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While the term biomarker is thought to have first been used in the 1970s, the concept
itself is considered to be much older. The turn of the 21st century saw a dramatic increase
in the number of papers published concerning biomarkers. Biomarkers can be described
as characteristics that can be assessed and quantified as indicators of standard biological
processes, pathogenesis or response to therapy. The treatment of individual patients based
on particular factors, such as biomarkers, distinguishes standard, generalized treatment
plans from personalized medicine. Even though personalized medicine is applicable to
most branches of medicine, the field of oncology is perhaps where it is most easily employed.
Cancer is a heterogeneous disease; although patients may be diagnosed histologically with
the same cancer type, their tumors can comprise varying tumor microenvironments and
molecular characteristics that can impact treatment response and prognosis.

There has been a major drive over the past decade to try and realize personalized
cancer medicine through the discovery and use of disease-specific biomarkers. This Special
Issue, entitled “Cancer Biomarker Research and Personalized Medicine”, encompasses
22 publications from colleagues working on a diverse range of cancers, including prostate,
breast, ovarian, head and neck, liver, gastric, bladder, colorectal and kidney. The biomark-
ers assessed in these studies include genes, intracellular or secreted proteins, exosomes,
DNA, RNA, miRNA, circulating tumor cells and circulating immune cells, in addition to
radiomic features.

A number of different biomarker subtypes have been delineated according to their
recognized applications. Biomarkers can be defined by the mechanisms that lead to
disease development, perhaps linked with susceptibility /risk factors that can initiate
a pathophysiological process. Susceptibility /risk biomarkers reveal the possibility for
developing a disease in those that do not currently have a clinically apparent disease.
Work submitted to this Special Issue highlights the potential of DNA methylation as a risk
biomarker for head and neck cancer [1].

Diagnostic biomarkers differ in that they detect/confirm the presence of a disease. The
early diagnosis of cancer is vital for improving the survival of patients. Several publications
within this Special Issue explore diagnostic biomarkers, with research providing new in-
sights into the development of diagnostic biomarkers for prostate cancer [2], hepatocellular
carcinoma [3], gastric cancer [4] and head and neck cancer [5]. As we progress further into
the precision medicine era, diagnostic biomarkers will continue to evolve; such biomarkers
may not only be utilized to identify those with cancer, but also to re-define the classification
of cancer [6].

In patients that have already been diagnosed with cancer, it can be challenging to
stratify those with tumors that are less likely to progress from patients with tumors that are
more aggressive and therefore require treatment intensification; tumor heterogeneity con-
tributes greatly to this problem. While the early diagnosis of cancer is crucial for enhancing
the survival of patients, the identification of biomarkers at the time of diagnosis that can
give an indication of cancer aggressiveness is possibly the greatest unmet clinical need for
many cancer types [2,7]. Prognostic biomarkers identify the likelihood of disease recurrence
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or progression; these factors are crucial to decision-making processes in the clinic, helping
clinicians determine the most appropriate treatment for each patient. Several publications
within this Special Issue explored prognostic biomarkers, focusing on the development of
prognostic tissue-based biomarkers in ovarian cancer [8], prostate cancer [2,7] and renal
cell carcinoma [9], in addition to prognostic liquid-based biomarkers in prostate cancer [2],
bladder cancer [10] and head and neck cancer [11]. Studies published within the Special
Issue also show how cancer prognosis is moving towards the use of imaging, rather than
relying on tissue/liquid biomarkers alone [12].

While prognostic biomarkers can help identify patients at a higher risk who might
benefit from more aggressive treatment, they do not give any information on which patients
are likely to gain a clinical benefit from a specific therapy. Conversely, predictive biomarkers
are those that can indicate the probability of a patient gaining a therapeutic benefit from
a specific treatment. While many of the standard cancer treatments such as radiotherapy
and chemotherapy are effective, the use of these treatments in non-responding patients is
associated with increased levels of toxicity and can delay the of instigation of alternative
treatments that may have a greater effect. As such, predictive biomarkers represent a
major research area, with work submitted to this Special Issue showing their potential to
predict response to chemotherapy [13,14], radiotherapy [15], chemo-radiotherapy [16] and
therapeutic cancer vaccines [17] in various tumor types.

Monitoring biomarkers are those that can be measured serially to evaluate the status
of a disease or to assess treatment response. These types of biomarkers are useful to
detect evidence of early therapeutic response, or to reveal complications resulting from a
therapy [2]. Although biomarkers have been defined according to specific applications,
biomarkers may also meet multiple criteria for different uses. Numerous papers contributed
to this Special Issue deal with biomarkers that fall into this category, including studies
involving colorectal [18] and breast [19-21] cancers.

Cancer biomarker research, translated from the lab to the clinic, has led to a significant
improvement in patient management, leading to increased survival rates and improved
quality of life, while also lowering healthcare costs. Additional research into the detection
of novel mutational variants to identify genes that are driving cancer development is
critical for biomarker discovery and the further development of personalized medicine [22].
Detailed genotypic/phenotypic evaluation of individual patients is becoming increasingly
available and is occurring in tandem with the development of new and improved treat-
ments. Further advances will allow personalized medicine to become a reality for all cancer
types in the decades to come.
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Abstract: DNA hypermethylation is an important epigenetic mechanism for gene expression inacti-
vation in head and neck cancer (HNC). Saliva has emerged as a novel liquid biopsy representing a
potential source of biomarkers. We performed a comprehensive meta-analysis to evaluate the overall
diagnostic accuracy of salivary DNA methylation for detecting HNC. PubMed EMBASE, Web of
Science, LILACS, and the Cochrane Library were searched. Study quality was assessed by the Quality
Assessment for Studies of Diagnostic Accuracy-2, and sensitivity, specificity, positive likelihood
ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio (dOR), and their corresponding
95% confidence intervals (Cls) were calculated using a bivariate random-effect meta-analysis model.
Meta-regression and subgroup analyses were performed to assess heterogeneity. Eighty-four study
units from 18 articles with 8368 subjects were included. The pooled sensitivity and specificity of
salivary DNA methylation were 0.39 and 0.87, respectively, while PLR and NLR were 3.68 and
0.63, respectively. The overall area under the curve (AUC) was 0.81 and the dOR was 8.34. The
combination of methylated genes showed higher diagnostic accuracy (AUC, 0.92 and dOR, 36.97)
than individual gene analysis (AUC, 0.77 and dOR, 6.02). These findings provide evidence regarding
the potential clinical application of salivary DNA methylation for HNC diagnosis.

Keywords: DNA methylation; epigenetics; head and neck cancer; saliva; biomarkers; liquid biopsy;
meta-analysis

1. Introduction

Head and neck cancer (HNC) comprises a heterogenous group of epithelial malig-
nancies arising from mucosal linings of the oral cavity, oropharynx, larynx, and hypophar-
ynx. According to data from the World Health Organization’s GLOBOCAN network,
HNC is highly prevalent worldwide, accounting for an estimated 890,000 new cases and
450,000 deaths in 2018 [1]. Despite improvements in diagnosis and therapeutic strategies,
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the 5-year survival rate for HNC has remained around 50% for the last decade. Unfortu-
nately, HNC patients are frequently diagnosed in advanced stages involving a high risk
of locoregional recurrence and distant metastasis [2,3]. Therefore, it is necessary to iden-
tify new biomarkers for diagnosis and prognosis to allow early detection and improved
overall survival. HNC arises through multistep carcinogenic pathways as a result of cu-
mulative genetic and epigenetic aberrations resulting from risk factors including alcohol
and tobacco consumption, human papillomavirus infection, chronic inflammation, and
genetic predisposition, and leading to reduced tumor suppressor gene function as well as
oncogene activation [2,4]. In recent years, accumulating scientific evidence has highlighted
the important role in tumorigenesis of epigenetic mechanisms, which represent a cancer
hallmark [5,6]. Epigenetic alterations such as DNA methylation, histone covalent modifica-
tions, chromatin remodeling, and non-coding RNAs have been implicated in the landscape
of phenotypical changes occurring in a wide variety of malignancies, including HNC [7].
DNA hypermethylation has been shown to be an important epigenetic mechanism for gene
expression inactivation. The hypermethylation of cytosine-phosphodiester bond—guanine
(CpG) islands within promoter regions plays an important role in carcinogenesis through
the transcriptional silencing of different tumor suppressor genes or dysfunction in DNA
repair genes [7,8]. Several studies have focused on the identification of aberrant promoter
methylation patterns in HNC tissue and liquid biopsies [9,10]. Moreover, a number of in-
vestigations have detected promoter hypermethylation in various genes using saliva from
HNC patients [10-12]. Therefore, salivary DNA hypermethylation represents a promising
biomarker for non-invasively diagnosing HNC.

DNA methylation is a heritable and stable epigenetic mechanism implicated in the
regulation of gene expression that plays an important role during normal development, reg-
ulating X chromosome inactivation, genomic imprinting, and preventing the transcription
of DNA repetitive sequences, inserted viral sequences, and transposons [8,13]. DNA methy-
lation is characterized by the covalent addition of a methyl group to the 5’-position of the
pyrimidine ring of cytosines by DNA methyltransferases, giving rise to 5-methylcytosine.
This enzymatic process occurs predominantly within CpG dinucleotides which are concen-
trated at CpG-rich DNA stretches named CpG islands (CGIs), which overlap the promoter
region of 60-70% of protein-coding genes [14]. In the human genome, approximately 80%
of CpG dinucleotides are heavily methylated whereas CGlIs in gene promoters are mostly
unmethylated, allowing active gene transcription [13]. Dysregulation of DNA methylation
has been found to be involved in several diseases, representing an early epigenetic event in
carcinogenesis. These alterations of normal DNA methylation patterns in cancer have been
characterized as global hypomethylation and gene-specific hypermethylation. The global
hypomethylation of repetitive sequences and transposable elements within the genome
induces genomic instability and mutagenesis. In this line, the loss of DNA methylation may
also activate latent viral sequences, promoting carcinogenesis. By contrast, in addition to
global hypomethylation, aberrant promoter hypermethylation can drive the inactivation of
key tumor suppressor genes, which are unmethylated in non-malignant tissues [15]. In this
sense, although silencing by DNA hypermethylation of some genes is common in many
types of tumors, the methylation profile of gene promoters is different for each human can-
cer, allowing the identification of cancer-specific hypermethylation patterns [16]. Although
tissue biopsy of the primary tumor or metastatic lesions remains the gold standard method
for diagnosis, DNA methylation biomarkers can be assessed in different liquid biopsies,
representing a non-invasive alternative for early cancer detection [10,17,18].

Recently, saliva has emerged as an attractive liquid biopsy for genomic and epige-
nomic analysis. Saliva-based liquid biopsy is a fast, reliable, cost-effective, and non-invasive
approach to analyze epigenetic alterations involved in the onset and course of the dis-
ease. Some researchers have found comparable methylation profiles between saliva and
tissue, representing a non-invasive alternative for epigenomic profiling [19,20]. Addition-
ally, although similar methylation DNA patterns have been reported between saliva and
blood [21,22], methylation differences between both biofluids can be identified due to
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tumor shedding and tissue-specific methylation [23,24]. Focusing on promoter hyperme-
thylation, a number of investigations have detected various methylated genes in saliva,
representing a promising biomarker for non-invasive HNC detection [10-12].

The purpose of this systematic review and meta-analysis was to summarize the results
of published clinical studies to assess the overall diagnostic accuracy of salivary DNA
hypermethylation for discriminating HNC.

2. Materials and Methods
2.1. Protocol and Registration

This study was conducted according to Preferred Reporting Items for Systematic Re-
views and Meta-analysis (PRISMA) guidelines [25], and the protocol was registered with the
International Prospective Register of Systematic Reviews (reference No. CRD42020199114).

2.2. Search Strategy and Study Selection

The systematic literature search of eligible articles published up to 27 August 2020
was carried out without language restrictions using PubMed, EMBASE, Web of Science,
LILACS, and the Cochrane Library. The search strategy was based on the following
combinations of keywords and medical subject headings: (methylation OR hypermethyla-
tion OR epigenomics) AND (saliva OR oral rinse OR mouthwash) AND (head and neck
cancer OR head and neck neoplasm OR head and neck carcinoma OR head and neck
squamous cell carcinoma OR HNSCC OR oral cancer OR pharyngeal cancer OR laryngeal
cancer). Studies were screened based on title and abstract, and eligible manuscripts were
retrieved for full-text review. In addition, reference lists from each original and review
article were searched manually in order to find further relevant studies. The literature
search was performed independently by two investigators (ORG and MMSC), and dis-
agreements during the selection process were resolved by consensus. The studies selected
by means of the search strategy and other references were managed using RefWorks
software (https://www.refworks.com/content/path_learn/faqs.asp, accessed 28 October
2020), and duplicate items were removed using the associated tools.

2.3. Selection Criteria

The inclusion criteria were as follows: (1) studies that evaluated the diagnostic accu-
racy of gene promoter hypermethylation in saliva samples from HNC patients; (2) inclusion
of a control group consisting of healthy controls; (3) sufficient data for generating a two-by-
two (2 x 2) contingency table containing true positive (TP), false positive (FP), true negative
(TN), and false negative (FN) values. The exclusion criteria were as follows: (1) reviews,
letters, personal opinions, book chapters, case reports, conference abstracts, and meetings;
(2) duplicate publications; (3) in vitro and in vivo animal experiments.

2.4. Data Extraction

All eligible studies were assessed independently by two investigators (ORG and
MMSC) and data were extracted using a pre-established form designed on a Microsoft
Excel spreadsheet (Microsoft Corp. Redmond, WA, USA). Any disagreement among
reviewers was resolved by consensus. The following information was extracted from each
study: name of first author, year of publication, country, anatomic tumor location, number
of cases and controls, positive methylated cases, positive methylated controls, method
for DNA methylation detection, type of saliva sample (saliva or oral rinse), methylated
gene names, and statistical analysis outcomes, including diagnostic accuracy and cut-
off values. If the required data were incomplete, attempts were made to contact the
authors to obtain the missing information. We defined “study unit” as the analysis of
a relationship between gene promoter hypermethylation and HNC. Therefore, a single
publication could potentially include more than one study unit as a result of reporting
promoter hypermethylation for multiple genes.
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2.5. Quality Assessment of Individual Studies

Following Healthcare Research and Quality Agency recommendations, two indepen-
dent researchers (ADL and LMR) applied the Quality Assessment of Diagnostic Accuracy
Studies-2 checklist (QUADAS-2) [26]. Any discrepancies were resolved by a third reviewer
(MMSC). The QUADAS-2 checklist assesses study quality by analyzing four key domains:
(1) patient selection, (2) index tests, (3) reference tests, and (4) flow and times. Risk of bias
and applicability concerns for each domain were assessed as “low”, “high”, or “unclear”.
One point was assigned to each item assessed as “low”. Thus, articles were grouped into the
following quality categories based on their cumulative score: “high” quality (67 points),
“moderate” quality (4-5 points), and “low” quality (0-3 points).

2.6. Statistical Analysis

MetaDiSc software (v.1.4) [27], free R software (v.3.4.4; https:/ /www.r-project.org,
accessed 30 November 2020), and STATA (v.14.0; https://www.stata.com, accessed 30
November 2020) were used to carry out statistical analysis. The numbers of TP, FP, FN, and
TN in each study unit in the diagnostic meta-analysis were extracted to calculate pooled
sensitivity [TP/(TP + FN)], specificity [TN/(IN + FP)], positive likelihood ratio (PLR) [(sen-
sitivity /(1 — sensitivity)], negative likelihood ratio (NLR), [(1 — specificity)/specificity)],
diagnostic odds ratio (dOR), and their corresponding 95% confidence intervals (Cls) using
a bivariate random or fixed effect meta-analysis model. The pooled diagnostic perfor-
mance of salivary DNA promoter hypermethylation for HNC detection was determined
by plotting the summary receiver operator characteristic (SROC) curve and calculating
the area under the SROC curve (AUC). Heterogeneity analysis was used to identify fac-
tors influencing accuracy indicators and the statistical model applied [27]. Spearman’s
correlation analysis and ROC plane plots were used to assess heterogeneity due to the
threshold effect. Cochran’s Q statistic test-based chi-squared test and I? statistics were used
to assess non-threshold heterogeneity. When I? > 50% and/or p < 0.05 for the Cochran’s Q
test, heterogeneity was considered to be significant. The DerSimonian and Laird random
effects model was applied when heterogeneity was significant; otherwise, we applied the
Mantel-Haenszel fixed effects model. Potential sources of non-threshold heterogeneity
were explored by meta-regression and subgroup analyses. In addition, the predictive value
of post-salivary DNA promoter hypermethylation for HNC diagnosis was evaluated by
Fagan’s nomogram. Post-test probability was calculated using Bayes theorem under the
assumption of prior probabilities of 25%, 50%, and 75%, respectively [28]. Deeks’ funnel
plot asymmetry test [29] was used to ascertain publication bias (statistical significance:
p < 0.05).

3. Results
3.1. Study Selection

A PRISMA flowchart for the literature identification and selection process is shown
in Figure 1. A total of 576 studies were identified based on the search strategy across the
five electronic databases, which was reduced to 470 after removing duplicates. After title
and abstract review, 27 articles were submitted for full-text reading, of which nine were
excluded for the following reasons: non-independent cancer group (two articles); reviews,
letters, personal opinions, book chapters, case reports, conference abstracts, and meetings
(three articles); absence of a healthy control group (one article); saliva enriched with brush
oral cytology (two articles); and insufficient information for meta-analysis (one article). In
the end, 18 articles met the inclusion criteria for final analysis [10-12,30-44].
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Figure 1. PRISMA flow diagram.

3.2. Characteristics of Included Studies

The characteristics of the included studies are shown in Table 1. The 18 articles
comprised a total of 84 study units, including 4758 HNC patients and 3605 healthy in-
dividuals (the sample size ranged from 13 [31] to 210 [41]). All articles were published
between 2001 and 2020, and studies were conducted in the following geographical re-
gions: the United States (5), Australia (3), Thailand (2), Japan (2), France (1), Brazil (1),
India (1), Taiwan (1), Colombia (1), and Italy (1). Saliva samples included oral rinses
(12) and whole saliva (6). Salivary DNA methylation was detected by different methods,
including methylation-specific polymerase chain reaction (MSP) (11) and quantitative
MSP (7). A total of 34 different genes were identified in the studies. Five studies evalu-
ated the methylation status of a single gene [31,34,36,39,41] and 13 studies evaluated two
or more genes [10-12,30,32,33,35,37,38,40,42—44]. Ten studies focused on gene promoter
methylation panels combining two to four genes, whereas eight studies evaluated only
single genes.
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Table 1. Summary of descriptive characteristics of included studies.

Anatomic Tvpe of Cancer Grou Control
First Author Tumor SZE\ le Method Biomarker N (M+) P Group
Location p N (M+)
. plé 30 (11+) 30 (1+4)
Rosas 2001 HNC Oz‘;lalér;)se MSP DAPK 30 (6+) 30 (0+)
MGMT 30 (4+) 30 (1+)
TIMP3 60 (17+)
ECAD 60 (12+)
p16 60 (16+)
MGMT 60 (13+)
Oral rinse DAPK 60 (9+)
Righini 2007 HNC (NaCl) MSP RASSF1A 60 (10+) 30 (0+)
pl5 60 (7+)
pl4 60 (2+)
APC 60 (4+)
FHIT 60 (2+)
hMLH1 60 (0+)
Franzmann Oral rinse
2007 HNC (NaCl) MSP CD44 11 (9+) 10 (0+)
HOXA9 32 (20+) 19 (9+)
HNC NID2 32 (23+) 19 (12+)
HOXA9+NID2 32 (25+) 19 (6+)
Guerrero- Oral rinse HOXA9 16 (11+) 19 (9+)
Preston oC (NaCl) qMsP NID2 16 (14+) 19 (12+)
2011 HOXA9+NID2 16 (14+) 19 (6+)
HOXA9 16 (9+) 19 (9+)
OPC NID2 16 (9+) 19 (12+)
HOXA9+NID2 16 (11+) 19 (6+)
ECAD 34 (32+) 24 (5+)
TMEFF2 34 (29+) 24 (3+)
RARRB 34 (28+) 24 (2+)
MGMT 34 (26+) 24 (5+)
FHIT 34 (27+) 24 (8+)
WIF1 34 (24+) 24 (5+)
DAPK 34 (19+) 24 (6+)
Oral rinse plé 34 (13+) 24 (2+)
Nagata 2011 oC (NaCl) MSP HIN 34 (10+) 24 (2+)
TIMP3 34 (8+) 24 (1+)
pl5 34 (22+) 24 (9+)
APC 34 (18+) 24 (9+)
SPARC 34 (14+) 24 (8+)
ECAD+TMEFF2+RARB+MGMT 34 (34+) 24 (3+)
ECAD+TMEFF2+MGMT 34 (33+) 24 (2+)
ECAD+TMEFF2+RARB 34 (32+) 24 (1+)
ECAD+RARB+MGMT 34 (314) 24 (2+)
O"ngfz‘lko" ocC Saliva Nl\‘j[sst;d p16+RASSF1A+DAPK1 143 (117+) 46 (6+)
DCC 143 (75+) 50 (5+)
CCNA1 146 (17+) 60 (2+)
DAPK 146 (12+) 39 (1+)
MGMT 146 (11+) 57 (2+)
TIMP3 146 (7+) 60 (2+)
MINT31 68 (3+) 20 (0+)
AIM1 71 (2+) 41 (0+)
) Oral rinse SFRP1 71 (2+) 20 (0+)
Rettori 2012 HNC (NaCl) qMSP APC 62 (24) 20 (04)
CDKN2A 69 (1+) 20 (0+)
HIN1 134 (16+) 57 (11+)
CCNA1+DAPK+DCC+MGMT+TIMP3 NA NA
CCNA1+DAPK+MGMT+TIMP3 NA NA
CCNA1+DAPK+MGMT NA NA
CCNA1+MGMT+TIMP3 NA NA
CCNA1+DAPK+TIMP3 NA NA

10
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Table 1. Cont.

