8].

Considering the radiology community, there is a relevant interest in applying AI to
improve workflow applications and patient care. AI is considered an optimizing tool
to assist the radiologist in detecting suspicious findings in imaging exams, making the
diagnosis, choosing a personalized patient protocol, tracking the patient’s dose parameters,
providing an estimate of the radiation risks [9,10], and also minimizing diagnostic errors.
Indeed, despite human intuition on visual perception providing a faithful representation
of the world, we often miss salient events in our environment when we are focused on
something else. This phenomenon is known as inattentional blindness, i.e., the failure
to notice an unexpected but fully visible stimulus when attention is engaged in another
task [11]. While enhanced global processing ability generally allows expert radiologists to
rapidly detect abnormalities, including unexpected ones [12], inattentional blindness may
provide insight into ways to address a growing concern in radiology: missed but clinically
significant incidental findings, which are abnormalities in medical images that are unrelated
to the patient’s main symptomatology and that may even be detected in asymptomatic
patients [13]. Furthermore, AI in the medical field might also result in significant support
for radiologists’ cognitive fatigue, which is often a consequence of their daily demanding
medical practice. Medical doctors support the use of AI algorithms as aiding tools for
precision medicine. Sarwar and colleagues [14] reported that 75% of 487 interviewed
physicians from 54 countries showed positive attitudes toward AI and expressed interest in
AI as a diagnostic tool to improve workflow efficiency and quality assurance. A 2018 study
pitted dermatologists against a computer that had been trained to differentiate between
cancerous skin lesions and benign ones [15]. The results showed dermatologists were
only 86.6% accurate at diagnosing skin cancer, while the computer was able to diagnose
issues with a 95% accuracy. Another study [16] on AI diagnostic accuracy using endoscopic
images for the detection of cancer or neoplastic lesions and the classification of lesions
(neoplastic vs. nonneoplastic) in the gastrointestinal tract determined that AI was accurate
but had a lower performance compared to the highly accurate endoscopist.

For all these premises, AI holds great promise for the oncology field, and it can be
especially useful as a means for mammography screening [17,18]. However, although
AI can provide detailed quantifications of tissues on imaging examinations, which can
be used for diagnostic, prognostic, and treatment purposes [19], this technology should
not be currently used as a standalone medical device, but it should be considered the
combination of software and radiologists [20–22]. Furthermore, AI should never outweigh
the development of rigorous evidence-based medical practice [15].

Considering the implementation of AI in radiology clinical practice, multiple steps
from routine screening based on risk factors to communication reports should be targeted.
On one hand, radiologists must play a leading role in developing and validating AI
applications for medical imaging; on the other hand, they also must manage the risk
that the medical–patient interaction might become more impersonal [23]. To prevent this,
patients’ points of view should be taken into consideration. The European Union has
indeed recognized the problem that algorithm-based medical decision-making poses in
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this regard and has published a landmark paper highlighting the need for explanations
of computerized decision-making in the medical field so that patients can effectively
understand the crucial role AI can play in their health [24,25]. The solution is found in
the concept of explainable AI (XAI), which is attracting increasing interest in the scientific
community [26]. Communication can be seen as a pivotal ingredient in medical care, and
XAI might provide a patient-friendly explanation of biomedical decisions based on ML.
Particularly, XAI would be highly valuable in the oncology field, where it is essential
to consider not only the purely medical aspects but also the patient’s psychological and
emotional dimensions [27]. Technological aspects of AI systems are largely described by
the current literature in different health sectors. However, the patient’s standpoint of AI to
make decisions on their health is often neglected. Scarce communication between patients
and clinicians about the potential benefits of AI is likely to cause to patients’ mistrust
of such a promising tool. Indeed, most patients perceive an AI-aided diagnosis as not
completely reliable [28,29]. One of the reasons behind this mistrust can be identified in
the “Third Wheel Effect” [30], whereby the patient considers the AI as an unnecessary
intrusion rather than an added value. Specifically, patients may have a perception that their
relationship with their doctor will suffer because of the “third wheel”, which might then
result in “decision paralysis”, risk of decision-making delays, “Confusions of the Tongues”
and ambiguity.

Overall, current evidence regarding patients’ perceptions of AI in radiology and
related communication issues is very limited. Since this field is under-explored, this review
aims to discuss the use of AI in radiology and the challenges that AI poses in doctor–patient
communication. Therefore, the authors propose future research directions to implement
doctor–patient communication skills and to support patients’ understanding of AI at the
time of their cancer diagnosis.

2. Materials and Methods

2.1. Search Strategy

A systematic review of the literature was performed to identify the use of AI in the field
of radiology in doctor–patient communication when communicating the diagnosis of cancer.
The systematic review was conducted and reported following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [31] (Figure 1). The
protocol for this systematic review has not been registered. Digital literature databases,
including PubMed, EMBASE, Medline, Scopus, Psycnet, and Medline In-process were
searched from 1990 to 2021. Only studies published during the last decade were considered
since they are more likely to report current developments in IA in the radiological field and
psychological aspects such as the importance of doctor–patient communication. MeSH was
used to identify label terms to extract as many articles as possible related to the topic. The
keywords and descriptors used in any field were “artificial intelligence” OR “intelligence
machine” AND “communication” AND “radiology” AND “oncology diagnosis”.

2.2. Inclusion and Exclusion Criteria

All publication types and all study designs were included, with no language or
age restriction. The following inclusion criteria were applied: studies that reported the
development of AI in radiology in cancer diagnosis; studies with patients’ perception
of artificial intelligence; studies highlighting the oncological diagnosis communication;
studies with patients’ point of view on the oncological doctor–patient communication of
the AI diagnosis; the use of AI in screening mammography. Medical AI studies without
considering doctor–patient communication and papers dealing with the use of AI in other
fields were excluded.
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Figure 1. Preferred Reporting Item for Systematic Review (PRISMA) study selection flow diagram.

2.3. Screening and Data Extraction

Two independent reviewers undertook all titles and abstract screening (A.D. and S. F.
M. P.) resulting from the literature search for inclusion and exclusion criteria. Disagreements
were solved by a discussion with all the members of the research team.

3. Results

In total, 517 publications were identified, and of those, 4 duplicates were removed
before the initial screening. Then, 431 articles based on the screening of titles and 74 articles
based on the screening of abstracts were excluded. Eight full-text articles were assessed for
eligibility. Three articles were excluded, two were removed for studying AI tools without
considering doctor–patient communication, and one article removed for being a review
paper. Following the full-text screening, five studies met the inclusion criteria.

3.1. Features of the Studies

The study findings are summarized in Table 1. The overall sample size of the studies
includes 939 participants. The majority of the participants were over 18 years old and
female. Among the retrieved studies, one adopted a longitudinal design, one used a semi-
structured interview, and three were qualitative studies regarding the patient’s attitude
toward AI. Overall, the included studies reported limited data on the characteristics of
the patients (diagnosis, cancer stage, etc.). Details of the retrieved studies are reported
in Appendix A.
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Table 1. Summary of the study sample patients’ characteristics, attitudes toward Artificial Intelligence.

References

Patient Characteristics Attitude toward AI
Patient’s Knowledge and

Point of View on AIPopulations N
Average

Age (SD)
Investigated

Language
Population

Ongena et al.,
2020 [32]

Breast cancer
screening 922 ±45

Trust
Accountability

Personal
interaction
Efficiency

The general attitude
toward AI

German

Those who have lower
education are less
supportive of AI

Those who think AI is less
efficient had a more negative

attitude toward AI

Adams et al.,
2020 [33] / 17 /

Fear of the unknown
Trust

Human connection
Improving

communication

English AI was shaped and viewed
as “science fiction”

Carter et al.,
2019 [34] Breast cancer / /

Ethical
Legal

Social implications
English

No deep understanding of
the way health technologies

work

Mendelson,
2019 [35] Breast cancer / / Potentials

Limitations English

Education in AI for patients
Empowerment skills in

doctor–patient
communication

Kapoor et al.,
2020 [36] / / / Workflow applications

of AI in radiology English Closed-loop communication
of critical radiology results

3.2. Synthesis of the Results

The most relevant and recurrent variables across studies concerning patients’ attitudes
toward AI and issues in doctor–patient communication are summarized in Table 2.

Table 2. Main findings on patients’ psycho-cognitive attitudes toward Artificial Intelligence and
communication issues.