Anatomic Tvpe of Cancer Grou Control
First Author Tumor SZE\ le Method Biomarker N (M+) P Group
Location P N (M+)
DAPK+MGMT+TIMP3 NA NA
CCNA1+MGMT NA NA
CCNA1+DAPK NA NA
CCNA1+TIMP3 NA NA
Ksumoto 2012 oC Oral rinse MSP plé6 10 (4+) 3(0+)
Ovchinnikov . PCQAP5’ 62 (42+) 49 (17+)
2014 HNC Saliva MSP PCQAP3’ 60 (41+) 45 (19+)
ZNF14 59 (5+) 35 (0+)
Gaykalova . ZNF160 59 (10+) 35 (0+)
2015 HNC Oralrinse  qMSP ZNF420 59 (8+) 35 (0+)
ZNF14+ZNF160+ZNF420 59 (13+) 35 (0+)
RASSFlx 88 (36+) 122 (10+)
plé 88 (41+) 122 (38+)
. . TIMP3 88 (33+) 122 (22+)
Lim 2016 HNC Saliva MSP PCQAP5’ 88 (72+) 122 (66+)
PCQAP3’ 88 (30+) 122 (18+)
RASSF1a+p16+TIMP3+PCQAP5"+
PCQAD? 88 (62+) 122 (24+)
Saliva P16 58 (10+) 90 (5+)
Ferlazzo 2017 oC (Oragene MSP MGMT 58 (16+) 90 (7+)
DNA kit) P16 + MGMT 58 (12+) 90 (0+)
Oral rinse ZNF582 94 (62+) 65 (10+)
Cheng 2017 OC (0.12% qMSP PAX1 94 (64+) 65 (7+)
clorhexidine) ZNF582+PAX1 94 (75+) 65 (14+)
Putti I HNC Oral rin 66 (57+)
uttipanyalears oC ( liI Cl)se qMSP TRH 42 (37+) 54 (4+)
2018 OPC a 24 (20+)
plé 88 (62+) NA
RASSF1 « 88 (59+) NA
HNC TIMP3 88 (68+) NA
PCQAP/MED15 88 (66+) NA
p16+RASSF1a+TIMP3+PCQAP 84 (80+) 60 (5+)
plé 54 (39+) NA
RASSFla 54 (37+) NA
Liyanage 2020 oC Saliva MSP TIMP3 54 (43+) NA
PCQAP/MED15 54 (43+) NA
p16+RASSF1a+TIMP3+PCQAP 54 (46+) 60 (5+)
pl6 34 (23+) NA
RASSFla 34 (22+) NA
oPC TIMP3 34 (25+) NA
PCQAP/MED15 34 (23+) NA
p16+RASSF1a+TIMP3+PCQAP 34 (34+) 60 (5+)
. Oral rinse
Srisuttee 2020 oC (NaCl) qMSP NID2 43 (34+) 90 (0+)
Oral & EDNRB 21 (15+) 40 (2+)
Shen 2020 oPC (r;argl‘)se qMSP PAX5 21 (15+) 40 (4+)
plé 21 (3+) 40 (0+)
Gonzélez- plé 43 (19+) 40 (4+)
Pérez OocC Saliva MSP RASSF1A 43 (10+) 40 (2+)
2020 pl6+RASSF1A 43 (23+) 40 (5+)

Abbreviations: HNC = head and neck cancer; OC = oral cancer; OPC = oropharyngeal cancer; MSP = methylation-specific polymerase chain
reaction; gMSP = quantitative MSP; NA = not available.
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3.3. Quality Assessment of the Included Studies

All included articles were evaluated for risk of bias using the QUADAS-2 checklist
(Figure S1). The major risk of bias in this study was patient selection domain, as 13 out of
18 publications were unclear or lacked detail on whether the patient sample was consecutive
or random. Additionally, 14 out of 18 studies did not provide a detailed description of the
inclusion/exclusion criteria. Moreover, there was high risk of bias in the index test, since
some studies lacked a setting threshold. All domains were considered to have a low risk of
bias in terms of applicability concern. All studies were of moderate-to-high quality, with
an average QUADAS-2 score of 5.6.

3.4. Diagnostic Accuracy of Salivary DNA Promoter Hypermethylation

The diagnostic accuracy (sensitivity, specificity, and 95% confidence interval) of each
study unit (n = 74) included in this meta-analysis is shown in Figures 2 and 3. The pooled
sensitivity and specificity of salivary DNA hypermethylation genes in the diagnosis of
HNC were 0.39 (95% CI: 0.38-0.41) and 0.87 (95% CI: 0.86-0.88), respectively. The PLR
and NLR were 3.68 (95% CI: 2.97-4.57) and 0.63 (95% CI: 0.57-0.69) (Figures 4 and 5),
respectively; the summary dOR was 8.34 (95% CI: 6.10-11.39) (Figure S2); and the area
under the SROC was 0.81 (95% CI 0.77-0.84) (Figure 6). As shown in Fagan’s nomogram
(Figure S3), given a pre-test probability of 27.8%, a positive measurement leads to a post-test
cancer probability of 59%, whereas a negative measurement leads to a post-test probability
of 20%.

3.5. Heterogeneity and Subgroup Analysis

As shown in Figures 2-5 and Figure S2, significant heterogeneity was observed regard-
ing the pooled sensitivity (I> = 96.33%; p < 0.001), specificity (I> = 87.07%; p < 0.001), PLR
(12 = 73.99%; p < 0.001), NLR (I? = 96.35%; p < 0.001), and dOR (I? = 71.83%; p < 0.001). The
representation of accuracy estimates from each study in the SROC space revealed a typical
pattern of a “shoulder arm”, suggesting the presence of a threshold effect (Figure S4).
Moreover, Spearman’s correlation coefficient between the logit of the true positive rate and
the logit of the false positive rate was 0.633 (p = 0.000), which showed further indication of
a threshold effect. In addition to the variations due to the threshold effect, meta-regression
was performed to determine the possible sources of heterogeneity using the following
covariates as predictor variables: sample type, sample size, anatomic tumor location, DNA
methylation methods, and methylation gene profiling. The results indicated that anatomic
tumor location (p = 0.002) and gene profiling (p < 0.001) were potential sources of hetero-
geneity in this study (Table S1). Consequently, subgroup analysis based on anatomic tumor
location (HNC vs. oral cancer vs. oropharyngeal cancer) and gene profiling (single vs.
combination of genes) was performed. As shown in Table S2, the results indicated similar
accuracy for salivary methylated genes in oral cancer (sensitivity, 0.63; specificity, 0.87;
PLR, 4.02; NLR, 0.40; dOR, 13.07; AUC, 0.88) and oropharyngeal cancer (sensitivity, 0.70;
specificity, 0.86; PLR, 3.67; NLR, 0.41; dOR, 13.26; AUC, 0.87). However, differences in
diagnostic accuracy were observed in the HNC group (sensitivity, 0.31; specificity, 0.86;
PLR, 3.03; NLR, 0.75; dOR, 5.78; AUC, 0.81). When basing the meta-analysis on gene profile,
the combination of methylated genes showed higher diagnostic accuracy (sensitivity, 0.73;
specificity, 0.88; PLR, 5.76; NLR, 0.22; dOR, 36.97; AUC, 0.92) compared to individual genes
(sensitivity, 0.32; specificity, 0.87; PLR, 3.17; NLR, 0.71; dOR, 6.02; AUC, 0.77). Although
the meta-regression results were negative for other covariates, we conducted subgroup
analyses based on these factors to further explore the diagnostic potential of salivary DNA
methylated genes (Table 52).

12
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Figure 2. Forest plot of sensitivities from test accuracy studies of salivary DNA methylation for
predicting HNC diagnosis.
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Figure 3. Forest plot of specificities from test accuracy studies of salivary DNA methylation for
predicting HNC diagnosis.
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Figure 4. Forest plot of likelihood ratios for positive test results from salivary DNA methylation studies for predicting
HNC diagnosis.
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Figure 5. Forest plot of likelihood ratios for negative test results from salivary DNA methylation
studies for predicting HNC diagnosis.
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studies of the salivary DNA methylation studies for detecting HNC.

3.6. Publication Bias

The potential publication bias in each salivary DNA methylation study was explored
by Deeks’ funnel plot asymmetry test, which yielded a slope coefficient p-value of 0.711
overall. This indication of a symmetric data pattern suggests the absence of publication
bias (Figure S5).

4. Discussion

Over the last few years, saliva has aroused great interest in the scientific community
due to its potential as a non-invasive liquid biopsy in cancer. Several studies have evidenced
the diagnostic capability of salivary biomarkers for diagnosing both HNC [45] and tumors
distant from the oral cavity [46]. In this sense, a wide variety of biomolecules have
been assessed as tumor biomarkers using saliva-omics approaches, including genomic,
epigenomic, transcriptomic, metabolomic, proteomic, and microbiomic technologies [47].
In the field of epigenomics, DNA promoter hypermethylation represents one of the most
intensively studied epigenetic alterations in human cancer. Promoter hypermethylation
of critical pathway genes has been recognized as an important epigenetic mechanism of
carcinogenesis [13]. Its potential role as an early diagnostic biomarker stems from the
fact that gene promoter hypermethylation is an early event in cancer development [13].
DNA hypermethylation as a common event in cancer plays an important role in HNC
development and progression [7]. The detection of DNA methylation in body fluids
has emerged as an opportunity to assess the methylation status non-invasively and cost-
effectively. In this line, several studies have investigated the promoter methylation of
different tumor-suppressor genes in saliva from HNC patients [10-12,38]. Therefore,
salivary DNA methylation biomarkers could be potentially used in the screening and early
detection of HNC.

To the best of our knowledge, this study represents the first meta-analysis evaluating
the diagnostic accuracy of promoter hypermethylation genes in saliva for differentiating
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HNC patients from healthy individuals. The present analysis included a total of 18 articles
(84 study units) involving 4758 HNC patients and 3605 healthy individuals. According to
QUADAS-2 quality evaluation, most of the included studies were of moderate quality. As
for the overall accuracy of salivary hypermethylated genes for discriminating HNC from
healthy individuals, the pooled diagnostic parameters of sensitivity, specificity, and AUC
values were 0.39, 0.87, and 0.81, respectively. The summary dOR of 8.34 reflects the diag-
nostic capacity of salivary hypermethylated genes for HNC. The pooled PLR value of 3.68
indicates that a person testing positive had approximately 3.68 times higher probability of
having cancer than a healthy individual. On the other hand, the pooled NLR indicated that
a person testing negative had a 63% probability of not having cancer. Additionally, given a
pre-test probability of 27.8% in Fagan’s nomogram, correct HNC diagnosis increased to
59% after a positive test, and reduced to 20% after a negative test. Overall, these results
show a low sensitivity for HNC detection, indicating a high false negative rate. Therefore,
the salivary gene methylation evaluated in this meta-analysis presented limitations as a
screening biomarker for HNC. However, the diagnostic specificity of gene methylation for
HNC was very high, suggesting that detection in saliva may aid assessment in HNC diag-
nosis. New molecular biology techniques such as next-generation sequencing platforms
and digital PCR represent an opportunity for improving the sensitivity of methylation
assays and for discovering new methylation patterns.

Due to the fact that heterogeneity is inherent to any diagnostic accuracy meta-analysis,
an evaluation of the reasons contributing to inconsistencies across studies should be carried
out. In the present research, overall heterogeneity among studies was high, so a bivariate
random effects model was applied. This significant heterogeneity was reflected numerically
in Cochran’s Q test and the I statistic. Further exploration of the heterogeneity revealed
the presence of a threshold effect. The threshold effect is a major source of heterogeneity in
meta-analyses of diagnostic tests. It arises from differences in sensitivities and specificities
or likelihood ratios due to different cut-offs among studies for defining positive (or negative)
test results [27]. In the present meta-analysis, the threshold effect was suggested by the
visual inspection of accuracy estimates in forest plots where increasing specificities with
decreasing sensitivities were observed. Later, the ROC plane and the Spearman correlation
test also indicated the presence of the threshold effect. The variations in accuracy estimates
among different studies could be due to a number of reasons other than the threshold, such
as study population (anatomic tumor location, TNM staging), index test (differences in
technology, assays), reference standard, and study design. Therefore, heterogeneity should
be explored by relating study level co-variates to an accuracy measure by meta-regression
techniques [27]. In the present study, meta-regression was performed to test the effect
of sample type, sample size, anatomic tumor location, DNA methylation method, and
methylated gene profiling. The results point to anatomic tumor location and gene profiling
strategy as possible causes of heterogeneity. Stratified analysis by anatomic tumor location
showed that salivary gene methylation had a higher diagnostic accuracy for discriminating
oral (AUC = 0.88) and oropharyngeal (AUC = 0.87) tumors than overall HNC (AUC = 0.81).
The explanation for these findings may be that tumors located in the oral cavity and
oropharynx release more tumor cells directly into saliva. With respect to gene profiling
strategy, subgroup analysis showed that single genes presented low sensitivity, but were
highly specific to cancer tissue. The combination of salivary methylated genes had better
diagnostic accuracy than single gene-based tests, with a dOR of 36.97 vs. 6.02 and AUC of
0.92 vs. 0.77, respectively, demonstrating that the use of salivary methylated gene panels as
biomarkers may increase HNC detection accuracy without decreasing specificity. We also
conducted subgroup analyses based on sample type, sample size, and DNA methylation
method but no significant differences in diagnostic accuracy were observed. Future studies
should be conducted to clarify the impact of these factors on the diagnostic potential of
salivary DNA methylation.

The current meta-analysis is not free of limitations. Firstly, this meta-analysis included
case—control studies, but none was multicenter. Moreover, no randomized controlled
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trials exist on this topic. Secondly, considerable heterogeneity was observed among the
included studies. Although we examined the sources of heterogeneity in five variables,
we were not able to explore other demographic and clinicopathological factors due to
lack of information. Thirdly, studies involving saliva samples only evaluated some of the
genes methylated in HNC tissue. The remaining genes should also be tested in saliva
to determine their diagnostic potential. Lastly, confounding variables such as gender,
age, lifestyle (tobacco and alcohol), and diet were not considered in most of the included
studies. Due to these limitations, future research based on large-scale prospective diagnostic
studies involving multiple health centers would contribute to further evaluating the clinical
utility of salivary gene promoter methylation for HNC diagnosis. Furthermore, better
comparison among future studies would benefit from standardization of analytic strategies
and cut-off selection.

5. Conclusions

Our meta-analysis suggests that the detection of DNA promoter hypermethylation
in saliva is a promising biomarker for HNC diagnosis, mainly in oral and oropharyngeal
tumors. The use of salivary hypermethylated gene panels improves diagnostic accuracy
with respect to single-gene analysis. This meta-analysis could provide valuable insights
into methodology design for further research studies.
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Abstract: Aberrant methylation of tumor suppressor genes has been reported as an important epige-
netic silencer in head and neck cancer (HNC) pathogenesis. Here, we performed a comprehensive
meta-analysis to evaluate the overall and specific impact of salivary gene promoter methylation
on HNC risk. The methodological quality was assessed using the Newcastle-Ottawa scale (NOS).
Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated to evaluate the strength of
the association and Egger’s and Begg's tests were applied to detect publication bias. The frequency
of salivary DNA promoter methylation was significantly higher in HNC patients than in healthy
controls (OR: 8.34 (95% CI = 6.10-11.39; p < 0.01). The pooled ORs showed a significant association
between specific tumor-related genes and HNC risk: p16 (3.75; 95% CI = 2.51-5.60), MGMT (5.72; 95%
CI =3.00-10.91), DAPK (5.34; 95% CI = 2.18-13.10), TIMP3 (3.42; 95% CI = 1.99-5.88), and RASSF1A
(7.69; 95% CI = 3.88-15.23). Overall, our meta-analysis provides precise evidence on the association
between salivary DNA promoter hypermethylation and HNC risk. Thus, detection of promoter DNA
methylation in saliva is a potential biomarker for predicting HNC risk.

Keywords: DNA methylation; epigenetics; head and neck cancer; saliva; biomarkers; liquid biopsy;
meta-analysis

1. Introduction

The important role of epigenetic mechanisms in carcinogenesis has been widely re-
ported. Identification of specific genes that are altered by aberrant epigenetic processes
contributes to better understanding molecular pathogenesis in HNC [1]. As one of the
most important epigenetic alterations, DNA hypermethylation may lead to transcriptional
silencing of tumor suppressor genes and, thus, interfere in signaling pathways that control
vital cell processes, such as DNA repair, apoptosis, cell proliferation, and cell-to-cell adhe-
sion [2]. Gene promoter methylation is a common epigenetic event in early carcinogenesis,
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and therefore represents a promising biomarker for high-risk group stratification, early
cancer detection, and prognosis prediction [3]. Numerous studies have evaluated DNA
methylation as a biomarker in a wide variety of tumors [4-7]. Hypermethylation of tumor-
related genes, such as cyclin-dependent kinase inhibitor 2A (CDKN2A), E-cadherin (CDHI),
death-associated protein kinase (DAPK), phosphatase and tensin homolog (PTEN), and
O6-methylguanine-DNA methyltransferase (MGMT), have been reported in HNC [8]. Like-
wise, various studies have focused on the detection of DNA methylation in liquid biopsies
in HNC [9-11]. Although evidence suggests a potential association between aberrant sali-
vary DNA methylation patterns and HNC risk, no prior research assessing overall impact
is available. Therefore, we conducted a systematic review and meta-analysis to gain better
insight into the magnitude of the association between salivary DNA hypermethylation and
HNC risk.

2. Materials and Methods
2.1. Protocol and Registration

This study was conducted according to Preferred Reporting Items for Systematic Re-
views and Meta-analysis (PRISMA) guidelines [12], and the protocol was registered with the
International Prospective Register of Systematic Reviews (reference No. CRD42020199123).

2.2. Search Strategy, Study Selection, and Data Extraction

The search strategy and data extraction were previously described in Part I [13].

2.3. Selection Criteria

The inclusion criteria were as follows: (1) case-control studies; (2) studies based on
salivary DNA hypermethylation biomarkers for HNC; and (3) sufficient data to calculate
odds ratios (ORs) and corresponding 95% confidential intervals (Cls). The exclusion
criteria were as follows: (1) reviews, letters, personal opinions, book chapters, case reports,
conference abstracts, and meetings; (2) duplicate publications; (3) incomplete data; and (4)
in vitro or in vivo animal experiments.

2.4. Assessment of Study Quality

Independent investigators evaluated methodological quality by applying the
Newecastle-Ottawa scale (NOS) [14] to each study selected. Discrepancies were resolved
by consensus. For the interpretation of meta-analytic data, the NOS scale was used to
score the quality of non-randomized studies based on their design, content, and ease of
use. Items were scored according to a “star system” and fell under three broad categories:
study group selection, group comparability, and ascertainment of exposure/outcome for
case-control or cohort studies. The maximum quality score for each item was one star,
except for the comparability item, which had a maximum of two stars. The NOS score
ranged from 0 to 9 stars, with 8-9 stars being high quality; 6-7 stars being medium quality;
and <5 stars being low quality.

2.5. Statistical Analysis

Statistical analysis was conducted using the meta package of free R software (v.3.4.4;
https:/ /www.r-project.org, accessed 30 November 2020). The pooled odds ratios (ORs)
and their 95% confidence intervals (Cls) were calculated to assess the strength of the
association between salivary promoter methylation and HNC. To evaluate the statistical
model applied to the meta analytic database, heterogeneity was assessed on the basis of
I-square (I?) value and Cochran’s Q statistic test-based Chi-squared test. Heterogeneity was
considered significant when 12 > 50% and /or presence of a p < 0.10 for the Cochran’s Q test.
If significant heterogeneity was detected, the DerSimonian and Laird random-effects model
was applied to calculate the pooled OR with 95% CIs; otherwise, the Mantel-Haenszel fixed-
effects model was used. Meta-regression and subgroup analyses were performed to explore
the potential sources of heterogeneity among studies insofar as anatomic tumor location,
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sample type, sample size, DNA methylation method, and methylation gene profiling.
Publication bias was assessed by Begg’s and Egger’s tests, and funnel plot inspection [15,16].
Begg’s rank test examines the correlation between the effect sizes and their corresponding
sampling variances. Egger’s test regresses the standardized effect sizes on their precisions.
In the presence of publication bias, both tests will be statistically significant. Moreover,
publication bias was based on visual funnel-plot inspection, which shows the relationship
between individual log ORs and their standard errors. The asymmetry of the funnel plot
could indicate publication bias.
p < 0.05 was considered to be statistically significant.

3. Results
3.1. Study Selection and Characteristics of Included Studies

The main characteristics of the included studies have already been described in
Part I [13].

3.2. Study Quality

Bias risk and quality were assessed according to NOS (Table S1). With respect to
the selection category, each of the included studies was considered adequate. Regarding
comparability, 5 out of the remaining 18 studies matched for age or gender, and 2 studies
matched for at least one additional risk factor. Therefore, the median NOS score in our
meta-analysis was 7.33 stars.

3.3. Association between Salivary DNA Promoter Hypermethylation and HNC Risk

A total of 7686 subjects, consisting of 4453 patients and 3233 controls, were included in
this meta-analysis. As shown in Figure 1, the pooled analysis revealed a significant associa-
tion between salivary DNA promoter hypermethylation and HNC with an OR of 8.34 (95%
CI =6.10-11.39; p < 0.01). A random-effects model was used because heterogeneity among
the 18 studies (12 = 72%) was identified. The shape of the Begg’s funnel plot did not reveal
potential asymmetry (p = 0.271), although publication bias was detected by Egger’s test
(p = 0.002) (Figure S1).