References Methods Analysis Main Variables

Ongena et al.,
2020 [32]

Internet Survey with ad
hoc 5-point Likert Scale Quantitative analysis

Patients’ education levels shape trust and
attitudes toward AI (low education is associated

with low trust)

Adams et al.,
2020 [33]

Patient engagement
Workshop and interviews

Qualitative analysis
(thematic analysis)

Trust is linked to the fear of the unknown uses of
AI in radiology and the lack of human

connections and empathy

Carter et al., 2019
[34]

Narrative review
and perspective

Analysis of the ethical issues
in doctor–patient
communication

Knowledge and understanding of the way AI
works are pivotal for the ethical use of AI

Mendelson, 2019
[35]

Narrative review
and perspective

Analysis of the pros and
cons of using AI in breast

cancer imaging

Knowledge and education about AI for patients
are as important as the empowerment of skills in

communication for physicians

Kapoor et al.,
2020 [36]

Overview of the
applications of AI in

radiology
Qualitative synthesis Closed-loop communication to provide

improved and personalized feedback for patients

Ongena et al. [32] conducted a longitudinal study using an Internet survey for the
social science panel on the Dutch population to investigate the general population’s view
on the use of AI for the diagnostic interpretation of screening mammograms. The study
included 922 women from 16 to 75 years old. Five items were measured to investigate the
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patient’s attitude toward AI in mammography: “Necessity of a human check”, “AI as a
selector for second reading”, “AI as a second reader”, “Developer is responsible for error”,
“Radiologist is responsible for error”. No standardized questionnaires were used, but a
5-point Likert scale was developed ad hoc to collect patients’ agreement or disagreement.
The authors analyzed the different items with the variable “education”, finding that there
were different patients’ perceptions between those who have a high level of education and
those who do not. Results highlighted that those who find a human check of mammograms
necessary tend to prefer a personal interaction in discussion results and consider AI less
efficient because of lower education. On the contrary, those who find a human check as
neutral tend to view personal interaction in discussing results as less important and consider
AI more efficient, keeping a positive attitude towards health technology. Adams et al. [33]
hosted a patient engagement workshop and employed qualitative analysis to determine
the initial patient perceptions, patient priorities for AI use cases, and patient-identified
evaluation metrics. Qualitative interviews were conducted with 17 patients (11 female and
6 male, age and diagnosis were not indicated). The authors identified common themes
or patterns from text data. The initial perceptions of AI captured four themes: (1) “Fear
of the unknown”, (2) “Trust”, (3) “Human connection” and (4) “Cultural acceptability”.
Patients’ perceptions of AI were shaped by popular media and science fiction. Some
participants expressed fear or described AI as an unknown scary instrument. Trust or lack
of trust was the consequence of fear of the unknown AI tool in radiology. For most of
the participants, a lack of knowledge also represented a lack of trust in AI, while others
displayed a willingness to trust outputs from AI, which might achieve the most accurate
information. Furthermore, some participants were concerned about the lack of human
connection and that AI might enhance the necessity for “human empathy” and the human
“ability to understand with flexibility”. Overall, the main result was that all participants
underlined the importance of an understandable way to explain the AI results because in
some cases medical language emerged as either too difficult or unclear. Indeed, participants
emphasized the need to fully understand their imaging results to be engaged in their care
and have more productive conversations with their physicians. Carter et al. [34] compiled
a narrative review concerning the ethical point of view of doctor–patient communication
in radiology using AI. Indeed, patients understand little about health technologies and
perhaps do not understand AI systems. Mendelson [35] facets the potential and limitations
of AI in breast imaging. The author stressed the importance of the potential of AI in
radiology concerning the improvement of the workflow of the algorithms of AI and the
outcome analyses that are advancing in the last decades. The main role of the high-tech in
AI was the use of imaging data in high quality and quantity, so that AI can support breast
imagers in diagnosis and patient management. The importance of physicians’ knowledge
and expertise was specifically stressed in survival phase decision-making.