3.4. Meta-Regression and Subgroup Analysis

Due to the presence of significant heterogeneity in the overall analysis, meta-regression
and subgroup analysis were performed in order to reveal potential sources. The outcomes
of meta-regression analysis showed that sample type (p = 0.128), sample size (p = 0.349),
and DNA methylation method (p = 0.275) were not significant sources of heterogeneity.
However, anatomic tumor location (p = 0.002) and gene profiling (p < 0.001) were, in fact,
potential sources of heterogeneity in this study (Table S1—see Part I) [13]. As shown in
Table S2, significant heterogeneity was found in all subgroups. With respect to sample type-
based subgroup analysis, a significant association between promoter hypermethylation and
HNC was found in oral rinse samples (OR: 9.42; 95% CI = 6.30-14.08) and saliva samples
(OR: 6.33; 95% CI = 3.90-10.27). In tumor-based subgroup analysis, methylation rates were
higher in specific head and neck locations compared to studies that made no differentiation.
The pooled OR for oropharyngeal cancer was 13.26 (95% CI = 3.17-5.42) and for oral
cancer was 13.07 (95% CI = 8.19-20.88), while for HNC it was 5.78 (95% CI = 3.86-8.67). A
significant association between salivary promoter methylation and HNC was found by both
MSP (OR: 9.06; 95% CI = 6.30-13.03) and qMSP (OR: 6.81; 95% CI = 3.70-12.54) techniques.
With respect to the subgroups categorized by sample size, a significant association was
found between salivary promoter methylation and HNC in studies with N < 100 (OR: 9.58;
95% CI = 6.44-14.27) and N > 100 (OR: 8.34; 95% CI = 6.10-11.39). In subgroup analysis
based on the gene-profiling approach, salivary promoter hypermethylated gene panels
had a significantly higher association to HNC risk (OR: 36.79; 95% CI = 16.81-81.32) than
hypermethylated single genes (OR: 6.02; 95% CI = 4.46-8.13).
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Experimental  Control

Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
Rosas et al. (1) 2001 1 30 1 30 —a 16.79 [2.00; 140.90] 1.1%
Rosas et al. (2) 2001 6 30 0 30 16.18 [0.87; 301.62] 0.8%
Rosas et al. (3) 2001 4 30 1 30 446 [047;, 4251 1.1%
Righini et al. (1) 2007 17 60 0 30 — 24.54 [1.42; 423.81] 0.8%
Righini et al. (2) 2007 12 60 0 30 15.72 [0.90; 275.28] 0.8%
Righini et al. (3) 2007 16 80 0 30 2262 [1.31; 391.39] 08%
Righini et al. (4) 2007 13 60 0 30 17.34 [0.99; 302.45] 0.8%
Righini et al. (5) 2007 9 60 0 30 T 11.25 [0.63; 200.22] 0.8%
Righini et al. (6) 2007 10 60 0 30 T8 1268 [0.72; 22423] 0.8%
Righini et al. (7) 2007 7 60 0 30 T 855 [047; 154.86] 0.8%
Righini et al. (8) 2007 2 60 0 30 261 [0.12; 56.03] 0.7%
Righini et al. (9) 2007 4 60 0 30 486 [025; 9327] 0.8%
Righini et al. (10) 2007 2 60 0 30 261 [0.12; 56.03] 0.7%
Franzmann et al. 2007 9 1 0 10 —-—a— 79.80 [3.38; 1882.16] 0.7%
Guerrero-Preston et al. (1) 2011 20 32 9 19 - 185 [0.59; 5385 1.8%
Guerrero-Preston et al. (2) 2011 23 32 12 19 . 149 [0.44; 5.00] 1.7%
Guerrero-Preston et al. (3) 2011 25 32 6 19 E = .74 [215; 27.83) 1.7%
Kusumoto et al. 2012 4 10 0 3 485 [0.20; 118861] 07%
Nagata et al. (1) 2012 32 34 5 24 —=— 60.80 [10.72; 344.77] 1.4%
Nagata et al. (2) 2012 29 34 3 24 i 4060 [8.72; 188.93] 1.5%
Nagata et al. (3) 2012 28 34 2 24 —a— 51.33 [9.43; 279.57] 1.4%
Nagata et al. (4) 2012 26 34 5 24 - 1235 [3.49; 43.73] 1.7%
Nagata et al. (5) 2012 27 34 8 24 e 771 [235 25311 1.7%
Nagata et al. (6) 2012 24 34 5 24 — 912 [266; 3122 1.7%
Nagata et al. (7) 2012 19 34 6 24 —- 380 [1.21; 1195 1.8%
Nagata et al. (8) 2012 13 34 2 24 —— 6.81 [1.37; 33.87] 1.4%
Nagata et al. (9) 2012 10 34 2 24 - 458 [0.90; 23.27] 1.4%
Nagata et al. (10) 2012 8 34 1 24 & 7.08 [0.82; 60.95 1.1%
Nagata et al. (11) 2012 22 34 9 24 L3 306 [1.03; 904 1.8%
Nagata et al. (12) 2012 18 34 9 24 - 188 [065 544 1.8%
Nagata et al. (13) 2012 14 34 8 24 = 1.40 [0.47, 4.16] 1.8%
Nagata et al. (14) 2012 34 34 3 24 —=—— 423.86 [20.86; 8613.82] 0.7%
Nagata et al. (15) 2012 33 34 2 24 —+—— 363.00 [31.00; 4250.24] 1.0%
Nagata et al. (16) 2012 32 34 1 24 —+—— 368.00 [31.46; 4305.32] 1.0%
Nagata et al. (17) 2012 31 34 2 24 —— 113.67 [17.51; 738.068] 1.3%
Ovchinnikov et al. 2012 117 143 6 46 = 30.00 [11.52; 78.16] 1.9%
Rettori et al. (1) 2012 75 143 5 50 .- 993 [3.72; 26.46] 1.9%
Rettori et al. (2) 2012 17 146 2 60 e 382 [085 17.09] 1.5%
Rettori et al. (3) 2012 12 146 1 39 340 [043; 27.01] 1.2%
Rettori et al. (4) 2012 11 146 2 57 1 224 [048; 10.44] 1.5%
Rettori et al. (5) 2012 146 2 60 = 146 [029; 7.24] 1.4%
Rettori et al. () 2012 68 0 20 219  [011; 4420 07%
Rettori et al. (7) 2012 71 0 41 299 [0.14; 63.71] 07%
Rettori et al. (8) 2012 71 0 20 147 [0.07; 31.96] 0.7%
Rettori et al. (9) 2012 62 0 20 169 [0.08; 36.77] 0.7%
Rettori et al. (10) 2012 69 0 20 —a— 090 [0.04; 2289 0.7%

Rettori et al. (11) 2012
Ovchinnikov et al. (1) 2014
Ovchinnikov et al. (2) 2014
Gaykalova et al. (1) 2015
Gaykalova et al. (2) 2015
Gaykalova et al. (3) 2015
Gaykalova et al. (4) 2015
Lim et al. (1) 2016

7
3
2
2
2
1
16 134 11 57 = 057 [024;, 1311 2.0%
42
41
5
10
8
13
36
Limetal. (2) 2016 41 88 38 122
33
72
30
62
10
16
12
62
64
75

395 [179: 874] 20%
295 [132; 660) 2.0%
717 [0.38; 133.62] 0.8%
1506 [0.85; 265.52] 0.8%
1172 [0.66; 209.60] 0.8%
20.61 [1.18; 358.59] 0.8%
775 [358 16.81] 2.0%
193 [1.09; 340] 2.2%
273 [145 513 2.1%
382 [200; 7.30] 2.1%
299 [153 582 21%
9.74 [5.14; 18.46] 2.1%
354 [1.14; 1097] 1.8%
452 [173 11.83] 1.9%
4866 [2.82; 840.09] 0.8%
1066 [4.80; 23.66] 2.0%
1768 [7.21; 43.31] 2.0%
1438 [661; 3126 20%

Lim et al. (3) 2016

Lim et al. (4) 2016

Lim et al. (5) 2016

Lim et al. (6) 2016
Ferlazzo et al. (1) 2017
Ferlazzo et al. (2) 2017
Ferlazzo et al. (3) 2017
Cheng et al. (1) 2017
Cheng et al. (2) 2017
Cheng et al. (3) 2017

Puttipanyalears et al. 2018 56 65 4 77.78 [22.55; 268.23] 1.7%
Liyanage et al. 2020 80 84 5 60 220.00 [56.53; 856.19] 1.6%
Srisuttee et al. 2020 34 43 0 90 657.32 [37.24; 11601.53] 0.8%
Shen et al. (1) 2020 15 21 2 40 47.50 [8.61; 262.17] 1.4%
Shen et al. (2) 2020 15 21 4 40 2250 [5.54; 9135 1.6%
Shen et al. (3) 2020 3 18 0 40 18.29 [0.89; 374.96] 0.7%
Gonzalez-Pérez et al. (1) 2020 19 43 4 40 713 [2.16; 23.55] 1.7%
Gonzalez-Pérez et al. (2) 2020 10 43 2 40 576 [1.18; 28.18] 1.5%
Gonzélez-Pérez et al. (3) 2020 23 43 5 40 805 [265; 2448] 1.8%

R w FITRnaC i

Random effects model 4453 3233 834 [6.10; 11.39] 100.0%
Heterogeneity: I° = 72%, y3, = 259.11 (p < 0.001)
Test for overall effect: z = 13.34 (p < 0.001) 0.001 0.1 1 10 1000

Figure 1. Forest plot for the association between salivary DNA promoter hypermethylation and the
HNC risk. The squares represent the ORs for individual studies. Bars represent the 95% ClIs. The
center of the diamond represents the summary effect size.
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3.5. Association between p16 Promoter Hypermethylation and HNC Risk

A total of 410 cases and 399 controls from 9 studies were included to estimate the effect of
p16 promoter hypermethylation on HNC risk. As shown in Figure 2, a significant association
was found between salivary p16 promoter hypermethylation and HNC risk (OR: 3.75; 95%
CI = 2.51-5.60). The shape of the Begg’s funnel plot did not reveal potential asymmetry (p = 1),
although publication bias was detected by Egger’s test (p = 0.040) (Figure S2).

Experimental Control

Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
Rosas et al. (1) 2001 11 30 1 30 ———— 1679 [2.00; 140.90] 2.4%

Righini et al. (3) 2007 16 60 0 30 —f—'— 2262 [1.31;391.39] 1.8%

Kusumoto et al. 2012 4 10 0 3 e 485 [0.20; 118.61] 1.6%

Nagata et al. (8) 2012 13 34 2 24 *:Hf 6.81 [1.37; 33.87] 54%

Rettori et al. (10) 2012 1 69 0 20 —_— 0.90 [0.04; 22.89] 2.8%

Limetal. (2) 2016 41 88 38 122 —°—i 193 [1.09; 3.40] 64.0%
Ferlazzo et al. (1) 2017 10 58 5 90 —%— 3.54 [1.14; 10.97] 122%
Shen et al. (3) 2020 3 18 0 40 ‘%'7 18.29 [0.89; 374.96] 1.0%

Gonzalez-Pérez et al. (1) 2020 19 43 4 40 % 7.13 [2.16; 23.55] 8.7%

Fixed effect model 410 399 <> 3.75 [2.51; 5.60] 100.0%
Heterogeneity: I° = 34%, y5 = 12.19 (p = 0.14) f f T

Test for overall effect: z = 451 (p <0.01) 0.01 01 1 10 100

Figure 2. Forest plot for the association between p16 promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.6. Association between MGMT Promoter Hypermethylation and HNC Risk

A total of 328 cases and 231 controls from 5 studies were included to estimate the
effect of MGMT promoter hypermethylation on HNC risk. As shown in Figure 3, salivary
MGMT promoter hypermethylation was associated with an increased HNC risk (OR: 5.72;
95% CI = 3.00-10.91). Visual analysis of the funnel plot revealed a symmetrical distribution
of the studies (Egger’s test, p = 0.767; Begg’s test, p = 0.624), indicating no evidence of
publication bias (Figure S3).

Experimental  Control

Study Events Total Events Total 0Odds Ratio OR 95%-Cl Weight
Rosas et al. (3) 2001 4 30 1 30 —_ 446 [047;, 42.51] 9.2%
Righini et al. (4) 2007 13 60 0 30 —i—'— 17.34 [0.99; 302.45] 5.5%
Nagata et al. (4) 2012 26 34 5 24 - 12.35 [3.49; 43.73] 14.7%
Rettori et al. (4) 2012 11 146 2 57 - 2.24 [0.48; 10.44] 28.3%
Ferlazzo et al. (2) 2017 16 58 7 90 — 452 [1.73; 11.83] 42.3%
Fixed effect model 328 231 < 5.72 [3.00; 10.91] 100.0%
Heterogeneity: I° = 0%, 32 = 3.70 (p = 0.45) ‘ ' T '

Test for overall effect: z =5.24 (p < 0.01) 001 01 1 10 100

Figure 3. Forest plot for the association between MGMT promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.7. Association between DAPK Promoter Hypermethylation and HNC Risk

A total of 270 cases and 123 controls from 4 studies were included to estimate the
effect of DAPK promoter hypermethylation on HNC risk. As shown in Figure 4, the rate
of salivary DAPK promoter hypermethylation was significantly higher in HNC patients
compared to controls (OR: 5.34; 95% CI = 2.18-13.10). Visual examination of the funnel
plot revealed a symmetrical distribution of the studies (Begg’s test, p = 0.041; Egger’s test,
p = 0.187;), indicating no evidence of publication bias (Figure 54).
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Experimental  Control

Study Events Total Events Total Odds Ratio OR 95%-ClI Weight
Rosas et al. (2) 2001 6 30 0 30 —i—'— 16.18 [0.87; 301.62] 7.2%
Righini et al. (5) 2007 9 60 0 30 —+—+—— 11.25 [0.63; 200.22] 10.2%
Nagata et al. (7) 2012 19 34 6 24 —a 3.80 [1.21; 11.95] 56.4%
Rettori et al. (3) 2012 12 146 1 39 —_ 3.40 [0.43; 27.01] 26.3%
Fixed effect model 270 123 e 5.34 [2.18; 13.10] 100.0%
Heterogeneity: I° = 0%, %2 =1.33 (p = 0.72) I ‘ ‘

Test for overall effect: z=3.39 (p < 0.01) 0.01 01 1 10 100

Figure 4. Forest plot for the association between DAPK promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.8. Association between TIMP3 Promoter Hypermethylation and HNC Risk

A total of 328 cases and 236 controls from 4 studies were included to estimate the effect
of TIMP3 promoter hypermethylation on HNC risk. As shown in Figure 5, a significant
association was found between salivary TIMP3 promoter hypermethylation and HNC risk
(OR: 3.42; 95% CI = 1.99-5.88). Visual inspection of the funnel plot revealed a symmetrical
distribution of the studies (Begg’s test, p = 0.174; Egger’s test, p = 0.419), indicating no
evidence of publication bias (Figure S5).

Experimental  Control

Study Events Total Events Total 0Odds Ratio OR 95%-Cl Weight
Righini et al. (1) 2007 17 60 0 30 —————— 24.54 [1.42; 423.81] 3.0%

Nagata et al. (10) 2012 8 34 1 24 T 7.08 [0.82; 80.95] 57%

Rettori et al. (5) 2012 7 146 2 60 ——'—¢— 1.46 [0.29; 7.24] 17.3%
Lim et al. (3) 2016 33 88 22 122 - 2.73 [1.45; 5.13] 73.9%
Fixed effect model 328 236 < 3.42 [1.99; 5.88] 100.0%
Heterogeneity: /% = 22%, ¥2 = 3.85 (p = 0.28) ' ‘ ‘ ‘

Test for overall effect: z=2.80 (p < 0.01) 0.01 01 1 10 100

Figure 5. Forest plot for the association between TIMP3 promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.9. Association between RASSF1A Promoter Hypermethylation and HNC Risk

A total of 191 cases and 192 controls from 3 studies were included to estimate the effect
of RASSF1A promoter hypermethylation on HNC risk. As shown in Figure 6, salivary
RASSF1A promoter hypermethylation was associated with an increased HNC risk (OR:
7.69; 95% CI = 3.88-15.23). Visual examination of the funnel plot revealed a symmetrical
distribution of the studies (Begg’s test, p = 0.601; Egger’s test, p = 0.858), indicating no
evidence of publication bias (Figure S6).

Experimental  Control

Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
Righini et al. (6) 2007 10 60 0 30 +———— 1268 [0.72;224.23] 7.7%

Limet al. (1) 2016 36 88 10 122 - 7.75 [3.58; 16.81] 69.8%
Gonzalez-Pérez et al. (2) 2020 10 43 2 40 — R 576 [1.18; 28.18] 22.4%
Fixed effect model 191 192 - 7.69 [3.88; 15.23] 100.0%
Heterogeneity: 12 = 0%, y3 = 0.24 (p = 0.88) ‘ f ‘

Test for overall effect: z = 5.86 (p < 0.01) 0.01 0.1 1 10 100

Figure 6. Forest plot for the association between RASSF1A promoter hypermethylation and the HNC
risk. The squares represent the ORs for individual studies. Bars represent the 95% Cls. The center of
the diamond represents the summary effect size.

3.10. Association between APC Promoter Hypermethylation and HNC Risk

A total of 156 cases and 74 controls from 3 studies were included to estimate the effect
of APC promoter hypermethylation on HNC risk. As shown in Figure 7, salivary APC
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promoter hypermethylation was not significantly associated with HNC (OR: 2.15; 95%
CI = 0.84-5.51). Visual examination of the funnel plot revealed no potential asymmetry
(Begg's test, p = 0.601; Egger’s test, p = 0.609), indicating no evidence of publication
bias (Figure S7).

Experimental  Control

Study Events Total Events Total Odds Ratio OR 95%-Cl  Weight
Righini et al. (9) 2007 4 60 0 30 —t -+ 486 [0.25;93.27] 9.7%
Nagata et al. (12) 2012 18 34 9 24 T 1.88 [0.65; 5.44] 78.8%
Rettori et al. (9) 2012 2 62 0 20 1.69 [0.08; 36.77] 11.4%
Fixed effect model 156 74 = 2.15 [0.84; 5.51] 100.0%
Heterogeneity: I° = 0%, %2 = 0.38 (p = 0.83)

Test for overall effect: z = 1.48 (p = 0.14) 01 0512 10

Figure 7. Forest plot for the association between APC promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

4. Discussion

Aberrant DNA hypermethylation has been recognized as an important epigenetic
mechanism involved in head and neck carcinogenesis [1], suggesting its potential as a
biomarker for evaluating cancer risk. Although prior studies have focused on the detection
of promoter DNA hypermethylation in saliva from HNC patients [10,17], the evidence of a
direct relationship is unclear and findings have been inconsistent.

To the best of our knowledge, this is the first meta-analysis evaluating the contribution
of salivary promoter hypermethylation to HNC risk. The present comprehensive analysis
included 18 studies comprising 4453 patients and 3233 controls. Overall, our results
indicate that salivary promoter hypermethylation was significantly associated with an
8.34-fold increase in HNC risk.

As significant heterogeneity was observed among studies, meta-regression and sub-
group analyses were carried out based on anatomic tumor location, sample type, sample
size, DNA methylation method, and methylation gene profiling. The stratified analysis
revealed that salivary DNA hypermethylation was associated with HNC risk in all sub-
groups. The association between salivary DNA promoter hypermethylation and HNC
risk was stronger in oral rinses compared to saliva. This could be explained by the higher
methylation proportion of oral exfoliated cells in oral rinse compared to saliva samples.
Subgroup analysis of anatomic tumor location showed that the OR was higher in oral
cancer and oropharyngeal cancer than overall HNC. These findings could be explained by
the direct contact of saliva samples with tumors located in the oral cavity and oropharynx,
which could result in an increased number of exfoliated tumoral cells during sample col-
lection. Based on the methylation detection method subgroup, the frequency of salivary
DNA promoter methylation was higher in MSP than in qMSP. This may be because MSP
was the most commonly used technique for detecting aberrant DNA methylation in saliva
samples (11 studies). In addition, the qualitative nature and lower specificity of MSP could
lead to an overestimation of methylation data compared to qMSP methods [18]. However,
quantitative approaches, such as qMSP or pyrosequencing, have shown better sensitivity
than MSP [19]. With respect to sample size, a similar significant association was found
between n < 100 and n > 100 subgroups. On the other hand, the gene profiling subgroup
revealed that HNC risk was clearly higher when aberrant gene-specific DNA methyla-
tion was analyzed using gene panels rather than single gene analysis. This suggests that
multiple tumor suppressor genes are epigenetically silenced in HNC pathogenesis, and,
therefore, gene methylation panels should be used to better identify HNC risk.

We also explored the association between gene-specific promoter DNA methylation
and HNC risk by analyzing the methylation frequency of genes reported in at least three
studies. Thus, promoter hypermethylation of p16, DAPK, TIMP3, MGMT, and RASSF1A
was significantly higher in HNC patients compared to controls, suggesting that the methy-
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lation of these tumor suppressor genes may play an important role in head and neck
carcinogenesis. The p16 gene acts as a negative cell cycle regulator that prevents the in-
activation of retinoblastoma (Rb) protein by inhibiting the cyclin-dependent kinases and,
therefore, cell cycle progression at G1/S phase [20]. Hypermethylation of p16 promoter has
been reported as a frequent epigenetic event in oral carcinogenesis [21,22]. In the present
meta-analysis, methylation of p16 promoter was significantly associated with a 3.75-fold
increase in HNC risk, which is consistent with the study by Shi et al. (OR: 3.37) based on
tissue and liquid biopsy methylation data [23]. In line with this, a more recent meta-analysis
comprising 67 case-control studies reported an OR of 6.72. However, subgroup analysis in
this study based on sample type revealed that OR was much higher in saliva (OR: 12.45)
and blood (OR: 16.40) than in tissue (OR: 6.40) [24]. Overall, these findings indicate that
hypermethylation of p16 gene promoter in saliva could be a predictive biomarker for HNC
risk. The MGMT gene is involved in the repair of O6-methylguanine in DNA sequences
originating from the carcinogenic effects of alkylating agents [25]. The inactivation of
MGMT promoter by aberrant hypermethylation has been associated with an increased
frequency of GC > AT transition mutations in TP53 and in KRAS oncogene, contribut-
ing to carcinogenesis and tumor progression [26,27]. In fact, our meta-analysis showed
that methylation of MGMT promoter leads to a 5.72-fold increase in HNC risk. DAPK
plays a critical role in the apoptotic process triggered by interferon-gamma (IFN-y), tumor
necrosis factor (TNF)-alpha, Fas ligand, and detachment from extracellular matrix [28].
Hypermethylation of DAPK gene promoter is a frequent alteration in HNC [29,30]. The
results of the present meta-analysis show that individuals with salivary hypermethylation
of DAPK gene promoter had a 5.34-fold higher HNC risk. A previous meta-analysis also
showed that the frequency of DAPK promoter methylation was significantly higher in
HNC vs. control groups (OR: 6.72) [31]. The TIMP3 gene is a tissue inhibitor of matrix
metalloproteinases, which acts as a potential anticancer agent by inducing apoptosis and
inhibiting proliferation, angiogenesis, and metastasis [32]. The methylation of TIMP3
promoter has been associated with HNC [33,34]. Interestingly, our meta-analysis revealed a
significant association between salivary TIMP3 promoter methylation and HNC with an OR
of 3.42. The RASSF1A gene prevents tumorigenesis through multiple cellular process, such
as cell cycle arrest, migration, microtubular stabilization, and apoptosis promotion [35].
Epigenetic inactivation of RASSF1A by hypermethylation has been observed in various
cancers, including HNC [36]. Our data showed that methylation of RASSFIA promoter
led to a 7.69-fold increase in HNC risk compared to the control group. In a previous study,
Meng et al. evaluated the methylation prevalence of RASSF1A between cancerous tissues
and controls, finding a significant association (OR: 2.93) between aberrant methylation
of RASSF1A and HNC [37]. The APC gene acts as a negative regulator in the Wnt/beta-
catenin signaling pathway and its dysfunction leads to increased (3-catenin transcriptional
activity, promoting the activation of downstream targets involved in tumorigenesis, such
as cyclin D1 and Myc [38]. Hypermethylation of the APC promoter has been reported as a
mechanism for APC-gene inactivation in oral carcinogenesis [39]. Our study did not reveal
a significant association between salivary APC promoter hypermethylation and HNC,
which could be explained by the low APC-gene methylation rates detected in saliva from
HNC patients. Until now, few studies have reported APC hypermethylation in saliva from
HNC patients [40—42]; however, this epigenetic alteration has been frequently observed
in head and neck tumors [29,39,43,44]. It is important to note that hypermethylation of
p16, DAPK, TIMP3, MGMT, and RASSF1A plays an important role in the carcinogenesis of
various tumors, such as lung, breast, colorectal, renal, or gastric [45-50]. In line with this,
several studies have focused on the association of cancer risk with the hypermethylation of
these tumor suppressor genes [51-55], which highlights its potential for early diagnosis of
the disease.

The present study has several strengths. It is the first meta-analysis highlighting
the association between salivary DNA promoter hypermethylation and HNC. It explores
the magnitude of the association both overall and by specific hypermethylated gene. In
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addition, it involved a comprehensive literature review without language restrictions.
However, our study is not exempt from limitations. Firstly, all included research involved
case-control retrospective studies, which could lead to selection bias. Some bias could also
stem from the fact that cases and controls were not matched for demographic variables,
such as age, sex, and lifestyle habits. Secondly, significant heterogeneity was found among
studies. Despite performing subgroup analysis by anatomic tumor location, sample type,
sample size, DNA methylation method, and methylation gene profiling, we were unable
to elucidate the potential sources of this heterogeneity. Further subgroup analysis was
hindered by the lack of original data regarding lifestyle habits or ethnicity. Thirdly, the
association of salivary DNA promoter hypermethylation and clinicopathological variables
(i.e., TNM stage, histological grade) was not explored due to insufficient data. Therefore,
well-designed prospective clinical studies with large sample sizes are necessary to validate
the results of this meta-analysis.

5. Conclusions

Opverall, the findings from this meta-analysis showed that salivary DNA promoter hy-
permethylation was associated with HNC risk. Salivary hypermethylation of p16, MGMT,
DAPK, TIMP3, and RASSF1A showed an important role in HNC development. Thus, saliva
could be used as a potential source of epigenetic biomarkers for predicting HNC. The
development of HNC screening programs based on the combination of these 5-methylated
genes in saliva could be useful for identifying high-risk patients and for detecting cancer
before the occurrence of initial clinical symptoms. The clinical implementation of this
salivary panel would represent the beginning of precision medicine for HNC. To attain
this, prospective and multicenter studies should be carried out in order to validate the
present results.
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Abstract: Background: Decisions regarding the staging, prognosis, and treatment of patients with
head and neck squamous cell carcinomas (HNSCCs) are made after determining their p16 expression
levels and human papillomavirus (HPV) infection status. Methods: We investigated the prognostic
roles of pl6-positive and p16-negative circulating tumor cells (CTCs) and their cell counts in HNSCC
patients. We enrolled patients with locally advanced HNSCCs who received definitive concurrent
chemoradiotherapy for final analysis. We performed CTC testing and p16 expression analysis before
chemoradiotherapy. We analyzed the correlation between p16-positive and pl6-negative CTCs and
HPV genotyping, tissue p16 expression status, response to chemoradiotherapy, disease-free survival,
and overall survival. Results: Forty-one patients who fulfilled the study criteria were prospectively
enrolled for final analysis. The detection rates of p16-positive (>0 cells/mL blood) and p16-negative
(>3 cells/mL blood) CTCs were 51.2% (n = 21/41) and 70.7%, respectively. The best responses of
chemoradiotherapy and the p16 positivity of CTCs are independent prognostic factors of disease
progression, with hazard ratios of 1.738 (95% confidence interval (CI): 1.031-2.927), 5.497 (95% CI:
1.818-16.615), and 0.176 (95% CI: 0.056-0.554), respectively. The pl6 positivity of CTCs was a
prognostic factor for cancer death, with a hazard ratio of 0.294 (95% CI: 0.102-0.852). Conclusions:
The pl6-positive and pl6-negative CTCs could predict outcomes in HNSCC patients receiving
definitive chemoradiotherapy. This non-invasive CTC test could help stratify the risk and prognosis
before chemoradiotherapy in clinical practice and enable us to perform de-intensifying therapies.

Keywords: circulating tumor cells; p16 expression; head and neck squamous cell carcinoma; HPV
genotyping; biomarker; liquid biopsy
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1. Introduction

Human papillomavirus (HPV)-associated head and neck squamous cell carcinoma
(HNSCC) has been widely investigated and thought of as a critical biomarker in HN-
SCC [1,2]. HPV-positive HNSCC, especially with oropharyngeal-originated tumors [3,4],
has a significantly better prognosis (50% reduction of death risk) compared with those
without HPV infection [5,6]. Even though patients with HPV-associated HNSCC had a
better prognosis, primary concurrent chemoradiotherapy (CCRT) remains one of the stan-
dards of care [7]. De-intensification of CCRT has been widely investigated in very recent
years [8,9]. HPV-positive tumors can also be found in patients with cancers originating in
the head and neck region other than the oropharynx, such as the paranasal sinus [10], the
hypopharynx [11], the larynx [12], and the oral cavity [13]. Given the positive prognostic
impact of HPV infection, the p16 expression or HPV genotyping status at cancer staging
have been strongly suggested for patients presenting with neck squamous cell carcinoma,
without identified primary sites [14,15]. The importance of p16 expression or HPV infection
status in HNSCC is well established [16].

P16 expression by immunohistochemistry staining is much easier to perform than
PCR for HPV infection; therefore, p16 expression was much more widely used in clini-
cal practices considering the test’s price and accessibility. However, some investigators
reported that pl6 expression does not always equal HPV infection [17]. HPV-DNA/RNA
testing is still recommended for confirming p16 results, with increased specificity and
diagnostic accuracy [17,18]. However, these tests are all tissue-based and require invasive
procedures to obtain cancer tissue [17]. Sometimes, these invasive procedures caused
unwanted complications, such as tumor bleeding [19]. However, there is no validated
blood test for detecting HPV infection or evaluating p16 expression for diagnosis or moni-
toring, except for some exploratory or small-scale observational studies [20]. Only a few
studies have reported technology detecting p16 expression levels in circulating tumor cells
(CTCs) [21,22] or circulating tumor DNA [23,24] in plasma samples in HPV-associated
HNSCC. The significance of p16 or HPV in peripheral blood remains unknown.

Therefore, we hypothesized the following: (1) that expressed p16 can be detected in
CTCs; (2) that circulating p16-negative CTCs and p16-positive CTCs might have different
effects on survival rates; (3) that p16 expression levels in the tissue and blood (CTCs) could
be correlated with each other.

2. Materials and Methods
2.1. Patient Enrollment

Our prospective study was conducted in two medical centers, Chang Gung Memorial
Hospital, Linkou, and Keelung, Taiwan. All patients provided written informed consent.
The Institutional Review Board in Chang Gung Memorial Hospital approved the study
protocols, with approval IDs 104-2620B, 103-7795B, and 201700867B0. Eligible patients
with histologically- or pathologically- confirmed head and neck squamous cell carcinomas
with p16 expression status were considered medically unfit for surgery or had surgically
unresectable, locally advanced presentation (stage IIb-IV, American Joint Committee on
Cancer [AJCC], 8th edition). In addition, patients with (1) age >20 years; (2) the ability
to understand the protocol and provide informed consent out of their own free will;
(3) primary HNSCC; and (4) adequate liver and renal function and white blood cell counts
before undergoing anticancer therapies, especially chemoradiotherapy, were included. The
exclusion criteria contained patients who (1) receive therapies except for CCRT, including
curative surgery without CCRT, salvage surgery, or radiation alone; (2) refused to blood
drawing in the protocol; (3) had rapidly worsened performance status to complete CCRT; or
(4) had metachronous or synchronous double cancer. Physicians performed disease staging
and management according to the standard treatment protocols detailed in institutional
guidelines. Results were reported following the REMARK guidelines [25]. Examinations for
the initial staging and response evaluation processes included magnetic resonance imaging
and positron emission tomography. In accordance with standard treatment guidelines,

36



J. Pers. Med. 2021, 11, 1156

concurrent chemoradiotherapy was scheduled and delivered by medical oncologists and
radiation oncologists. In accordance with the guidelines of version 1.1 of the response
evaluation criteria in solid tumors (RECIST), the treatment response was determined based
on whether the patient exhibited complete remission (CR), partial response (PR), stable
disease (SD), or progressive disease (PD). This was determined by the multidisciplinary
head and neck cancer tumor board at Chang Gung Memorial Hospital.

2.2. Tissue Immunohistochemistry Staining for p16 Expression Analysis

Immunohistochemistry staining (IHC) was performed using a mouse monoclonal
antibody against p16 (Roche E6H4™, catalog #725-4713) on a Ventana Benchmark LT
automated immunostainer (Tucson, AZ, USA), per the standard protocol. Positive and
negative controls were included routinely. A positive signal was defined as that obtained
with nuclear and or cytoplasmic staining. If cells were stained via cytoplasmic staining
alone, the result was considered negative. In this study, the positivity of tumor samples is
defined by a result where >70% of cells are stained via cytoplasmatic and nuclear staining
in two medical centers [26]. In this study, we performed HPV genotyping to confirm the
HPYV infection status in p16-positive cancer tissues (Supplementary Table S1).

2.3. The Isolation and Identification of Circulating Tumor Cells via Microscopy

Blood samples (8 mL for each patient, including 4 mL for microscopy and the other
4 mL for flow cytometry) were drawn before anticancer therapies, including chemotherapy
or radiotherapy. A CTC enrichment procedure was performed by red blood cell lysis
(by mixing 155 mM NH4Cl, 14 mM NaHCO3, and 0.1 mM EDTA in a 10:1 ratio with
whole blood samples) and CD45-positive leukocyte depletion, using EasySep Human
CD45 Depletion kits (Cat. NO. 18259, STEMCELL Technologies Inc., Vancouver, BC,
Canada), following the manufacturer’s instructions. A previously detailed method for CTC
enrichment and counting was used [27-29].

We further fixed CTCs, isolated from 4 mL of whole blood samples, using 4% paraform
aldehyde (Cat. No. 15710, Electron Microscopy Sciences) for 10 min at 25 °C. Permeabi-
lization was performed by treating cells with PBST (0.1% Triton X-100 in PBS) for 10 min
at 25 °C. After washing cells with PBS, they were blocked with PBS containing 2% BSA
and the HuFcR Binding Inhibitor (Cat. No. 14-9161-73, eBioscience, San Diego, CA, USA)
for 30 min at room temperature. Before the antibody reaction, 0.0025% Trypan Blue (Cat.
No. 15250061, Thermo Fisher Scientific, CA, USA) was added to block auto-fluorescence.
The antibody reaction was allowed to occur upon the addition of anti-EpCAM antibody
conjugated Alexa Fluor 488 (1:400, one hour, Cat. No. 5198, Cell Signaling, Danvers, MA,
USA) and anti-p16 antibody conjugated Alexa Fluor 647 (Cat. No. ab199819, Abcam,
Cambridge, UK). We used the Hoechst (Cat. No. 62249, Thermo Fisher Scientific, CA, USA)
stain to stain the cell nucleus. Cell fluorescence images were captured using a fluorescence
microscope (Zeiss Axioskop 2 Plus Fluorescence Microscope, Carl Zeiss Microscopy, LLC,
United States; Leica TCS SP2 Confocal Laser Scanning Microscope, Leica Microsystems,
Wetzlar, Germany). CTCs were defined as cells expressing EpCAMP°*HoechstP°*CD45"¢8
and were further divided into pl6-positive or p16-negative status.

2.4. Analysis of p16 Expression in Circulating Tumor Cells via Flow Cytometry

To determine the status of p16 expression in CTCs, we first fixed cells enriched via
RBC lysis and CD45 depletion, using Fix & Perm Cell Permeabilization Reagents (Cat.
NO. GAS003, molecular probes by Life Technologies, Thermo Fisher Scientific, CA, USA).
Then, we added an anti-EpCAM antibody conjugated PE (Cat. No. FAB960P-100, R & D
Systems) and an anti-p16 antibody conjugated Alexa Fluor 647 (Cat. No. ab199819, Abcam)
during fixation and permeabilization. A secondary antibody, i.e., goat anti-mouse IgG
H&L conjugated Alexa Fluor 488 (Cat. No. ab150113, Abcam), was also added to exclude
the residual CD45-positive leukocytes (labeled with the CD45 antibody cocktail provided
in the CD45 depletion kit). Isotype control antibodies were used as the negative control.
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After staining, cell samples were analyzed using a Flow Cytometer (CytoFLEXTM Flow
Cytometer, Beckman Coulter, Inc., Pasadena, CA, USA).

Positive and negative controls for the analysis of p16 expression were carried out on
circulating tumor cells.

As experimental controls for pl6-positive cells, we used the HeLa (cervical cancer
cells, ATCC® CRM-CCL-2TM) cells as positive controls in CTC samples; whereas, HCT116
(colorectal cancer cells, ATCC® CCL-247TM) and H1975 (non-small cell lung cancer cells,
ATCC® CRL-5908™) cells were used as negative controls to analyze p16 expression. We
cultivated these cells per the instructions provided by the American Type Culture Collection
(ATCC). Briefly, HeLa, HCT116, and H1975 cells were maintained in DMEM medium (Cat.
No. 11965092, GIBCO), McCoy’s 5A medium (GIBCO), and RPMI-1640 medium (GIBCO),
respectively, along with fetal bovine serum (Cat. NO. 10437028, GIBCO), while ensuring
that the final concentration was 10%. Cells were cultured at 37 °C in a humidified incubator
in a 5% CO2 atmosphere.

2.5. Human Papillomavirus Genotyping

Human papillomavirus genotyping of cancer tissues was carried out via the Roche
Cobas 4800 HPV test. Briefly, cancer cells were stored in 800 nL. Cobas PCR Cell Collection
Media (Cat. No. 05619637190, Roche Molecular Systems, Inc., Branchburg, CA, USA),
and Roche Cobas X 480 instruments were used to purify the DNA. Real-time PCR was
performed using the Roche Cobas 4800 HPV Test on Roche Cobas Z 480 analyzers. The
assay was performed and validated by the Taipei Institute of pathology, Taiwan. In addition,
CTCs, isolated after negative-selection processes, were sent for HPV genotyping. All the
41 patients had p16, evidenced by immunohistochemistry staining, and had p16 CTC,
evidenced by flow cytometry and genotyping.

2.6. Statistical Analysis

The basic characteristics of enrolled patients are demonstrated using descriptive
statistics. Progression-free survival (PFS) was calculated from the date of CTC sampling,
seven days before systemic chemotherapy, to cancer-specific progression or recurrence
after CCRT or death from any causes. Overall survival (OS) was defined as the period from
the date of CTC sampling to death from any cause. We applied chi-square and Fisher’s
exact tests to determine the difference between the p16 expression status in the tissue
and blood (CTCs). We also used Kaplan-Meier survival plots with the log-rank test to
demonstrate the individual factors affecting survival. Patients who did not experience
the event (disease progression or death) were defined to be censored in the analysis.
After checking the assumptions of clinicopathological factors, we used the univariate
and multivariate Cox proportional hazard regression models to identify the independent
prognostic factors of PFS and OS. All potential predictor variables were analyzed in the
multivariate analysis, including pl6-positive and pl6-negative CTC status. They are
essential items in this research, although they are mutually exclusive. Statistical analysis
was performed using SPSS for Windows (version 18, SPSS Inc., Chicago, IL, USA). A
p-value of 0.05 was considered statistically significant.

3. Results
3.1. Patient Enrollment

A total of 76 subjects (including 16 healthy donors) were prospectively enrolled, and
overall, 41 patients met all the treatment criteria and were analyzed at Chang Gung Memo-
rial Hospital, Linkou, and at Keelung between August 2017 and August 2018. Figure 1
demonstrates the study flow and patient numbers at different stages of enrollment in
this prospective study. Table 1 summarizes the characteristics of the entire population.
A total of 28 (68.3%) patients had oropharyngeal cancer, while 13 (31.7%) patients had
non-oropharyngeal cancer. These 13 patients were enrolled because they had initially pre-
sented with an unknown primary cancer or a huge confluent mass in the hypopharynx and
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Control: Blood from
Healthy donors for
CTC controls (n=16)

4 )

Negatively -
selected p16™°8
circulating tumor

oropharynx area. The median age of the cohort was 55 (37-74) years old, and 78% of the
patients have relatively good performance status before the concurrent chemoradiotherapy.
Totals of 19 (46.3%) and 22 (53.7%) patients tested positive and negative, respectively, for
p16 expression, upon immunohistochemistry analysis. The stages of the enrolled patients
were relatively advanced: 16 (39.0%) were stage IV patients. With a median follow-up time
of 34.0 (3.0-44.9) months, 22 (53.7%) patients exhibited disease progression after concurrent
chemoradiotherapy, and 14 (34.1%) patients died. The detection rates of p16-positive
(>0 cells/mL blood) and pl6-negative (>3 cells/mL blood) CTCs were 51.2% (1 = 21/41)
and 70.7%, respectively. The cutoff values of CTCs (3 cells/mL) were the same as those
used in previous studies [30,31].

Patients with Pharyngeal Cancer with Initially
Unknown p16 status (N=60)

Exclusion:
Tissue p16 status » Decision changed to direct surgery (n=2)
by IHC (n=60) * Prior History of other HNSCC (n=7)

* Refusal of blood drawing in the protocol (n=1)

Patients with Pharyngeal Cancer
Who Planned to Receive Concurrent Exclusion:
Chemoradiation (n=50) * Radiation alone (n=2)
* Best Supportive care due to
ECOG PS=3 (n=3)

cell (CTC) and
p16ros CTC
analysis (n=45)

N/

Concurrent Chemoradiotherapy (n=45)

Exclusion:
* Incomplete CCRT (n=3)
* Salvage Surgery (n=1)

Follow-up for Disease-free Survival and
Overall Survival (n=41)

Figure 1. CONSORT algorithm.

Table 1. Patient characteristics (n = 41).

Characters n %
Age (median, range) in years 55 (37-74)
Sex
Female 8 19.5%
Male 33 80.5%
Tumor type
Oropharynx 28 68.3%
Non-oropharynx 2 13 31.7%
ECOG PS
0-1 32 78.0%
2 9 22.0%
Tumor stage (AJCC 8th edition) b
I 20 48.8%
III 5 12.2%
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Table 1. Cont.

Characters n %

v 16 39.0%

T classification
T1-2 28 68.3%
T3-4 13 31.7%

Lymph node Involvement
Negative (NO) 11 26.8%
Positive (N1-3) 30 73.2%
p16 status by THC staining 0.0%
Negative (0-70%) 22 53.7%
Positive (>70%) 19 46.3%
CCRT completion 41 100.0%
Disease Progression after CCRT
No 19 46.3%
Yes 22 53.7%
Cancer-related death ©
No 27 65.9%
Yes 14 34.1%
Circulating tumor cells (CTCs) detection rate

plé-positive CTCs (p16P°EpCAMP**HoechstP°%) 21 51.2%
plé-negative CTCs (p16"°8EpCAMP *HoechstP°s) 4 20 48.8%

2 Patients with non-oropharyngeal cancer included 10 hypopharyngeal cancers, and 3 cancers of unknown
primary site. ® The staging contained p16-positive and p16-negative tumors according to AJCC 8th edition staging
system. © The cancer death was updated at a median follow-up time of 34.0 (range: 3.0-44.9) months. 4 Circulating
tumor cell counts of >3 cells/mL was defined positive. Abbreviations: ECOG PS—Eastern Cooperative Oncology
Group performance status; AJCC—The American Joint Committee on Cancer; IHC—immunohistochemistry;
CCRT—concurrent chemoradiotherapy.

3.2. The Identification of p16-Positive Circulating Tumor Cells in Cancer Patients

To determine whether p16-positive CTCs could be detected in blood samples of pha-
ryngeal cancer patients, we performed immunofluorescence staining. We used HCT116
(ATCC CCL-247)—the EpCAMP*p16™°8 human colon cancer cell line—for our analy-
sis, while HeLa (ATCC CCL-2) cells—from the EpCAM"®6p16P° human cervical cancer
cell line—were used as control cells during immunofluorescence staining, as shown in
Figure 2A,B. The remaining white blood cells in the CTC samples are shown in Figure 2C,
while Figure 2D demonstrates the images of p16-positive CTCs, which were defined as
p16P%- or EpCAMP®-nucleated cells. Otherwise, CTC without any p16 expression was be
categorized as pl6-negative CTCs, which have a threshold of 3 cells/mL as positive [31].
After CTC isolation, HPV genotyping was performed using commercial kits (Roche Cobas
4800 test), in accordance with the manufacturer’s instructions. Experiments involving the
spiking of human blood samples with HeLa cells enabled us to identify detection limits
(10 cells/2 mL human blood), as demonstrated in Supplementary Table S1.
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(A) No stain
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P16° CTC

H1975

Figure 2. Demonstration of pl6-positive circulating tumor cells identified in patients with oropha-
ryngeal cancer. Immunofluorescence staining was used to identify cells in purified cells from
blood samples. HCT116 (A) and HeLa (B) cells positively expressed EpCAM and p16, respectively.
White blood cells (EpCAM"8 /P16"¢¢ /HoechstP®) (C) and pl6-positive circulating tumor cells
(EpCAMP® /P16P°° /HoechstP°®) (D) were shown. H1975 cells (E) also serve as a positive control in
this study. Abbreviations: CTC—circulating tumor cells.

We then applied flow cytometry-based CTC enumeration strategies and determined
CTC counts after identifying the p16 expression status. In the present study, flow cytometry
analysis was performed following the negative selection of CTCs, to analyze the p16-
positive CTCs and pl6-negative CTC in this cohort. First, HeLa (p16-positive) and H1975
(EpCAM-positive) cells were used to determine the staining conditions and set up the
running template for flow cytometric analysis (Figure 3A-F). Then, tumor cell spike-in
feasibility tests were carried out, as demonstrated in Figure 3G. Figure 3H,I show how
pl6-positive CTCs can be identified in a representative cancer patient’s blood sample. The
CTC detection (>1 cell/mL) rate was 70.7% (1 = 29/41), and the p16 positivity rate of CTCs
in the entire group was 51.2% (n = 21/41), irrespective of the tissue p16 status.

(B) Stain p16 only (C) Stain EpCAM + p16
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Figure 3. Cont.
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Figure 3. EpCAM+ and p16+ cell detection in blood samples. As standard controls, HeLa served as positive expression cells
for flow cytometric analysis for p16 (A-C), and H1975 cells served as EpCAM expression (D-F). Accordingly, the protocol
with controls can demonstrate p16 expression status in circulating tumor cells in one healthy individual by spiking different
control cell lines (G-I) and three cancer patients (J-L).

3.3. HPV Genotyping of Cancer Tissues and Circulating Tumor Cells

To illustrate the concordance of p16 expression in CTCs and tissue, we compared p16
expression levels in the tissue and blood (CTC) via IHC and flow cytometry analyses. The
results showed no statistical significance (p = 0.155, Table 2). The results of HPV genotyping
and tissue p16 expression analysis of cancer tissues were analyzed further—we found
that p16 positivity on CTCs was statistically related to p16 expression or a positive HPV
genotype (p <0.019, Table 2). However, the number of CTCs with HPV-positive genotypes
was zero.

Table 2. Comparison between tissue p16 and blood p16 expressions.