Kapoor et al. [36] provided an overview of available tools and developed considera-
tions on the workflow applications of AI. In this work, AI is proposed to optimize patient
scheduling, improve worklist management, and help radiologists interpret diagnostic
studies. AI applications were described as multiple and complex processes ranging from
routine screening to report communication, with several implementation steps. Kapoor
et al. [36] highlighted the relevance of the final step in the diagnostic imaging chain that
concerns the report communication. The authors described this process as an underrecog-
nized area in which quality of care issues can arise. Moreover, ML algorithms can identify
specific disease entities in radiology reports, and can be used to accurately identify tailored
follow-up recommendations. The authors concluded that data in feedback reports could be
used to ensure appropriate closed-loop communication to monitor radiologist variation in
follow-up recommendations [37].
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4. Discussion

Our review explored the implications of using AI on doctor–patient communication at
the time of cancer diagnosis in the field of radiology. According to our findings, this is still
a low-investigated topic in the literature.

The use of AI in healthcare involves not only technical issues but also ethical, psycho-
cognitive, and social-demographic considerations of presenting patients with cancer with
the presence of AI at the time of the diagnosis. Trust, Accountability, Personal interaction,
Efficiency, and General attitude toward AI were identified as five core areas by Ongena
et al. [38]. The variables that merge such aspects of patients’ attitudes to using and com-
municating diagnosis with AI are education and knowledge. Accordingly, the authors
showed that participants who have lower education are less supportive of AI, and those
who have thought AI to be less efficient have a more negative attitude toward AI. There-
fore, it is possible to consider that those who do not have a good understanding of the
way AI works tend to have a negative attitude toward its effectiveness and less trust in
its potential. Moreover, those who mistrust the diagnostic accuracy of AI as well as are
not well educated tend to seek interpersonal interaction with doctors much more than
those who were neutral about the efficacy of AI. One of the items, the “Necessary of a
human check”, relates very closely to the importance of doctor–patient communication,
focusing on the need to integrate two aspects: the use of high-tech in diagnosis and the
need for human–doctor communication about the exam results. This point underlines the
pivotal role of the doctor’s communication in a circumstance of little knowledge about
a new tool in healthcare such as AI. Starting from the premise that the current evidence
regarding patients’ experiences, perceptions, and priorities for artificial in radiology are
limited, Adams et al. [33] investigated a patient’s knowledge and perceptions on the use
of AI in a care setting. Despite the methodological difference from the previous article,
some fundamental and very similar themes emerged. In this case, there are four thematic
cores: fear of the unknown, trust, human connection, and improving communication.
Therefore, on the patients’ side, these aspects are a strong issue of where to place trust.
These difficulties in participants’ understanding of the use of new technologies, such as
AI in radiological diagnosis, imply the need for more human connection, and at least the
necessity to improve the quality of communication with the doctors. Indeed, some partici-
pants were concerned about the lack of human connection and that AI may emphasize the
necessity of “human empathy”. The qualitative interviews showed that patients felt the
topic of “improving communication” was a priority for AI use cases. This result may reflect
again the importance of doctor–patient communication throughout the healthcare process
from examination scheduling to diagnosis communication. In addition to the complexity
of the different layers of AI involved such as DL and ML, there is a strong debate about
the medical decision-making process with such a tool. Carter et al. [34] highlighted that
patients are still very hesitant when faced with AI outputs, as the image of the “machine”
conveys the idea of something that can make mistakes. On the physician’s side, AI has
implications for human capacities. Firstly, AI could lead to a change in clinicians’ skills.
Indeed, they are more likely to lose capabilities they do not regularly use, for example, if
they read fewer mammograms. A second point about professional responsibility concerns
automation bias which means that humans tend to accept machine decisions, even when
they are wrong [39]. To overcome these risks, it is necessary to train clinicians to avoid
or lower automation bias. Mendelson [35] focused not only on patients’ perceptions and
their knowledge about AI, but also on the need for physicians to empower their skills
in communication. Although doctors may know very well their medical and scientific
language and the functions of their technological tools, they do not systematically train
their skills in diagnosis communication, especially when they use AI tools. Recently, a
systematic literature review addressed an important gap in cancer care focusing on the
impact of Health Information Technology (HIT) on doctor–patient communication. Studies
showed that some types of HIT can increase patients’ confidence and support their active
involvement in the care processes while maintaining a good relationship with the health-
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care team (38). Therefore, a patient’s knowledge of diagnostic tools is as important as a
physician’s communication skills. Kapoor et al. [36] shed light on the concept of closed-loop
communication. The authors described that sometimes there is variability in radiologists’
language and follow-up recommendations and that machines using AI collocated in differ-
ent hospitals can have different outcomes. The divergence of outcomes requires doctors to
understand what is wrong with the machines and discuss the meaning of the discrepant
results, while their communication remains in a closed loop, not engaging patients. It
is well known that the effectiveness of medical treatment depends on the quality of the
patient–clinical relationship [40] and the use of AI in the field of radiology poses challenges
in doctor–patient communication at the time of the diagnosis. Therefore, implementing the
doctor–patient communication of AI results and issues may change the patient’s choice in
their health.