Tissue IHC Tissue IHC Tissue THC Tissue IHC
16 Neeative 16 Positive p-Value p16 Negative AND HPV p16 Positive OR HPV p-Value
P 8 P Genotyping Negative Genotyping Positive
pos
p11\16ega ﬁCVTeC 13 7 13 7
p16P% CTC . " 0.155 ] . 0.019*
Positive

* Fisher exact test was used for the statistical significance because numbers in some cells were less than 5.
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3.4. Effects of CTCs and p16-Positive CTCs on Survival

We used Kaplan—-Meier survival curves to compare the factors that might influence sur-
vival in this cohort (Figure 4). Figure 4A showed that patients with CTC count >3 cells/mL
are associated with a short PFS (p = 0.002). Patients with p16-positive CTCs (p = 0.012,
Figure 4B) who exhibited disease control after concurrent chemoradiotherapy (p < 0.001,
Figure 4C) were associated with a prolonged PFS. However, tissue p16 expression was only
marginally significant for the PFS (p = 0.089, Figure 4D). A prolonged OS was associated
with patients with CTC counts <3 cells/mL (p = 0.022, Figure 4E), who exhibited p16 posi-
tivity of CTCs (p = 0.017, Figure 4F) and disease control after CCRT (p = 0.003, Figure 4G).
Nevertheless, tissue p16 did not affect OS in this cohort (p = 0.365, Figure 4H).
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Figure 4. Cont.
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Figure 4. Kaplan—-Meier Curves. In this cohort, patients with circulating tumor cell (CTC)
numbers >=3 cells/mL had shown to negatively impact progression-free survival (PFS, p = 0.002) (A).
Patients are associated with prolonged PFS, for those with p16-positive CTC (p = 0.012) (B), disease
control after concurrent chemoradiotherapy was carried out (CCRT, p < 0.001) (C). However, tissue
pl6 expression is only marginally significant to PFS (p = 0.089) (D). For overall survival (OS), a
prolonged OS is associated with patients harboring a CTC count of <3 cells/mL (p = 0.022) (E), p16
positivity of CTCs (p = 0.017) (F), and disease control after CCRT (p = 0.003) (G). Nevertheless, tissue
p16 expression has no significant impact on OS in this cohort (p = 0.365) (H).

We analyzed all the factors in univariate and multivariate Cox regression models
to identify independent prognostic factors. All factors involved in univariate analysis
were analyzed during multivariate analysis using the forward LR model. Table 3 shows
that the best response to CCRT, pl6-negative CTC counts, and p16-positive CTCs were
independent prognostic factors of disease progression, with hazard ratios (95% confidence
interval) of 1.738 (95% confidence interval (CI): 1.031-2.927), 5.497 (95% CI: 1.818-16.615),
and 0.176 (95% CI: 0.056-0.554), respectively. Only p16-positive CTCs (positive vs. negative)
were found to be prognostic factors for cancer death, with a hazard ratio of 0.294 (95% CI:
0.102-0.852).
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Table 3. Univariate and multivariate Cox regression analysis.

Progression-Free Survival

Overall Survival

Univariate Analysis

Multivariate Analysis

Univariate Analysis

Multivariate Analysis *

Factors p HR (95% CI) p HR (95% CI) (95% CI)
Age 0.135 0.957 (0.904-1.014) 0.338 0.973 (0.920-1.029)
( femaless’s‘ male) 0.262 2.328 (0.532-10.195) 0.371 1.967 (0.447-8.659)
( ORE(UJIS‘OIZO?’I{’SRX) 0.924 0.95 (0.334-2.707) 0415 1.524 (0.553-4.198)
(CTTcllf‘zssvlilcca%o_Z) 0.975 0.985 (0.374-2.592) 0.548 1.350 (0.506-3.600)
N classification 0.421 1.214 (0.758-1.944) 0.968 0.991 (0.624-1.574)
ECOG PS 0.171 0.377 (0.093-1.523) 0.248 0.439 (0.109-1.775)
Best response
(Non_i’é ;Sﬂers s 0.104 1.535 (0.916-2.573) 0.114 1.499 (0.907-2.475)
responders)
Tissue p16 IHC
(Positive vs. 0.099 0415 (0.146-1.180) 0.369 0.629 (0.228-1.731)
negative)
pl6ns CTC
(Positive vs. 0.005 4029 (1.522-10.668) 0.029 3.037 (1.123-8.213)
negative)
p16Pes CTC
(Positive vs. 0.018 0.300 (0.110-0.816) 0.024 0.294 (0.102-0.852) (0.102-0.852)
negative)

* All factors in the univariate analysis were examined in the multivariate model. Abbreviations: CTC—circulating tumor cells; AJCC—The American Joint Cancer Committee; ECOG PS—Eastern Cooperative
Oncology Group performance status; CCRT—concurrent chemoradiotherapy; PD—progressive disease; SD—stable disease; PR—partial response; CR—complete remission; IHC—immunohistochemistry;

HR—hazard ratio; CI—confidence interval.
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4. Discussion

This study found that p16-positive and p16-negative CTCs were uniquely correlated
with survival in pharyngeal cancer patients. Our results have corroborated the results of
previous studies, showing that it is feasible to detect pl6-expressing CTCs [21,22]. Different
methods were used to detect p16 (RT-qPCR assay [21,32,33] vs. protein expression [22]) in
various studies to identify whether p16-expressing CTCs might improve risk discrimination
in patients with early-stage oropharyngeal squamous cell carcinomas [21]. However, unlike
the study findings by Dr. Economopoulou et al. (2019), a correlation between HPV16
E6/E7 expression in CTCs and a shorter PFS was identified in ten oropharyngeal cancer
patients [21]. Hence, we hypothesized that p16-positive CTCs played a role similar to that
of expressed p16 in tissues or the HPV genotyping process (Tables 2 and 3 and Figure 4).
We hypothesized that the differences might be attributable to the relatively small case
number (n = 10) and a short period of observation in that study. Compared with other
studies’ results, our study has provided relatively long-term follow-up outcomes with a
median follow-up time of 34.0 months in pharyngeal cancer patients receiving CCRT. We
concluded that (pl6-negative) CTCs were correlated with a poor prognosis in patients with
head and neck cancer: these findings were similar to those of previous studies [34—40].

The prognosis of patients with HPV-positive and HPV-negative head and neck cancers,
especially oropharyngeal cancers, is notably different [41,42]. The p16 status of patients
needs to be determined to enable clinicians to decide on the treatment plan [42,43]. Our
study has provided evidence that CTC p16 positivity was independently associated with a
prolonged PFS and OS. At the same time, pl6-negative CTC counts were correlated with
rapid disease progression after CCRT. In addition, our study has provided protocols for
the identification and isolation of CTCs, and further analyzed the p16 status via a negative
selection-based flow cytometric method.

We performed IHC staining and showed that the p16-positive CTC counts in flow cy-
tometric analysis were not statistically related to the tissue p16 expression status (p = 0.155,
Table 2) but were associated with both tissue p16 expression and HPV genotyping results
(p = 0.019, Table 2). The main differences resulted from three cases with negative tissue
IHC p16 expression but positive HPV genotyping—they were all in the p16-positive CTC
group. It is well known that the discordance rate between tissue p16 expression and HPV
infection by PCR could be up to 24-32% [42,44]. Some investigators have proposed that:
(i) different HPV genotyping kits cannot fully identify all subtypes of HPV; (ii) the diagnos-
tic efficacy of IHC staining p16 across countries was variable; (iii) p16 overexpression may
be related to an Rb dysfunction, but Rb dysfunction may not be related to HPV infection;
(iv) tumor heterogeneity or sampling bias [45,46] might cause a discrepancy between tissue
pl6 levels and HPV genotyping results [44]. In a meta-analysis involving 2963 patients,
the IHC staining p16 expression level was more consistent with that observed during the
in-situ hybridization test. It could prove to be prognostically more valuable in patients
with pharyngeal cancer [45]. Our findings support that p16 expression analysis remains a
cost-effective method for predicting HPV infections in daily clinical practice and makes it
feasible to detect p16 expression in CTCs.

One of the most exciting findings of this study was that we found no positive HPV
infection in CTC samples. We have several possible explanations for our findings. First,
HPV-positive CTCs, and not p16-positive CTCs, might not intravasate into the bloodstream.
Dok et al. (2017) have demonstrated that different dissemination patterns were observed in
HPV-negative and HPV-positive HNSCCs because of the dual role of p16 [47]. Though p16
might impair angiogenesis, it promotes lymphatic vessel formation in patients with HPV-
positive head and neck cancer [47], which might explain why patients with HPV-positive
oropharyngeal cancer receive a good prognosis [48]. These findings might also explain
why HPV-positive CTCs were rarely detected in the present study:.

Taken together, pl6-positive CTCs could provide a new risk stratification tool for
diagnosis and enable us to monitor p16 expression and CTCs after curative therapy dynam-
ically. With reference to the p16-positivity of CTCs, the de-escalation strategy in selected
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patients with baseline p16-positive CTCs could reduce the intensity of anticancer treat-
ment and prevent the unnecessary physical, mental, and economic damage resulting from
treatments. More importantly, a non-invasive test based on the p16 status in CTCs was
able to predict the prognosis (PFS and OS) in pharyngeal cancer patients receiving CCRT.
Therefore, the use of the non-invasive test could be an add-on prognostic strategy when
the tissue specimen is unavailable or serial tests are required.

5. Limitations

The limitations of the study need to be addressed before our findings can be used in
further studies or clinical practice. First, after excluding those unfit for final analysis, the
sample size was relatively small (n = 41), which could explain why tissue p16 expression
levels were not correlated to survival in the cohort. Second, the study included patients
who were eventually diagnosed with hypopharyngeal cancer. This might result in some
confusion during survival analysis because patients with p16-positive hypopharyngeal
cancer have a different prognosis from those with p16-positive oropharyngeal cancer. The
p16 expression level was found to be poorly correlated to HPV infections in patients with
non-oropharyngeal cancer [12,49,50]. Although some investigators found that patients with
HPV DNA and plé-positive hypopharyngeal cancer exhibited better clinical outcomes,
as compared to those of patients with other types of HPV-unrelated hypopharyngeal
cancers [51,52], the current consensus is that there is no clear correlation between p16
expression and survival in non-oropharyngeal cancer patients. Our findings show that,
even if the data for some patients with hypopharyngeal cancer was mixed up, pl6-positive
CTCs and pl6-negative CTCs could still play a positive role in prognosis. Third, the
detection rate of HPV infection in CTCs was zero. This limitation needs to be investigated
further via the analysis of HPV biology in the circulation of HNSCC patients.

6. Conclusions

The pl6-positive and pl6-negative CTCs could serve as prognostic markers for pha-
ryngeal cancer patients receiving CCRT. A liquid biopsy might help clinicians to perform
risk stratification before curative therapy and play a role in de-escalation trials in the future.
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Abstract: Patients with locally advanced oropharyngeal carcinoma treated with neoadjuvant
chemotherapy are reassessed both radiologically and clinically to adapt their treatment after the
first cycle. However, some responders show early tumor progression after adjuvant radiotherapy.
This cohort study evaluated circulating tumor cells (CTCs) from a population of locally advanced
oropharyngeal carcinoma patients treated with docetaxel, cisplatin, and 5-fluorouracil (DCF) induc-
tion chemotherapy or DCF with a modified dose and fractioned administration. The counts and
phenotypes of CTCs were assessed at baseline and at day 21 of treatment, after isolation using the
RosetteSep™ technique based on negative enrichment. At baseline, 6 out of 21 patients had CTCs
(28.6%). On day 21, 5 out of 11 patients had CTCs (41.6%). There was no significant difference in the
overall and progression-free survival between patients with or without CTCs at baseline (p = 0.44 and
0.78) or day 21 (p = 0.88 and 0.5). Out of the 11 patients tested at day 21, 4 had a positive variation of
CTCs (33%). Patients with a positive variation of CTCs display a lower overall survival. Our findings
suggest that the variation in the number of CTCs would be a better guide to the management of
treatment, with possible early changes in treatment strategy.

Keywords: circulating tumor cells; predictive biomarker; HNSCC

1. Introduction

Head and neck squamous cell cancer (HNSCC) is the sixth most common cancer
worldwide [1]. Current therapeutic strategies are multimodal and use either a combina-
tion of surgery followed by radiochemotherapy, neoadjuvant chemotherapy followed by
radiotherapy, or radiochemotherapy, depending on the tumor location and stage. These
strategies have not demonstrated any superiority to date, and locoregional recurrences
and/or metastases lead to therapeutic failure with a less than 50% overall survival (OS)
at 5 years. Moreover, the onset of metastasis within 12 months following diagnosis is
responsible for nearly 88% of deaths [2].

Circulating tumor cells (CTCs) represent a heterogeneous population with wide plas-
ticity and include epithelial cancer cells, cells in the process of epithelial-to-mesenchymal
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transition, mesenchymal cells, and cancer stem cells (CSCs). CSCs are demonstrated to be
responsible for self-renewal and tumor growth in HNSCC [3,4]. In addition, the number of
circulating CTCs is correlated with poor prognoses in lung, colorectal, prostate, and breast
cancers [5-9].

In HNSCC, and in oropharyngeal carcinoma, few studies have explored the role of
CTCs before, during, or after treatments. Despite CTCs having been found in 18% to
33% of HNSCC patients [10,11], their impact on progression-free survival (PFS) and OS
remains to be established. Some studies have reported that the presence of CTCs correlates
with a poor prognosis [11-13], i.e., lower PFS and OS; however, other studies did not
find any correlation [10,14]. Therefore, further investigation is needed to determine if the
identification and numeration of CTCs could help with the management of patients with
oropharyngeal carcinoma.

Patients with locally advanced oropharyngeal carcinoma who are treated with neoadju-
vant chemotherapy are currently reassessed both radiologically and clinically after the first
cycle of chemotherapy. Patients with a response of more than a 50% response are referred
for adjuvant radiotherapy with or without surgery, whereas patients with less than a 50%
response or with tumor progression are directed to a palliative chemotherapeutic strategy.

Currently, except for HPV-driven oropharyngeal carcinoma [15,16], there are no bio-
logical markers to identify the response to neoadjuvant chemotherapy upon reassessment.
Furthermore, some responders at clinical and radiological re-evaluation show early tumor
progression after the end of adjuvant radiotherapy.

In this prospective pilot study, 21 patients with locally advanced oropharyngeal
carcinoma treated with neoadjuvant chemotherapy were enrolled, and the evolution of
CTCs during treatment was explored, both in terms of their cell number and morphological
characteristics. Our primary objective was to define whether the number of CTCs before
and after the first cycle of neoadjuvant chemotherapy could be a predictive biomarker of
therapeutic response. The secondary objective was to determine whether a variation in
the number of CTCs between the beginning and the end of the first cycle of neoadjuvant
chemotherapy could be predictive of survival.

2. Materials and Methods

Study population and sample collection. Twenty-one patients displaying a histo-
logically proven squamous cell carcinoma from the oropharynx were recruited between
May 2016 and November 2018 from the Head and Neck Department at Croix-Rousse
Hospital (Lyon, France). Tumors were not resectable. The HPV status was obtained by
PCR on a tissue biopsy analyzed by the HPV DNA test Clinical® Array Human Papil-
lomavirus Genomica (R-Biopharm, Lyon, France). All HPV-positive patients were p16
positive, except one who was p26 positive. According to our therapeutic protocol, the pa-
tients were treated with either neoadjuvant docetaxel, cisplatin, and 5-fluorouracil (DCF) or
with docetaxel, cisplatin, 5-fluorouracil, with modified dose and fractioned administration
(mDCF) chemotherapy. Some patients later received adjuvant radiotherapy. This study
(NCT02714920) was conducted in compliance with French legislation and was approved by
the local independent ethics committee in November 2015. Written consent was obtained
from each patient. The patients were followed up for 24 months, and the last follow-up
was conducted in November 2020. Blood samples were collected from every patient at
baseline, i.e., before treatment. On day 21, blood samples were collected only from patients
who received DCF chemotherapy due to the schedule of the chemotherapy administration.
Blood from one patient who received mDCF chemotherapy was also collected on day 21.
The patients’ characteristics are summarized in Table 1.
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Table 1. Patients’ characteristics.

Patients’ Characteristics Number of Patients n CTC+ at Baseline p-Value
Age (years)
<65 16 (76.2%) 5 1
>65 5 (23.8%) 1
Gender
Male 18 (85.7%) 5 1
Female 3 (14.3%) 1
T stage
T2 2 (9.5%) 0 0.57
T3 8 (38.1%) 3
T4 11 (52.4%) 3
N stage
NO 3 (14.3%) 2 0.18
N+ 18 (85.7%) 4
Tobacco
Exposed 19 (90.5%) 6 1
None 2 (9.5%) 0
Alcohol
Exposed 7 (33.3%) 3 0.29
None 14 (61.9%) 3
HPV status
Positive 5 (23.8%) 0
Negative 13 (61.9%) 4 0.12
Unknown 3 (14.3%) 2

n CTC+ at Baseline: number of patients with CTC at baseline.

Classification of patients and change in CTCs. Patients were clinically stratified into
early responders or early nonresponders according to their clinical response at 4 months
follow-up. The group of responders corresponded to clinical and radiological RECIST
remission, while the nonresponders corresponded to disease progression. Changes in CTC
number were classified into two categories, positive variation and no positive variation (i.e.,
stable and negative variation). An absence of CTCs at baseline compared with a presence
of CTCs at day 21 was considered as a positive variation. The presence of CTCs at baseline
compared with an absence of CTC at day 21 was considered as a negative variation. An
absence of CTC at baseline and day 21 was considered as stable. A positive CTC count
at baseline and day 21 with an increase in CTC was considered as a positive variation,
whereas a decrease was considered as a negative variation.

Isolation of CTCs by RosetteSep™. Blood samples were collected in two EDTA tubes
of 10 mL and centrifuged in a 50 mL tube at 1200x g for 10 min at room temperature.
Plasma was then replaced by phosphate-buffered saline (PBS) at an equivalent volume
without mixing. A small volume of residual plasma was left on the surface of the red
blood cells to avoid collecting CTCs at the interface. The sample was then incubated with
the RosetteSep reagent (Stemcell Technologies, Vancouver, Canada) [17] at 50 uL/mL for
30 min at room temperature under slight agitation. Thereafter, the cellular separation
was achieved in SepMate 50 mL tubes containing 17 mL of Lymphoprep density gradient
medium (Stemcell Technologies). Samples were centrifuged at 1200 x g for 20 min at room
temperature. The upper phase was transferred to a 50 mL tube and reconstituted to 50 mL
with PBS with 2% fetal bovine serum (FBS). After centrifugation at 1200x g for 10 min
at room temperature, the cell pellet was rinsed twice with 50 mL of PBS and 2% FBS.
Finally, the enriched cellular suspension was resuspended in 2 mL of PreservCyt (Hologic,
Marlborough, MA, USA) and transferred to a cryotube for storage at 4 °C until analysis.

Detection of CTCs. The cells stored in the PreservCyt were cytospined on a slide at
18 g for 4 min at room temperature. A droplet of blocking solution (100 uL; PBS with
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0.1% bovine serum albumin (BSA), 1% FBS) was dropped onto the slide. After 30 min
incubation at room temperature, blocking solution was replaced by 100 uL antibody
solution (PBS, 0.1% BSA, 1% FBS), 1:100 anti-cytokeratin-FITC (Miltenyi Biotec, 130-080-
101), 1:100 anti-CD44-APC (Miltenyi Biotec, 130-113-338), 1:100 anti-CD45-PE (Miltenyi
Biotec, 130-110-632), 1:100 anti-N-Cadherin-Cy5 (Abcam, Cambridge, UK) and 0.1 mg/mL
of 4/ ,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St Louis, MO, USA). The slide
was then maintained at 4 °C overnight. The next day, the solution containing antibodies
was removed and 100 pL of 1:1000 AlexaFluor 594 anti-mouse antibody was added and
incubated for one hour in the dark. Then, after four washes with 200 uL. PBS followed
by 5 min of drying at room temperature, the slide was mounted under a coverslip with
Fluoromount (Sigma-Aldrich) and polymerized overnight at room temperature before
analysis by fluorescence microscopy (Microscope Axio Imager Z2, Zeiss, Marly-Le-Roi,
France; Metafer, MetaSystems, Altlussheim, Germany). CTCs were defined based on
their morphology and specific staining. Expression of N-cadherin is associated with
mesenchymal phenotype, cytokeratin is associated with epithelial phenotype, and CD44
is associated with HNSCC stem cell phenotype. Antibody specificity was validated on
5Q20-CD44+ cells [18], a subpopulation of CSCs isolated from the HNSCC cell line, SQ20B,
that expresses N-cadherin, cytokeratin, and CD44 (Figure 1A). Morphological studies
enabled elimination of apoptotic bodies, cell debris, and neutrophilic polynuclear cells.
Moreover, CTC is a cell with a round nucleus and a diameter around 20 pm without a real
cut-off that can be defined. The use of anti-CD45 antibody specific for leukocytes enabled
CD45-free cells to be the focus of our analysis. The combination of both evaluations allowed
us to eliminate this population considered as false positive in contrast to the other cells
considered as CTCs. CTCs could be positive for one marker and for DAPI and associated
with the corresponding phenotype, or positive only for DAPI with an undefined phenotype.
Representative images of immunostaining of CTCs are presented in Figure 1B and 1C. Two
slides per patient per time point were analyzed. Results were reported as the number of
CTCs identified per mL of whole blood. When more than three CTCs were aggregated,
they were considered as a cluster, and each cell was counted.

Statistical analysis. Statistical analyses were performed using GraphPad Prism (v.8.4.2,
GraphPad Software, San Diego, CA, USA). The association between CTC count and clinical
characteristics described in Table 1 was evaluated using Fisher’s exact test. PFS and OS
were assessed in the groups stratified according to their clinical response to treatment at
24 months, and the association between changes in CTC count, treatment response, and
prognosis were evaluated. Survival rates were assessed using the Kaplan—-Meier method.
The minimum level of significance was set at p < 0.05.

56



J. Pers. Med. 2022, 12, 445

CK-FITC Ncadh-Cy5

Yok Vol
Leukocytes Leukocw&s

Figure 1. Immunofluorescence stainings (X20): (A) SQ20B-CD44+ cancer stem cells expressing
cytokeratin, N-cadherin and CD44; (B) Representative CTC observed in patient #12, expressing
cytokeratin at baseline; (C) Representative CTCs observed in patient #1, expressing N-Cadherin
at baseline.

3. Results
3.1. Counting and Characterization of CTCs

Before any treatment, 6 out of 21 patients were found to have CTCs (28.6%) (Table 2).
The minimum, maximum, and median CTC counts were 0.07 CTC/mL, 3.34 CTC/mL, and
0.22 CTC/mL, respectively. No significant associations were observed between the number
of CTCs at baseline and clinical characteristics of the patients, including sex, age, clinical
stage (tumor and nodes), tobacco use, alcohol intake, and human papillomavirus status
(Table 1). On day 21, before the second course of DCF treatment, CTCs were collected from
11 patients who received DCF chemotherapy, as well as from 1 patient who received mDCF
chemotherapy. Among the 12 patients from whom blood was collected at day 21, 5 (41.6%)
had CTCs (Table 2).

The characterization of CTCs at baseline identified two patients with an epithelial CTC
phenotype (cytokeratin expression), three patients with a mesenchymal CTC phenotype (N-
cadherin), but no patients displaying stem cell CD44 expression. The six patients with CTCs
also exhibited CTCs with undefined phenotypes. The characterization of CTCs at day 21
identified one patient with an epithelial CTC phenotype, two patients with a mesenchymal
CTC phenotype, and one patient with a stem cell phenotype. The five patients with CTCs
also exhibited CTCs with undefined phenotypes, including two patients with clusters
(Table 2). No significant associations were observed between CTC phenotype at baseline or
day 21 and OS or PFS (data not shown).
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Table 2. Identification and characterization of CTC patients according to treatment protocol.

Baseline (Number of Cells) Day 21 (Number of Cells)
Patients Epithelial Mesenchymal sé:ﬁl Undefined C}If / EpithelialMesenchymal Sézﬁ‘ Undefined CI:E / Variation
#1 0 1 0 2 0.315 0 0 0 0 0 -
#2 0 1 0 2 0.255 1 1 0 20 * 1.505 +
#3 0 0 0 1 0.190 0 0 0 6 0.315 +
#4 0 0 0 0 0 0 0 0 0 0 =
#5 0 0 0 0 0 0 3 1 15 1.190 +
E-') #6 0 0 0 0 0 0 0 0 0 0 =
o) #7 0 0 0 0 0 0 0 0 0 0 =
#14° 0 0 0 0 0 0 0 0 38 * 2.375 +
#15° 0 0 0 3 0.880 0 0 0 1 0.055 -
#16° 0 0 0 0 0 0 0 0 0 0 =
#17° 0 0 0 0 0 0 0 0 0 0 =
#18° 0 0 0 0 0 / / / / / NA
#8 0 0 0 0 0 / / / / / NA
#9 0 0 0 0 0 / / / / / NA
#10 0 0 0 0 0 0 0 0 0 0 =
5 #11 0 0 0 0 0 / / / / / NA
A #12 1 0 0 1 0.125 / / / / / NA
g #13 0 0 0 0 0 / / / / / NA
#19° 0 0 0 0 0 / / / / / NA
#20° 1 1 0 8 3.335 / / / / / NA
#21° 0 0 0 0 0 / / / / / NA

DCEF: Docetaxel, Cisplatine, 5-Fluorouracil. mDCF: DCF modified (dose adapted). Variation: increase (+), decrease
(-) or stable (=) variation in CTCs between baseline and day 21. *: cluster of CTCs. °: early nonresponder patient.
/: unmeasured. NA: not applicable.

3.2. Association between the Presence of CTCs at Baseline or Day21 and the Survival Rate

Of the 21 patients, 8 were considered as early nonresponders at 4 months follow-up.
The PFS was significantly lower for early nonresponders compared to responders (p <
0.0001, hazard ratio (HR) 30.4; confidence interval (CI), 6.6-139.3), and the OS was not
statistically different (p = 0.11) (Figure 2A). Regarding CTCs, 4 early responders (patients
#1, #2, #3, and #12) and 2 early nonresponders (patients #15 and #20) had CTCs at baseline.
On day 21, 3 early responders (patient #2, #3, and #5) and 2 early nonresponders (patients
#14 and #15) had CTCs (Table 2). Regardless of responder classification, there was no
significant difference in the OS and PFS between patients with or without CTCs at baseline
(p = 0.44 and 0.78, respectively) or day 21 (p = 0.88 and 0.5, respectively) (Figure 2B,C).
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Figure 2. Cont.
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Figure 2. Survival curves: (A) Overall survival and progression-free survival of early responder. (R4:
responder at 4 months post treatment, NR4: nonresponder at 4 months post treatment). (B) Overall
survival and progression-free survival of patients depending on CTC at baseline. (C) Overall survival
and progression-free survival of patients depending on CTC at day 21 (D21).

3.3. Variation in the Number of CTCs between Baseline and D21 and the Survival Rate

Of the 11 DCF patients who had a blood sample collected at day 21, 4 patients (33%)
(patients #2, #3, #5, and #14) had a positive variation of CTCs (an increase in CTCs between
baseline and day 21) and 2 had clusters at day 21 (patient #3, early responder and patient #14,
early nonresponder). Two patients (16.7%) (patients #1 and #15) had a negative variation
(decreased CTCs between baseline and day 21). There was no significant association
between a positive variation in the CTC number and CTC phenotype or cluster. Despite
the absence of a significant difference in the OS and PFS between patients with a positive
variation and negative variation in CTCs (p = 0.48 and 0.75, respectively) (Figure 3), we
observed a clear tendency in patients with a positive variation to have a lower OS.
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Figure 3. Survival curves. Overall survival and progression-free survival of patients depending
on CTC’s variation between baseline and day 21. Var +: positive variation of CTCs, Var -: no
positive variation.

4. Discussion

We conducted a prospective pilot study to explore the potential role of CTCs during
neoadjuvant chemotherapy to predict PFS and OS in patients with oropharyngeal cancer.
We showed that there was no significant difference in PFS or OS between patients with and
without CTCs at either baseline or day 21, but we observed a variation in the number of
detected CTCs in some patients during the first 3 weeks of treatment. Despite the positive
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variation in CTCs, meaning an increase in CTCs during chemotherapy treatment, the
change was not statistically significant because of the relatively low number of patients.
Even so, a clear tendency to poor prognosis emerged from the results.

CTCs have already been evaluated in various cancers, and some studies showed that
increased CTCs are correlated with a poorer prognosis [19,20]. A meta-analysis of CTCs
in breast cancer indicated that CTC-positive patients (>5 CTCs/7.5 mL) displayed an
increased risk of both tumor progression and death [21]. In a recent review concerning
lung cancer, non-small cell lung cancer, and small cell lung cancer, it was shown that an
increase in CTCs correlated with a poor prognosis [22]. In a study of 216 patients with
ovarian cancer, patients exhibiting > 2 CTCs at baseline presented a decreased PFS and
OS [23,24].

For HNSCC, few studies explored the role of CTCs before, during, and after treatment,
and unfortunately, they are based on small cohorts and different methods for both isola-
tion and counting CTCs. In a cohort of 73 patients with hypo- and oropharynx tumors,
Buglione et al. demonstrated that a partial or complete response to chemotherapy was
associated with the absence or disappearance of CTCs during treatment. In addition, a
decrease in the number of CTCs or their absence during treatment also appeared to be
associated with non-progressive disease. Unfortunately, in this study, the authors examined
different anatomic subsites of cancer and different histopathological types of cancers such
as squamous cell carcinoma or sinonasal undifferentiated carcinoma, which have different
clinical outcomes [25]. Another study showed that the presence of CTCs expressing mark-
ers such as, cytokeratin, vimentin, EGFR, CD44, or N-Cadherin was correlated with a poor
prognosis [26]. In a cohort of 25 patients with oropharynx cancer treated with neoadjuvant
chemotherapy, Inhestern et al. showed that there was no correlation between the presence
of CTCs and age, sex, tumor site, stage, or lymph node involvement. Furthermore, a high
number of CTCs at baseline and after the treatment was proposed as a prognostic marker
for OS [12], but an analysis of the correlation between the variations in the numbers of
CTCs and PFS and OS was not addressed in this study.

The results concerning the number of CTCs often vary between studies due to the
techniques used. The previously cited studies used CellSearch and flow cytometric assays
based on a positive epithelial cell adhesion molecule (EpCAM) expression to isolate CTCs.
Currently, only the CellSearch technique from Veridex has received approval from the Food
and Drug Administration for clinical use in colorectal, lung, prostate, and breast cancers.
The analysis is based on an immunological method that counts CD45-, cytokeratin+, and
EpCAM+ cells. However, the EpCAM protein is an epithelial marker normally found in
most carcinomas, but is weakly expressed in HNSCC tumors [27]. This explains why few
experiments that used this device mention the presence of CTCs in patients with HNSCC.

Three isolation techniques were compared by Kulasinghe et al. in patients with ad-
vanced HNSCC: the CellSearch system, ScreenCell (microfiltration device), and RosetteSep
(negative enrichment). They found that CellSearch detected CTCs in 8 out of 43 cases
(18.6%), ScreenCell in 13 out of 28 cases (46.4%), and RosetteSep in 16 out of 25 cases
(64.0%), the latter being able to also detect CTC clusters [28]. These results confirm that
RosetteSep is an appropriate tool for the isolation of CTCs in HNSCC.

Concerning the kinetics of CTCs during treatment, the French multicenter CIRCUTEC
study focused on patients with nonoperable or metastatic tumor relapse. Sixty-five patients
treated with cetuximab chemotherapy were included. CTCs were isolated and detected by
three methods: CellSearch, EPISPOT, and flow cytometry. Patients were tested at baseline
and on days 7 and 21. Median PFS time was significantly lower in patients with increasing
or stable CTC counts (36/54) from baseline to day 7 with EPISPOT and in patients with
one CTC detected with a combination of 2 tests at day 7 [29]. For patients with curative
intent, Wang et al. analyzed CTC counts before and during radiochemotherapy treatment
in patients with locally advanced HNSCC. CTCs were detected using a negative selection
strategy and a flow cytometry protocol. The positive variation in the number of CTCs
correlated with lower PFS (and OS) [30].
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Our results suggest the use of CTC kinetics during treatment is much more relevant
than the detection of CTC levels alone. Our results are encouraging because it is important
to develop predictive biomarkers for responses to neoadjuvant chemotherapy. Indeed, these
treatments are associated with complications (e.g., hematological, renal, and auditory side
effects). Thus, the early identification of nonresponding patients through an analysis of the
variation in the number of CTCs may allow an early adjustment of the therapeutic strategy.
This would improve survival while limiting the side effects of unnecessary treatments.
Moreover, we observed that responding patients at 4 months after the end of treatment
had significantly better OS and PFS. Four responder patients at 4 months (patients #2, #9,
#12, and #20) showed tumor progression in the following weeks. Patient #2 was a clinical
and radiological responder but showed tumor progression and died at 12 months. This
patient had CTCs at baseline and a positive variation in CTCs on day 21. The variation
in CTCs could not be assessed for the other three patients because they received mDCF
treatment. Adding the CTC count to clinical and radiological investigations could help to
earlier orientate the management of patients.

5. Conclusions

Our pilot study offers preliminary results that should be consolidated using a larger
prospective study. The results suggest that the evaluation of variations in CTCs could be
used as a predictive biomarker during treatment, particularly at the time of the morphologi-
cal and clinical evaluations performed to assess the response to neoadjuvant chemotherapy.
When patients show a good response to the clinical and morphological evaluation, they are
referred to adjuvant radiotherapy. Unfortunately, some patients will show tumor progres-
sion after radiotherapy with worse survival. Thus, the study of the variation in the number
of CTCs and their appearance or disappearance would be useful during treatment to better
guide management decisions with possible early changes in strategy.
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Abstract: IL6-like cytokines are a family of regulators with a complex, pleiotropic role in both
the healthy organism, where they regulate immunity and homeostasis, and in different diseases,
including cancer. Here we summarise how these cytokines exert their effect through the shared signal
transducer IL6ST (gp130) and we review the extensive evidence on the role that different members of
this family play in breast cancer. Additionally, we discuss how the different cytokines, their related
receptors and downstream effectors, as well as specific polymorphisms in these molecules, can serve
as predictive or prognostic biomarkers with the potential for clinical application in breast cancer.
Lastly, we also discuss how our increasing understanding of this complex signalling axis presents
promising opportunities for the development or repurposing of therapeutic strategies against cancer
and, specifically, breast neoplasms.

Keywords: breast cancer; cytokine signalling; IL6ST; gp130; biomarkers; translational research

1. Introduction

Breast cancer (BC) is a heterogeneous disease comprising well-characterised molecular
subtypes that differ in their underlying biology, response to treatments, and prognosis. As
with all cancer types, biomarkers with prognostic and/or predictive power are essential
tools in the clinical management of this disease, with the oestrogen receptor o (ER) and
the human epidermal growth factor 2 receptor (HER2) being the foremost biomarkers in
BC. Assessment of both receptors to help select patients likely to respond to endocrine and
HER2-targeted therapies has been established in clinical practice for many decades and has
considerably improved the prognosis and survival for patients with hormone-dependent
and HER2-overexpressing BC [1,2].

Despite said advances, many challenges remain in the management of BC, particularly
as it pertains to advanced disease. In order to meet these needs, extensive research efforts
are devoted to gaining a better understanding of the underlying complexity of the disease,
as well as to identifying and validating potential molecular markers that might enable better
patient stratification and treatment selection [2—4]. Valuable markers are typically involved
in and serve as surrogates for cancer-promoting mechanisms or biological processes known
to be altered by disease. Discovery studies continue to identify novel biomarkers predictive
of BC development and progression, which can be differentially-expressed or mutated
proteins or genes, as well as other genomic markers such as microRNAs or long non-coding
RNAs [5-8].

Here, we review the role of IL6-like cytokines in BC and summarise evidence on
the role of members of this ligand family and their receptors as biomarkers, both based
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on their expression levels or the presence of polymorphisms. Recent years have seen a
wealth of evidence reported on this, given the central role of this signalling axis in many
cancer-related processes. To our knowledge, this is the most comprehensive review to date
on the role and biomarker potential of this cytokine family in breast neoplasms.

2. The IL6-like Cytokine Family

Cytokines are a superfamily of small polypeptide regulators involved in cell signalling
and the regulation of health and disease. They are often subdivided into families according
to their features [9-11]. As interleukin-6 (IL6) is the best characterised cytokine of its kind,
the group of cytokines with similar structural features and signalling machinery is referred
to as the IL6 or IL6-like family. This is also referred to as the gp130 family, as the central
feature of this group of cytokines is the transmembrane signalling receptor glycoprotein
130, one or more molecules of which are found in all oligomeric signalling complexes. This
signal transducer is also known as CD130, IL-6 receptor subunit 3 (IL6R{) or IL6 signal
transducer (IL6ST, which is also its gene name).

Besides the eponymous IL6, other canonical members of this cytokine family are
interleukin-11 (IL11), ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF),
oncostatin M (OSM), cardiotrophin 1 (CT1), cardiotrophin-like cytokine (CLC) and neu-
ropoietin (NPN). Interleukin-31 (IL31) is often described as a member of this family,
although its signalling complex does not include gp130/IL6ST, but other related sig-
nalling and non-signalling receptors [12-14]. Other cytokines, such as interleukin-27 (IL27),
interleukin-35 (IL35) and interleukin-37 (IL37), have been described by different authors as
belonging to either the IL6 or IL12 cytokine families [15-20]. Indeed, phylogenetic analysis
has shown a close relationship between both groups [21-23].

Cytokines act as extracellular ligands, binding transmembrane receptors with high
affinity to form oligomeric protein complexes. These lead to the formation of gp130/IL6ST
homo- or heterodimers (depending on the cytokine and its respective receptors), which
trigger intracellular signalling (see graphical abstract). The diversity of ligand-receptor
complexes that can be formed, together with signalling through a shared, ubiquitously
expressed transducer [24] and interaction with varied downstream regulators, make this
cytokine group a highly pleiotropic protein family, involved in a wide range of biological
functions, both in vitro and in vivo [25].

IL6-like cytokines exhibit a long chain ‘four-helix bundle’ topology. This consists of
four tightly packed « helices of 15-22 residues in length arranged in two pairs of anti-
parallel helices connected by three polypeptide loops [9,25]. Each ligand then associates
with a specific set of receptors which can be classified as non-signalling or signalling. ‘Non-
signalling” receptors (also known as « receptors) are only required by some ligands (namely
IL6, IL11, CNTF and CLC) and are involved in the formation of the signalling complex, but
do not actively participate in intracellular signalling; their cytoplasmic regions determine
intracellular distribution in polarised cells but lack signalling capacities [26]. ‘Signalling’
receptors (also known as (3 receptors) are required by all ligands, as they are transmembrane
proteins whose cytoplasmic domains activate the signalling machinery; gp130/IL6ST is
the signalling receptor common to all family members. Where both kinds of receptors are
required, the association between the ligand and the non-signalling receptor is typically
the limiting step for complex formation and the subsequent activation of downstream
signalling, as the ligand can bind a non-signalling receptor with high affinity on its own, but
only binds the signalling receptor when in the presence of said non-signalling receptor [27].

The receptors in this family are modular in form and present distinct structural motifs
in their extracellular region (or ectodomain): a single immunoglobulin-like domain, a
cytokine homology region and, in signalling receptors, a third element including several
copies of the fibronectin type Ill-like domain [9] (see Figure 1 and next section). While all
family members bind gp130/IL6ST, their differential affinity for other receptors to form
their respective complexes is central to the complex specificity of signalling through this
cytokine family. The receptors associated with each member of the cytokine family are
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summarised in Table 1. Cytokines in the IL6 family are characterised by the existence of
3 topologically discrete sites (I, II and III) that act as functional epitopes for interaction
with their receptors. Mutagenesis studies have shown that the specificity of these sites
is dictated by a small number of residues in close spatial proximity, some of which are
conserved across members of the family [9,25].

Other signalling receptors

Non- signalling receptors Domain types
ILR  IL1TR  CNTFR O IGD
O CBD
LIFR OSMR D FNII

Figure 1. Structure of receptors in the IL6-like family. Receptors for cytokines in the IL6-like family present a modular

structure with conserved motifs. Both signalling and non-signalling receptors include a single immunoglobin-like domain

(IGD) and a cytokine-homology region (CHR), made up of cytokine-binding domains (CBD). Signalling receptors also

present a membrane-proximal element including several copies of a fibronectin type Ill-like (FNIII) domain. The ectodomain
of the shared signal transducer gp130/IL6ST consists of 6 domains, with the 3 membrane-distal ones (D1-D3) being essential
for binding to the cytokine (and the non-signalling receptor, where this is required). Other signalling receptors, such as

LIFR and OSMR, present larger ectodomains consisting of variations of this modular structures.

Table 1. Members of the IL6-like cytokine family and their respective receptors.

Site I: Site II: Site III:
Cytokine Non-Signalling: Receptor Signalling Receptor Signalling Receptor
IL6 IL6R (IL6R«) gp130/IL6ST gp130/IL6ST
IL11 IL11R (IL11Rex) gp130/IL6ST gp130/1L6ST
CLC CNTER (CNTFR«) gp130/IL6ST LIFR (LIFRB)
CNTF CNTER (CNTFR«) gp130/IL6ST LIFR (LIFRB)
CT1 - gp130/IL6ST LIFR (LIFRB)
LIF - gp130/IL6ST LIFR (LIFRB)
NPN - gp130/IL6ST -
OsM - gp130/IL6ST LIFR (L(gé{hﬁ}{%r) OSMR

CLCF1, cardiotrophin-like cytokine; CNTE, ciliary neurotrophic factor; CNTFR, CNTF receptor «; CT1, car-
diotrophin 1; IL6, interleukin-6; IL6R, IL6 receptor o; IL11, interleukin-11; IL11R, IL11 receptor ; IL27, interleukin-
27; 1IL31, interleukin-31; gp130/IL6ST, glycoprotein 130, also known as IL6 signal transducer; LIF, leukemia
inhibitory factor; LIFR, LIF receptor 3; NPN, neuropoietin; OSM, oncostatin M; OSMR, OSM receptor f3.

Site I, used only by some cytokines, is a binding site for non-signalling receptors
only (e.g., IL6R for IL6 or IL11R for IL11). A recent study has reported on the different
mechanisms for complex formation, evidencing the biological specificity for each ligand-
receptor pair [28]. Consistently across all family members, site II is always the binding
site for the shared receptor gp130/IL6ST. Site III is always used for association with
a second signalling receptor, such as gp130/IL6ST, LIFR or OSMR, depending on the
ligand. IL6 and IL11 have been shown to use sites II and III to bind different regions of
the same gp130/IL6ST molecule [9]. Following this receptor recognition, higher order
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Circulating IL6

complexes are formed combining 2 ligands and their respective receptors, as described in
the following section.

3. Soluble Receptors and Signalling Modes

As the prototypical and best-characterised member of its cytokine family, IL6 repre-
sents the best model to describe the complex signalling machinery observed in this family.
Importantly for the scope of this review, IL6 also plays an important role in BC, so the
description of its specific signalling partners and modes will be informative to the sections
focusing on this disease. IL6 binds the non-signalling receptor IL6R at the cytokine’s site
I before the IL6-IL6R complex can bind the signalling receptor gp130/IL6ST using IL6's
sites II and III. Two such complexes then dimerise to form a final ternary complex with a
hexameric conformation and stoichiometry that includes two molecules each of IL6, IL6R
and gp130/IL6ST [29-31] (see Figure 2). It is this complex that creates the gp130/IL6ST ho-
modimer necessary to activate downstream signalling in the cytoplasm. While a tetrameric
complex model (comprising one molecule each of IL6 and IL6R and two molecules of
gp130/IL6ST) has also been proposed [32], the higher order hexameric conformation, simi-
larly described in other IL6-like cytokines such as IL11 [33] and CNTF [34], has become the
canonical model for complex formation and signal activation [35].

SIL6R-IL6-sgp130/sIL6ST

©

\ Classic signalling

mIL6R

y
p - ¢

NANNATEN
o~

Alternative
splicing

In all cell types

iﬁ 4

‘9

l protease
Antiinflammatory Pro-inflammatory
response, homeostasis, response, oncogenesis,
immunity, etc proliferation, etc
In hepatocytes, leukocytes and immune cells In a broad range of cell types (including cancer cells)

Figure 2. Signalling modes in IL6-like cytokine signalling. The shared signalling receptor gp130/IL6ST is ubiquitously

expressed across all cell types in its full-length, membrane-bound form. Different soluble forms (sgp130/sIL6ST) are

also produced, mainly through alternative splicing. Different cell types produce membrane-bound or soluble forms of

non-signalling receptors such as IL6R (mIL6R or sIL6R, respectively). Receptor availability will determine what signalling

mode is induced by a cytokine. In the classic signalling mode, IL6 forms a hexameric signalling complex by binding mIL6R

and gp130/IL6ST. Alternatively, circulating sIL6R can act a cytokine agonist, capturing IL6 to trigger trans-signalling,

associated with pro-inflammatory and pro-carcinogenic responses. In turn, sgp130/sIL6ST can act as a cytokine antagonist,
sequestering the sIL6R-IL6 complex and inhibiting trans-signalling.