4.1. Limitations

Overall, the literature on the topic is scarce. Furthermore, there is high heterogeneity
in the methodologies of studies, which range from a longitudinal study to a narrative
review, including qualitative analysis. The heterogeneity of studies posed challenges to the
systematization of the results. It also shed light on the fact that the main topic, assessed over
time and despite different methods, produced similar results. Finally, the heterogeneity of
the samples rendered it difficult to define AI attitudes in specific subsamples of patients or
specific moments of the cancer care pattern.

4.2. Future Directions

Future research may consider some useful steps in applying AI bearing in mind
patients’ psycho-cognitive perspectives. We propose the acronym AIR-IUT to highlight the
three main steps to be considered in the application of AI in the field of radiology and future
studies dealing with the patient’s experience of the application of AI. The acronym stands
for the fact that in the field of Artificial Intelligence in Radiology, the process is to Inform
patients to Understand and Trust the use of AI. Future interventions should consider
implementing the use of digital platforms with illustrative videos to inform patients,
offering reliable educative means that might be delivered in the waiting rooms. Indeed,
involving patients with digital interaction could increase compliance, reduce the fear of
the unknown about health technology and psychological feelings, and improve patients’
decision-making at the time of treatment, since they are actively involved and informed
at the screening time [41]. Concurrently, a training course to enhance doctor–patient
communication skills at the time of diagnosis may be developed. Such a course should
help clinicians to adopt patient-friendly language (i.e., jargon words must be explained or
replaced by simpler words) and an empathetic approach, entailing particular attention to
the patient’s psychological well-being.

5. Conclusions

In conclusion, doctors should sharpen their communication skills when AI is involved
in diagnosis, and patients should be engaged in the process mainly by being informed on
the functioning of medical tools used to formulate their diagnosis. One of the most evident
elements from the retrieved studies is that patients do not know what AI is and this lack
of knowledge affects trust and doctor–patient communication. Since patients should be
empowered and tailor informed at all phases of their clinical journey, they should ideally
know which diagnostic tools are used by their clinicians and the way they work. Given
the outstanding AI’s potential, we believe that informing patients about its progress in our
field will help them to be more trusting towards it.
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Appendix A

Table A1. Summary of General Characteristics of Included Studies.

Title URL Resource Type Identifiers Db

(1) Workflow Applications
of Artificial Intelligence in
Radiology and an Overview
of Available Tools

doi.org/10.1016/j.jacr.2020.08.016 PubMed Narrative
review PMID: 33153540 MeSH-

PubMed

(2) Artificial Intelligence in
Breast Imaging: Potentials
and Limitations

doi.org/10.2214/AJR.18.20532 PubMed Narrative
review PMID: 30422715 MeSH-

PubMed

(3) Patient Perspectives and
Priorities Regarding
Artificial Intelligence in
Radiology: Opportunities
for Patient-Centered
Radiology

doi.org/10.1016/j.jacr.2020.01.007 PubMed Qualitative PMID: 32068006 MeSH-
PubMed

(4) The ethical, legal and
social implications of using
artificial intelligence
systems in breast cancer care

doi.org/10.1016/j.breast.2019.10.001 PubMed Narrative
review PMID: 31677530 MeSH-

PubMed

(5) Artificial intelligence in
screening mammography: A
population Survey of
Women’s Preferences

doi.org/10.1016/j.jacr.2020.09.042 PubMed Longitudinal
study PMID: 33058789 MeSH-

PubMed
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