Two different modes of IL6 signalling have been described that are determined by the
existence of two different forms of the IL6 receptor « (see Figure 2): classic IL6 signalling
involves the full-length, membrane-bound form (mIL6R), while trans-signalling involves
the soluble form (sIL6R), produced from mIL6R, mainly by ectodomain cleavage or shed-
ding by a disintegrin and metalloproteinase domain-containing protein (ADAM10 and
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ADAM17) [36,37] or, in a smaller proportion, by alternative splicing [38,39]. Recently, a
third signalling mode referred to as trans-presentation has been described, by which IL6
binds mIL6R on the surface of a dendritic cell and the resulting complex is then presented
to adjacent CD4+ T cells, leading to h17 cell differentiation [40]. However, this mechanism
has not yet been observed in human models.

As gp130/IL6ST is ubiquitously expressed in all cell types [24], the form of IL6R avail-
able will determine whether IL6 elicits signalling through the classic or trans-signalling
routes which, importantly, have been shown to have divergent functions (see Figure 2).
Classic signalling is limited to mIL6R-expressing hepatocytes, leukocytes, and immune
cells, and has been shown to control homeostasis and promote anti-inflammatory re-
sponses [41,42]. In contrast, evidence has shown that sIL6R is produced by a broad range of
cell types, including malignant types such as BC cells, which produce sIL6R endogenously.
sIL6R can circulate through the bloodstream where it binds up to 70% of the circulating
IL6, thus increasing the cytokine’s half-life and bioavailability and acting as a carrier for its
delivery to gp130/IL6ST, available in the membrane of all cell types [43,44]. In this way,
trans-signalling broadens the target cell repertoire of IL6, enabling response to the cytokine
in cells lacking mIL6R. Depending on the levels of sIL6R produced, trans-signalling can
take place as a paracrine action or at both local and systemic levels [45]. Trans-signalling
has been linked to pro-inflammatory effects and the observed role of IL6 in chronic diseases
and cancer [27,42,46,47]. Trans-signalling mechanisms have also been described for the
IL6-like cytokines IL11 and CNTF through soluble forms of their respective non-signalling
receptors, sIL11R and sCNTEFR [48,49]. The soluble receptors sIL6R, sIL11R, and sCNFTR
are considered agonists, since they act as ligand-binding receptors that enable cytokine
presentation and complex formation [47].

The other essential receptor in all IL6 signalling is, obviously, gp130/IL6ST. While this
is ubiquitously expressed, its role is also complicated by the existence of circulating forms.
The extracellular portion of gp130/IL6ST consists of 6 domains (see Figure 1): 1 N-terminal
immunoglobulin-like domain (IGD), 2 cytokine-binding domains (CBD) and 3 fibronectin
type Ill-like (FNIII) domains. The 3 membrane-distal domains are essential for ligand
recognition, since the 2 CBDs (D2-D3) form the cytokine homology region (CHR) and the
IGD (D1) is also required for the receptor to be functionally responsive to the cytokine;
the 3 membrane-proximal FNIII domains (D4-D6) provide the right spatial orientation to
enable formation of the hexameric receptor complex and signal transduction [35,50,51]. At
least 4 soluble forms of gp130/IL6ST (sgp130/sIL6ST) have been reported, which consist of
the entire (D1-D6) or part (D1-D3 or D1-D4) of the ectodomain [39,42,52], often presenting
stabilising glycosylations [53]. These soluble receptors, found at levels of up to 400ng/mL in
the blood [54-56], are produced mainly through alternative splicing, although ectodomain
shedding might also contribute to a very small proportion of their production [39,57,58].

Unlike soluble non-signalling receptors like sIL6R, sgp130/sIL6ST acts as a cytokine
antagonist, competing with membrane-bound gp130/IL6ST to bind the circulating IL6-
sIL6R complex and, thus, selectively blocking IL6 trans-signalling [59-61] (see Figure 2).
All identified forms of sgp130/sIL6ST include the N-terminal cytokine-binding portion
of the receptor. To date, there is no clear evidence of differential antagonistic abilities
between the different known forms of sgp130/sIL6ST [42,62]. Evidence has shown that
sgp130/sIL6ST can also inhibit IL11 trans-signalling [48,63]. Soluble forms of the signalling
receptors OSMR and LIFR have also been reported [64,65], which act as antagonists for
OSM and LIF signalling, respectively.

Given the opposing effects of sIL6R and sgp130/sIL6ST on IL6 signalling, and the
fact that their plasma levels remain relatively stable (40-75 ng/mL for sIL6R [66] and
250400 ng/mL for sgp130/sIL6ST [56,67]), these soluble forms of the receptors act as a
buffer for circulating IL6. Plasma levels of this cytokine vary broadly by up to six orders
of magnitude between health and disease and in response to different local and systemic
processes [39]. Thus, this buffering mechanism might prevent unspecific overstimulation
by IL6 trans-signalling unless systemic or local IL6 levels surpass a certain threshold.
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Research has also reported cell type-specific expression patterns for the different existing
forms of sgp130/sIL6ST, which might enable local fine-tuning of the antagonistic effect on
IL6 trans-signalling [57].

4. Shared Cytokine Signalling: Pleiotropy, Redundancy and Specificity

Cytokine-driven dimerisation of gp130/IL6ST leads to signal transduction and activa-
tion of 3 major downstream pathways: the Janus-activated kinase—signal transducer and
activator of transcription (JAK/STAT) pathway, the Ras-Raf mitogen-activated protein ki-
nase (MAPK/MERK/ERK) signalling cascade, and the phosphoinositol-3 kinase—protein
kinase B/ Akt (PI3K/AKT) pathway. This versatile signalling cascade is initiated by tyrosine
kinases in the JAK family, such as JAK1, JAK2 and TYK2, which can be found constitu-
tively associated with the cytoplasmic region of gp130/IL6ST by a non-covalent bond.
Dimerisation of gp130/IL6ST causes auto-phosphorylation and activation of JAK. One
cascade can see JAK phosphorylating the signal transducer and activator of transcription 3
(STAT3), leading to its dimerisation and translocation to the nucleus, where it modulates
proliferation and cell survival. JAK can also activate the SH2 domain-containing cytoplas-
mic protein tyrosine phosphatase (SHP2), which in turn activates the Ras/Raf pathway,
leading to the hyperphosphorylation of mitogen activated protein kinases (MAPK) and
triggering its increased serine/threonine kinase activity and complex downstream cascade,
which includes various transcription factors linked to cell growth [68,69]. Thirdly, JAK
can also activate the PI3K/AKT pathway. These signalling pathways are under regulation
by a number of negative-feedback mechanisms, including temporal attenuation of the
activity of SHP2 and the induction of the suppressor of cytokine signalling (SOCS) protein
family [70].

These three main signalling pathways, with their own complex and pleiotropic effects,
lead to the wide range of functions of IL6 and related cytokines in the healthy organism
and in diseases, such as immune disorders and cancer. The tumour-promoting effects of
these cytokines include both cancer cell-intrinsic processes, such as cell proliferation, differ-
entiation, survival, invasion and metastasis, and extrinsic processes that affect the tumour
microenvironment (TME), such as modulation of inflammation and angiogenesis [71,72].
Reliance on gp130/IL6ST as a shared signal transducer enables a certain level of functional
redundancy across family members [68]. Despite relative selectivity in ligand-receptor
recognition, structural similarities still allow for some level of receptor promiscuity, which
can lead to crosstalk, where a cytokine associates with receptors other than their own with
lower affinity. In vitro studies have previously reported non-canonical cytokine-receptor
complexes such as OSM-LIFR [12] or CNTF-IL6R [73], which might widen a cytokine’s
target spectrum, enabling them to elicit effects normally associated with other ligands in
the family.

Nevertheless, there is extensive evidence of significant functional specificity for dif-
ferent cytokines in vivo, with specific members exerting unique functions or the same
cytokine being able to elicit different responses in different cell types [17]. How exactly
this cytokine family circumvents its built-in redundancy to achieve specificity remains
unclear, although a number of features in this family’s complex signalling machinery are
likely to contribute to this modulation. The expression patterns for the different cytokines
are different across cell populations and can be modulated by the extracellular matrix,
while levels or bioavailability of circulating cytokines might also vary. The same is true of
the expression levels of different receptors which, as previously mentioned, are often the
limiting factor in cytokine signalling and can determine the signalling mode triggered.

The complex formation process relies on a sophisticated network of interactions
between each cytokine and the relevant non-signalling and signalling receptors. The
complex extracellular portion of gp130/IL6ST enables additional functional complexity, as
multiple domains and regions are involved in ligand recognition and activation [35]. This
explains how, for instance, IL6 is only able to associate with gp130/IL6ST as part of a binary
IL6-IL6R complex. Research has shown that different cytokines bind different specific
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residues in gp130/IL6ST [74-76]. These differences in the complex formation mechanism
are likely to contribute to distinct changes in the intracellular portion of gp130/IL6ST.
Differential target response to signalling thresholds across cell types, as well as a range
of modifications and many potential regulatory mechanisms also likely contribute to the
plasticity and specificity in gp130/IL6ST-mediated signalling [70]. Additionally, crosstalk
with other pathways through shared signalling components and factors in the cytoplasm
adds to the modulation of a cytokine’s effect [77]. Authors have suggested that the tissue-
specific effects of cytokines might be the result of signalling orchestration, where certain cell
types can integrate the range of possibly opposing signals with interplaying mechanisms
and factors for a balanced final response [78]. Further studies are needed to better elucidate
the complex signalling machinery enabling functional specificity. In the meantime, this
poses an interesting challenge in understanding how to tackle signalling of IL6 and other
cytokines for therapeutic purposes, as effective agents would need to achieve a similar
degree of specificity to enable targeting certain deleterious processes without compromising
other essential activities (see Section 8).

5. The Role of the IL6-like Cytokine Family in BC

Among their broad range of pleiotropic functions, IL6-like cytokines are well-established
as secretory factors contributing to many pro-carcinogenic changes, including disease
progression or the development of treatment resistance, in a wide range of types of can-
cers [79-83]. This signalling axis is also involved in the regulation of homeostasis and other
essential functions such as inflammation and immunity. In fact, the complex interaction
between these functions and cancer has been thoroughly described [81,84,85]. For example,
as pro-inflammatory signals regulated by these cytokines have been shown to the play a
role in neoplastic aetiology and progression, and this could be exploited for therapeutic
purposes. In the following paragraphs, we will focus on the role of these cytokines in BC,
describing the activity and biomarker potential in this disease of different members of the
IL6-like family.

5.1. IL6 in BC
5.1.1. Signalling Role in BC

As the prototypical pro-tumourigenic member of its cytokine family, IL6 has been
shown to exert a wide range of pro-cancer effects, including promoting tumour initiation
and progression, survival, invasion, metastasis and chemo-resistance. The evidence on the
role of IL6 in cancer has been reviewed extensively [19,86,87]. Here we will summarise the
important roles of IL6, its downstream effectors and pathways in BC, as well as the role of
IL6 as a marker in this disease.

STATS3, highly active in more than 50% of BCs [88,89], has been described as a key
signalling orchestrator of many of the cancer-promoting effects exerted by IL6, but also
IL11, LIF and OSM [70,79]. Evidence has also shown that STAT3 enables cross-talk of the
JAK/STAT pathway with the other gp130/IL6ST-dependent pathways, contributing to
cancer-promoting effects of the MAPK/MEK/ERK and PI3K/AKT signalling pathways,
such as chemo-resistance and epithelial-mesenchymal transition (EMT) [90,91].

Numerous studies have assessed the effect of IL6 on proliferation in vitro [86,92], with
diverging conclusions: while most evidence has suggested that recombinant IL6 can inhibit
proliferation in ER-positive (ER+) cell line models [93-98], this has been contested by other
studies and some have also shown a divergent motility-promoting effect [96,97]. Indeed,
some mechanistic studies have shown that STAT3 can induce cell cycle progression and
inhibit various apoptotic genes [19,72,99,100], while PI3K/AKT signalling inhibits p53,
Chk-1, and transcription of tumour suppressors, and induces cyclin D1, myc, and mTOR
transcription [101,102], with these changes contributing to proliferation and cell survival.
Conversely, other studies have reported that IL6 might induce apoptosis and help inhibit
proliferation in MCF-7 cells [93,95,103]. Interestingly, one study on ER+ cells in 3D culture
found that IL6 could promote proliferation [104], while another on xenograft models found
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that IL6 increased expression of EMT-related genes through STAT3 [105]. Similarly, a study
found that the blockade of gp130/IL6ST signalling had different effects in vitro compared
to in vivo: inhibition led to higher proliferation in cell line models, but reduced malignancy
in mice models [106]. This evidence from more complex models suggests that the effect of
this cytokine on proliferation might be dependent on the TME. Another likely determining
factor is receptor expression in the different models studied, but most in vitro studies have
not considered the potential role of membrane-bound or soluble receptors [86].

The effect of IL6 on proliferation is only one of its many roles in BC. Studies have
shown that IL6 can exert a pro-metastatic effect by modulating genes related to EMT, a
process essential to the metastatic process, via STAT3 [107,108]. Transition from a stationary
to a motile phenotype is also aided by the downregulation of E-cadherin expression,
leading to loss of adhesion [97,105,107,109]. IL6 can also induce pro-angiogenic effects,
inducing VEGF expression in tumour-associated endothelial cells through STAT3 and
MAPK [110], while the IL6 inflammatory loop can activate mechanisms linked to drug
resistance [111-113].

5.1.2. Circulating IL6 Level as a Biomarker

Different sources of IL6 can induce a tumour-promoting effect in BC cells. Malignant
cells are known to be a major source of IL6, with BC cells producing much higher levels
of both the cytokines and its receptors than normal epithelial breast cells [114]. This
endogenously-produced IL6 is used as a growth factor in an autocrine manner. In addition
to production by cancer cells, tumour-associated macrophages (TAMs), helper T (Th)
cells and tumour-associated fibroblasts have been shown to be primary sources of IL6 in
the TME, suggesting these cell types enable paracrine IL6 signalling which can in turn
contribute to oncogenesis and proliferation [104,115-117]. Interestingly, an IL6 activation
signature revealed that pathway activity as measured in breast tumour samples correlated
with circulating serum IL6 levels [118]. Both local autocrine and paracrine release are
able to activate IL6 trans-signalling, thus contributing to the cytokine’s tumour-promoting
effects [119-122]. In turn, these circulating cytokines could also enable endocrine IL6
signalling in distant lesions as the disease spreads.

Although pre-clinical studies have produced diverging evidence on the effects of
IL6 and the utility of its in-tumour levels as a marker remains unclear [123-126], the role
of circulating serum IL6 levels as a negative prognosticator in BC has been well estab-
lished [79,92]. Indeed, compared to healthy women, serum IL6 levels are significantly
elevated in BC patients and correlate with the stage of disease [127,128]. Higher levels
were also observed in patients with widely dispersed metastatic BC compared to single
metastatic disease, in recurrent compared with non-recurrent disease and in progres-
sive compared to stable disease [128-133]. Elevated serum levels were also associated
with worse prognosis and survival, as well as reduced response to chemo- or endocrine
therapy [128-131]. Multivariate analysis confirmed that IL6 is an independent negative
prognosticator in metastatic BC [130]. A meta-analysis of previous studies also found that
high IL6 expression is associated with poor overall survival [134]. Although correlation
with other clinical factors or tumour characteristics was not identified, the analysis was
limited by the heterogeneity across studies in the different sources for IL6 detection (tumour
vs. serum). In short, despite diverging reports on IL6’s role from in vitro studies, clinical
evidence firmly supports that IL6 is involved in and a biomarker of BC development and
progression. Despite the evidence on its prognostic and potentially predictive value of
serum IL6 levels, prospective studies are needed before their assessment can be applied in
BC detection and monitoring or to guide treatment selection.

Studies have reported changes in IL6 levels during treatment with taxane-based
chemotherapy [135,136], but not with anthracycline-based chemotherapy [137,138] or
endocrine therapy [139]. Some effort has gone into investigating a potential role of elevated
cytokine level in the development of adverse events in patients receiving treatment for
BC. Plasma IL6 levels were found to be associated with the development of fatigue in
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early-stage BC patients receiving radiotherapy [140,141], although other studies found no
link between fatigue and IL6 levels in later stages [142,143]. Pre-treatment levels of IL6
were also higher in patients who went on to develop depression [144-146]. In long-term
survival, plasma IL6 levels were associated with reduced cognitive function and poorer
memory [147,148]. These findings suggest that anti-inflammatory therapies and, more
specifically, agents inhibiting IL6 might help alleviate some of the side effects associated
with anti-cancer treatment.

Researchers have also studied whether the systemic IL6 level could be an indicator of
BC risk in healthy women, since evidence of non-steroidal anti-inflammatory treatment
leading to reduced risk of developing cancer suggested that circulating pro-inflammatory
factors such as this cytokine might be linked to a higher predisposition to breast neo-
plasms [149]. No correlation between IL6 and breast cancer risk was found in two prospec-
tive studies in older populations, although the studies were limited by a low predictive
power [150,151].

Circulating levels of sIL6R have been found to be elevated (in comparison to healthy
individuals) in patients with different cancer types, including myeloma, leukaemia, bladder,
prostate and hepatocellular cancer, with higher levels associated with tumour grade,
volume or disease spread [152-157]. While significantly higher sIL6R levels have also been
reported in patients with BC [158,159], it has been suggested that larger sample cohorts
need to be assessed before conclusions can be drawn regarding the prognostic potential of
sIL6R levels in this cancer type [27].

5.2. Other IL6-like Cytokines in BC

Other cytokines and associated receptors have also been associated with breast dis-
ease. As previously discussed, there is a certain degree of functional redundancy through
the shared signal transducer and the 3 main downstream pathways described. For in-
stance, some studies have shown that both IL6 and OSM are capable of inducing tumour-
promoting effects through STAT3, while IL6, IL11, LIF and OSM can all promote invasion
and metastasis through the JAK/STAT3 and PI3K/AKT pathways [79,160-166]. On the
other hand, different cytokines can also trigger diverging responses through modulation
of common mediators and signalling pathways. For instance, IL6 induces numerous
cancer-promoting changes through STAT3, while IL27 or OSM can induce an opposing
effect through the related signal transducer STAT1, also activated as part of the JAK/STAT
pathway [167,168]. As is the case for IL6, other cytokines might exert a complex range
of possibly opposite effects, with evidence of anti- and pro-tumour effects. In the next
paragraphs we summarise some of the evidence to date on the role and potential clinical
implications of some of the other IL6-like cytokines in BC.

5.2.1.IL11

Having long been established as a haematopoietic growth factor, research in recent
years has highlighted the potential pro-tumourigenic role of IL11 in epithelial cancers,
with abundant evidence of its role in gastric cancer [169]. BC cell line studies have shown
that, while only some models secreted IL11 [170], most expressed its specific receptor,
IL11R [171,172]. In line with the typical signalling of cytokines in the IL6-like family, STAT3
is a central orchestrator of most of the known effects of IL11 in cancer, including promotion
of cell growth and survival [173]. For example, studies on a triple-negative BC cell line
model showed that blockade of IL11 led to increased response to chemotherapy [174]. The
same researchers reported that higher IL11 levels were associated with poorer survival in
BC patients treated with chemotherapy, suggesting this cytokine might play a similar role
in vivo.

Characterisation of a range of cancer cell lines, including a BC model, found that
IL11 and IL11R expression was induced by the development of hypoxia [175]. STAT3 has
also been shown to contribute to the effects of the hypoxia-inducible factor-1 (HIF1x)
transcription factor to promote angiogenesis, a key process in cancer progression and
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dissemination [176]. Animal studies using triple-negative human BC xenografts includ-
ing IL11-overexpressing subclones have supported the role of IL11 in tumour growth,
metastasis and angiogenesis [175,177].

The best-established role of IL11 in BC is in metastasis promotion. BC metastases to
the bone are normally osteolytic, involving the activation of osteoclasts (bone-resorbing
cells) that cause bone degradation and in turn enable tumour expansion. Recent animal
studies have shown that IL11-driven activation of JAK/STAT signalling is an essential
factor in promoting metastases-driven osteolysis [91]. Research has shown that different
IL6-like cytokines are produced by osteoblasts (bone-forming cells) in physiological con-
ditions and can be involved in normal bone remodelling [178-180]. Interestingly, IL11
is also expressed by bone marrow stromal cells and its secretion plays a central role in
osteoclastogenesis [181]. The fact that IL11 is produced endogenously by stromal cells
under physiological conditions and is essential to the formation and differentiation of
bone-deforming cells (rather than just signalling for their activation like other related
ligands) supports the notion that this cytokine plays a particularly important role in the
bone microenvironment both during normal remodelling in healthy individuals and in the
presence of colonising malignant cells [182]. Indeed, IL11 expression has been shown to
correlate with risk of developing bone metastasis [183] and is higher in both tumour and
serum samples from BC patients who presented these distant metastatic lesions [184].

Numerous other studies have investigated the clinical implications and potential prog-
nostic value of IL11 expression. One study found that IL11 was elevated in tumour samples
compared to matched normal breast tissue, regardless of subtypes and grade [172,185,186].
Another study showed higher levels of both IL11 and IL11R in clinical BC samples com-
pared to normal breast tissue. Results also showed that IL11 was higher in tumours with
node-positive status and poorer prognosis and that a higher level of the cytokine was linked
to poorer survival [187]. Higher IL11 was also observed in patients who relapsed within
3-5 years compared to those who remained relapse-free [188].

Interestingly, a meta-analysis of 26 datasets from microarray studies found that higher
IL11R expression was a positive prognosticator, associated with better survival in the
lower-risk cohort of patients with negative node status [172]. Diverging from that earlier
study, interrogation of multiple publicly-available datasets reported that IL11R was down-
regulated in most BC subtypes [172,189-192]. One notable exception is the mesenchymal
stem cell-like subgroup of triple-negative BC. This subtype does express IL11R and presents
an aggressive phenotype associated with poorer patient outcomes, suggesting the receptor
might be a negative prognosticator [174]. The contrasting evidence on the role of IL11R as
a biomarker in BC hints at the complex interaction between the receptor, its cytokine and
other related factors, as well as at the fact that this signalling might vary across different
BC subtypes.

5.2.2. LIF

Evidence exists of a range of effects of LIF in BC. The role of LIF signalling on pro-
liferation is unclear, with studies using the same ER+ cell line model reporting both
growth-promoting [193,194] and anti-proliferative effects [171,195,196] of LIF. This sug-
gests different factors might affect the role of LIF in promoting or inhibiting proliferation
and further studies are needed to better characterise its function in BC. However, the
proliferative effect of LIF has been reported in models expressing low LIFR, suggesting this
activity is likely not dependent on this receptor.

Although cell line studies have suggested that LIF can lead to increased migration and
metastasis [164,165], its receptor LIFR has been shown to act as a breast tumour and metastasis
suppressor through activation of the pro-dormancy activity of STAT3 [195,197-201]. In line
with this, cell line models with low metastatic potential have been shown to express higher
levels of LIFR and be responsive to LIF, whereas highly metastatic cells did not express the
receptor and were unresponsive to the ligand [195]. Studies in ER+ cell line models have
also shown that its knockdown leads to increased invasion, downregulation of dormancy
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genes and increased osteolytic bone destruction [195]. Overall, there is abundant evidence
of a metastasis-supressing role of LIFR, suggesting a systemic pro-dormancy role in cancer
cells disseminated to distant sites [195]. However, several cytokines (including LIF, OSM and
CNTEF) can recruit LIFR to initiate their signalling, so it remains unclear what ligands might
drive this specific mechanism.

5.2.3. OSM

Several studies have reported growth-inhibitory effects of OSM in BC cell line mod-
els [196,202-205], as well as in normal human mammary epithelial cells [206]. Conversely,
cell line studies have also suggested that OSM might exert a pro-tumorigenic and pro-
metastatic effect through induction of detachment, invasiveness, bone dissemination and
EMT [160,207-209]. Studies in animal models showed that OSM knockdown reduced the
formation of metastases, with findings suggesting that autocrine and paracrine signalling
might be linked to metastasis to bone and lungs, respectively [210,211]. Data from clinical
samples showed that patients with higher OSM levels had decreased survival, further
supporting this role in metastasis.

OSM can signal through both OSMR and LIFR [179,212], with evidence suggest-
ing different downstream effects of OSM might be dependent on different signalling re-
ceptors [195,207]. Expression of OSMR has been shown to be associated with shorter
recurrence-free and overall survival in BC patients [213], while evidence suggests a
metastasis-suppressing role for LIFR. This supports the notion that OSM could have
opposing effects depending on which receptor it binds to initiate its signalling, with OSMR
potentially being involved in the cancer-promoting role of the ligand, while association
with LIFR could be linked to its growth-inhibitory effect. Nevertheless, further work is
needed before the complex signalling machinery and specific role of OSM in vivo can be
fully elucidated.

5.3. IL6ST as a Biomarker in BC

As the cornerstone of all signalling by cytokines in the IL6-like family, the shared
signal transducer gp130/IL6ST holds particular potential as both a therapeutic target and a
candidate biomarker. We recently reviewed the extensive evidence of gp130/IL6ST as a
promising predictor in BC [214]. In short, in recent years ten different independent studies
based on the analysis of clinical BC samples have shown the value of gp130/IL6ST as a
prognostic and/or predictive biomarker. Six studies reported that gp130/IL6ST serves as an
independent marker and is, specifically, a positive prognostic marker in BC; its expression
is significantly correlated with ER expression and better prognosis, and inversely correlated
with adverse events such as invasion, metastasis and recurrence [214].

We also showed that IL6ST has been included in four different multifactor signatures
(including the clinically-available EndoPredict assay), where gp130/IL6ST also served as a
positive prognostic factor for ER+ BC [214]. These multigene signatures enable stratification
of BC patients into prognostic groups with differing risks of recurrence and rates of response
to different therapeutic strategies, so they could aid treatment selection. These findings
suggest that inclusion of gp130/IL6ST, along with other molecular and clinicopathological
factors, might provide further insight into the complex underlying biology of the disease
and could, in turn, enable better patient stratification. As a result, these multifactor tools
represent a promising avenue for the potential clinical translation of gp130/IL65T’s value
as a biomarker in BC.

6. IL6-like Cytokines and Oestrogen Signalling

Given the essential role that oestrogen and its signalling play in the majority of
BCs, extensive efforts have gone into assessing their potential interaction with cytokine
signalling. Research has shown a complex association between the oestrogen receptor and
IL6 signalling. ER+ cells have been shown to be more responsive to IL6 than hormone-
independent cells. Interestingly, an in vivo study showed that IL6 could drive engraftment
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of xenografts derived from an oestrogen-dependent BC cell line in the absence of hormonal
supplementation and this could be blocked using an IL6 inhibitor [118]. Although earlier
evidence suggested IL6 expression might correlate with ER [215], several more recent
studies have shown that ER-negative (ER-) cultured models produce higher levels of the
cytokine [216-218]; thus, ER- cells might be exposed to constant autocrine IL6 signalling,
rendering them less sensitive to fluctuations in exogenous IL6 levels when compared to
ER+ cells [219]. Research has also assessed a potential link between ER status and IL6R
expression, with diverging results: cell line studies have suggested that ER+ cells release
mainly sIL6R, whereas ER- cells express mIL6R [95]; however, a more recent study of serum
samples showed that patients with ER+ tumours had lower levels of sIL6R compared to
ER- patients [220].

IL6 can activate oestrogen-generating enzymes in both the tumour and adjacent tis-
sues [126,221-223], acting as a key modulator of the conversion of estrone to estradiol [223].
Thus, IL6 can lead to an increase in local and circulating levels of oestrogen, as well as
oestrogen sulfate, which can remain in circulation longer and acts as a hormone reservoir.
Interestingly, research has shown that the IL6-like cytokines IL11 and OSM can stimulate
aromatase expression via binding of STAT1/3, supporting the notion that cytokines secreted
locally by cells in the TME contribute to upregulation of aromatase activity [224-226].

A study of primary BC-derived cultures showed that IL6 can cause direct transcrip-
tional activation of ER [227]. This supports the notion that, even if lower levels of IL6 are
produced endogenously in ER+ tumours, the cytokine still contributes to the advancement
of ER-driven disease. Interestingly, cell line studies have reported that ER can trans-repress
the expression of IL6, suggesting a potential negative feedback loop. This could explain
why ER- cells, where this negative feedback loop is inactive, produce more IL6 [228]. In
turn, this cytokine up-regulation has been suggested as a contributing factor to the greater
invasive and metastatic potential of ER- breast cancer [92,106,228].

In vitro studies on endometrium and decidua cells have shown that oestrogen and ER
signalling might play a role in determining the balance between soluble and membrane-
bound forms of gp130/IL6ST [229]. This suggests that hormonal regulation could also
modulate expression and release of the different isoforms in BC, thus altering cytokine
signalling and its downstream effects on the disease.

Researchers have also investigated the association between hormone receptor status
and other cytokines and receptors in the IL6-like family. Studies have shown that expression
of LIFR correlates with ER in clinical samples [230] and its level and function are also higher
in ER+ cell line models [195]. Evidence has suggested that higher LIFR levels are associated
with favourable biological features and better outcome and loss of LIFR favours bone
metastasis [195,230]. In line with this, a recent study reported a metastasis-promoting
mechanism in which ER is involved in down-regulation of LIFR expression, suggesting a
potential negative feedback loop, similar to the one observed for IL6 [231].

Levels of OSM and its receptor OSMR have been shown to be inversely correlated with
expression of ER and its target genes. Studies in ER+ cell lines also showed an antagonistic
relation between ER and OSM and their associated signalling [213]. While the role of
IL6-like cytokines in BC appears to be complex and the relation between ER status and the
different cytokines in the family is heterogeneous, there is a common trend of evidence of
ER-driven mechanisms of negative regulation of IL6, LIF and OSM signalling.

Lastly, the positive correlation between gp130/IL6ST expression and ER has been
well established, as we recently reviewed [214] (also see Section 5.3). In short, evidence
suggests that gp130/IL6ST might act as a robust surrogate marker of active oestrogen-
related signalling. Importantly, its expression levels might provide an insight into the
heterogenous underlying biology of ER+ BC, helping to stratify ER+ tumours into subsets
that differ in their true level of hormone dependence and, consequently, their likelihood of
response to endocrine therapy.
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7. Polymorphisms in gp130/IL6ST-Dependent Signalling

Mutations leading to changes in the expression, activation or stability of molecules in
the gp130/IL6ST signalling axis represent potential mechanisms for the development and
progression of disease. Epigenetic alterations might also play an important role in aberrant
activation of cytokine signalling in cancer. While the evidence to date has been reviewed
extensively before [17,232], in this Section we will summarise the role polymorphisms in
this protein family specifically as it pertains to BC.

7.1. Polymorphisms in IL6-like Cytokines

While there is no evidence of naturally-occurring gain-of-function mutations in IL6,
numerous studies have reported loss-of-function mutations that might alter its expression
or downstream signalling and are linked to a range of pathologies [17]. In BC, mutations
have mainly been described in the promoter region of the IL6 gene. The best characterised
SNP, -174G/C (rs1800795), has been shown to cause IL6 overexpression at least in part by
enabling recognition by other transcription factors [233,234]. However, the potential clinical
implications of this mutation are unclear. Some studies found the mutant GG genotype
was a negative prognosticator associated with reduced disease-free survival (DFS) in ER+
patients receiving chemotherapy [235] and with increased risk of metastasis irrespective of ER
status [236]. In contrast, other studies found that a wild-type CC genotype was associated
with a more aggressive phenotype and worse overall survival [237] or with lymphovascular
invasion [238]. Another group also reported that C-carrying cancers had a higher risk of early
events; this association was observed in ER- tumours, particularly after radiotherapy, but also
irrespective of ER status for chemotherapy-treated cancers [239]. Overall, researchers have
hypothesised that this polymorphism might alter the effect of the TME on IL6 expression:
while wild-type tumours increase production of the cytokine in response of inflammatory
stimuli such as radio- or chemotherapy or in ER- disease, mutant tumours might produce
more IL6 regardless of systemic changes [239]. Other studies have suggested that hormonal
status might influence how genetic variation affects the role of IL6 in BC [240]. Another
polymorphism in the IL6 promoter is the SNP -597G>A (rs1800797), which has been linked to
worse DFS and higher risk of early events [238,239,241]. Diplotypes including both -174G>C
and -597G>A have also been associated with worse DFS (IL6-174G/C (rs1800795) [235].

Numerous studies have assessed the effect of IL6 polymorphisms on BC risk with
inconsistent conclusions. For example, while some studies found that the -174G>C SNP
led to an increased risk of disease [240,242], other studies and meta-analyses found no
association between this or other polymorphisms in IL6 or IL6R and BC risk [234,243,244].
Interestingly, a large study evaluating 16 genes for interleukins and their receptors, which
included over 100 SNPs, found that associations of polymorphisms (including some in
IL6 and IL6R) with risk differed depending on ethnic background [245]; this suggests that
heterogeneity in patient cohorts across different studies might contribute to the diverging
results seen to date. Further work is needed to better elucidate the effect of IL6 SNPs on BC
risk and progression, which most likely depends on several interacting factors.

There is less knowledge on mutations in other IL6-like cytokines. SNPs in LIF, CNTF
and OSM that lead to systemic cytokine deficiency have been linked to a broad range of
pathologies [17]. However, there is little evidence of such aberrations contributing to cancer,
although a recent study showed that polymorphisms in IL11 could affect susceptibility to
gastric cancer [246].

7.2. Polymorphisms in Non-Signalling Receptors

Numerous polymorphisms in IL6R have been identified in humans, which largely
alter the well-established role of IL6 in inflammation [247]. For example, the SNP p.D358A
(rs2228145), affecting the site of cleavage by ADAM proteinases, leads to higher levels of
sIL6R [248,249]. This has a systemic protective effect against inflammation that is trans-
lated into differential risks of inflammation-related conditions [249-251]. Another, rarer
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loss-of-function polymorphism in IL6R is linked with severe immune and inflammatory
disorders [252].

Genotypic changes in IL6R can also affect BC, with a study finding that the rs11265608
SNP was associated with worse prognosis and reduced DFS [253]. Mutations in IL11R
CNTEFR have been linked to musculoskeletal alteration humans [254-257], but no aberra-
tions in these receptors have been shown to affect BC.

7.3. Polymorphisms in Signalling Receptors

As the cornerstone of signalling by IL6-like cytokines, aberrations in the signal trans-
ducer gp130/IL6ST have the potential to affect many downstream pathways and effects.
Introduction of a knock-in gp130/IL6ST mutation was shown to cause hyperactivation of
STAT3 through the disruption of a negative feedback mechanism, leading to the promotion
of the development of adenocarcinomas [258]. In an important first finding in humans,
a study of inflammatory hepatocellular adenomas reported small in-frame deletions in
gp130/IL6ST in 60% of samples [259]. These gain-of-function somatic aberrations in the
ligand-binding domain of gp130/IL6ST caused changes in intracellular distribution of the
receptor and constitutive ligand-independent activation of STAT3 [259,260], exemplifying
a novel mechanism for overactivation of pro-tumourigenic signals observed in many tu-
mours. The inflammatory phenotype of these benign cancerous lesions evidences the role
of IL6-like cytokines in both inflammation and cancer.

Further work is needed to determine the role of these or other gp130/IL6ST aberrations
in other epithelial cancers, including breast neoplasms. Interestingly, as binding of different
cytokines involves specific residues in gp130/IL6ST, mutations might affect signalling by
different ligands differently. For example, characterisation of a human mutation within a
patient report showed that the N404Y mutation affected signal transduction of IL6, IL11,
IL27 and OSM, but not LIF [261].

As for the other signalling receptors in the IL6-like cytokine family, there is no signif-
icant evidence of any activating mutations in OSMR or LIFR, although loss-of-function
polymorphisms have been reported in patients with rare genetic disorders [262-264]. Poly-
morphisms in OSMR have been shown to be associated with increased risk and differential
prognosis in different cancers [265-267], although no aberrations have been shown to play
arole in BC.

7.4. Polymorphisms in Downstream Factors

Signalling can also be affected by polymorphisms in factors involved in the main path-
ways under gp130/IL6ST modulation, as has been extensively reviewed [232]. For example,
both JAK2 mutations that lead to constitutive activation of JAK/STAT3 [268-271] and JAK2
fusion proteins [272-275] have been reported at high frequencies in patients with a range of
pathologies. JAK polymorphisms have also been reported, albeit at a lower frequency, in solid
tumours, including mutations in JAK1 and JAK3 in BC [271,276,277]. Activating mutations
in these genes appear to function similarly, by blocking mechanisms of JAK activity autoin-
hibition [270,278]. Similar aberrations in the kinase TYK?2, including activating mutations
and gene fusions, have also been reported in myeloid disorders [279,280], but have not been
observed in BC.

STAT3 mutations that lead to enhanced dimerisation and the constitutive activation
of the JAK/STAT signalling cascade have been reported in leukemia [281,282] and lym-
phoma [283]. STAT3 polymorphisms have been detected in benign liver tumours [284], the
same type of lesions shown to carry activating mutations in gp130/IL6ST [259], JAK1 and
the kinase FRK [277], which also lead to constitutive activation of STAT3 [285].

Although mutations in STAT3 have not been reported in other solid tumours, there
is extensive evidence of other aberrations causing downregulation of SOCS proteins or
inhibition of SPH phosphatases that also lead to JAK/STAT dysregulation and STAT3
hyperactivity [286]. In BC, there is evidence of the expression and high signalling activity
of STAT3 [89,287], which could be driven by aberrant JAK forms (reported in some clinical
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samples) or by other mutations affecting this signalling cascade. For instance, BC cell line
models have been shown to carry activating mutations in Src kinases, which also modulate
STAT3 and its effect on proliferation [288-290], and anti-STAT?3 strategies has been shown
to reduce tumour growth in animal studies [291].

These represent only some of the mechanisms that might affect the complex cytokine-
driven signalling network in BC. While genotypic changes might vary between tumour
types, it seems that alterations to the signalling cascade are a common feature across
cancers and present a potential therapeutic strategy. Although this section has focused
on polymorphisms in the main signalling axis JAK/STAT, aberrations with potential
pro-tumourigenic effects also affect other pathways modulated by gp130/IL6ST, such as
PI3K/AKT. For instance, in recent years much work has focused on the role and potential
as therapeutic targets of PIK3CA genetic alterations, which are amongst the most common
in BC [292,293].

8. Therapeutic Targeting of gp130/IL6ST Signalling

The involvement of IL6-like cytokines and their downstream signalling in many
processes considered hallmarks of cancer has highlighted their potential as therapeutic
targets. The pleiotropic role of these ligands means that blockade or inhibition of this
signalling axis must be fine-tuned to prevent unwanted dysregulations. Despite this
challenge, evidence shows that a high level of specificity can be achieved; for example,
by recognising a critical residue in site III, the IL6 inhibitor olokizumab can hinder the
interaction of gp130/IL6ST with the IL6-IL6R complex, but not other cytokines [294]. On
the other hand, this pleiotropy also means that some drugs are already available that might
be repurposed. A good example are anti-inflammatory agents that could also be used as
anti-cancer treatments (see last paragraph in this section).

Therapeutic approaches to date have included monoclonal antibodies for direct block-
ade of a ligand or receptor, recombinant cytokine regimes or small-molecule agents that in-
terfere with downstream signalling. A variety of agents are at different stages of pre-clinical
and clinical development and some are already in use. While emerging drugs targeting
IL6-like cytokines and their signalling have been reviewed recently [19,79,87,88,295,296],
in this section we will summarise the main therapeutic approaches and highlight those
agents with current or emerging applications in BC.

IL6-mediated signalling might be blocked through direct inhibition of IL6 or IL6R
using monoclonal antibodies. Promising pre-clinical evidence led to numerous clinical
trials of the anti-IL6 antibody siltuximab to treat multiple myeloma or solid tumours,
but these largely reported a lack of efficacy [79,295]. Although other novel anti-IL6 anti-
bodies are being assessed for the treatment of immune disorders [297,298] or COVID19
(NCT04348500), further work is needed to evaluate their potential against BC.

The anti-IL6R antibody tocilizumab is already used to treat inflammation-related
disorders and is currently in clinical trials to treat different cancer types. Following evidence
from BC cell line models [113], a phase I trial is currently underway to assess use of
tocilizumab in combination with HER2-targeted therapy to treat trastuzumab-resistant
HER2+ metastatic BC (NCT03135171). Other anti-IL6R antibodies such as sarilumab and
NI-1201 are currently also in development [299,300].

The characterisation of IL6-dependent signalling has suggested that specific targeting
of its trans-signalling route might be a good strategy to block this cytokine’s pro-cancer
effects without altering other important roles in homeostasis that normally rely on classic
signalling [296]. Most drugs targeting IL6 or IL6R block both the classic and trans-signalling
routes, although the emerging junctional epitope antibody VHH6, which binds the IL6-IL6R
complex, has been shown to selectively inhibit trans-signalling [301]. The most common
approach to achieve selective inhibition of trans-signalling has been the development of
fusion proteins incorporating sgp130/sIL6ST, taking advantage of the natural antagonist
role of the soluble form of the signal transducer. A prime example is olamkicept, a fusion
product including the extracellular portion of the signal transducer (sgp130/sIL6ST) and
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the Fc portion (fragment crystallisable, a constant region of an immunoglobulin heavy
chain) of a human IgG1 antibody [59]. This recombinant protein has been shown to exert
a 10-fold greater inhibitory effect than sgp130/sIL6T and completely block IL6 trans-
signalling both in vitro and in vivo [48,59,296,302]. Pre-clinical evidence has suggested the
promise of olamkicept as an agent with potential to inhibit the role of IL6 in inflammation
and cancer [79,302,303]. In theory, it could also block IL11 trans-signalling, although no
evidence has been reported to date.

Another strategy involves the direct targeting of gp130/IL6ST with small-molecule
inhibitors such as SC144, which has shown promise in preclinical ovarian cancer mod-
els [304]. A small-molecule inhibitor named LMT-28, has also been shown to directly target
gp130/IL6ST but only inhibits the effects of IL6 and not those of other cytokines in the
family [305]. This supports the notion that, as with olokizumab’s targeting of IL6's site
III, the specific epitopes targeted by an inhibitor can determine which ligand-receptor
complexes are blocked from binding the signal transducer. This might greatly impact the
selectiveness of a given inhibitor’s effect on downstream signalling, so that finer blockade
of the effects of a specific cytokine might be achieved [305]. Also in line with this, a recent
study showed that targeted mutagenesis of different residues in CLC, which mediate
interactions in the CNTF-CNTFR-LIFR-gp130/IL6ST signalling complex, can yield novel
recombinant variants with distinct functions [306].

Of particular importance in the context of BC, the selective oestrogen receptor modula-
tors (SERMs) raloxifene and bazedoxifene have been shown to inhibit the IL6-gp130/IL6ST
interface [307]. Both agents are currently used to prevent and treat postmenopausal
osteoporosis and raloxifene is also used to prevent BC in high-risk women [308,309]. Baze-
doxifene has been shown to overcome hormone resistance in BC cells [310,311] and has a
gp130/IL6ST-inhibiting effect in preclinical models of several cancer types [169,312-315].
Several BC clinical trials are currently underway: either in conjugation with oestrogens
on benign proliferation or preinvasive breast lesions (NCT02729701, NCT02694809) or
in combination with palbociclib to treat women with hormone receptor-positive breast
tumours [316]. A recent study reported the development of novel bazedoxifene analogues
designed to improve on the drug’s affinity for and targeting of gp130/IL6ST [317]. Results
showed a lead analogue selectively inhibited IL6-dependent activation of JAK2 and STAT3
and suppressed tumour progression both in vitro and in vivo in xenograft lung cancer
models. This evidence supports the promise of repurposing bazedoxifene and, now, its
improved analogues for specific inhibition of gp130/IL6ST signalling in cancer treatment.
This is particularly interesting for the management of BC, where this anti-oestrogen is
already in clinical development and could potentially exert a double inhibitory effect.

While therapies targeting IL6-like cytokines such as IL11, OSM and CNTF are at
different stages of development for the treatment of a range of diseases [17], only the
IL11R-targeted agent BMTP-11 is being developed for its potential use in cancer treatment.
There is preclinical evidence of its effect on several cancer types [318,319] and a prostate
cancer clinical trial is currently underway [320].

Drugs might also target factors central to signalling downstream of the cytokine
signalling complex, an approach with the potential to modulate the effect of most cytokines
in the family. Pre-clinical studies have shown that JAK inhibition can inhibit growth of
a wide range of cancer types, including breast [321,322]. Several ongoing studies are
assessing the potential repurposing of ruxolitinib for cancer treatment [323], including an
early phase clinical trial using this agent in combination with HER2-targeted therapy in BC
(NCT02066532).

The key role of STAT3 in cytokine-dependent signalling also makes it an attractive
therapeutic target but the development of effective inhibitors has proven difficult, due
partly to the diffuse localisation of STAT3 in the cell and the high level of homology that
complicates specific targeting of STAT3 alone and not other STAT proteins [324]. Despite
some authors having labelled STAT3 an “undruggable” factor [79,325], several agents
have now been developed to block its expression or function that have shown promise in
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pre-clinical cancer studies [79,88,324,326]. Some of these have now gone into clinical trials,
with some promising preliminary results from a phase I study of OPB-51602, an inhibitor
targeting the SH2 domain [327]. An interesting recent study has reported a proteolysis-
targeted chimera (PROTAC) that enables potent and specific STAT3 degradation, with
results showing complete tumour regression in mouse models of blood cancers [328]. This
represents a novel strategy with potential for its application in other cancer types.

As for evidence in BC, the inhibitors G-quartet and S31-201 have been shown to block
STAT3's ability to bind to DNA both in vitro and in vivo, with evidence of tumour regres-
sion in BC xenograft models [329,330]. Several drugs blocking STAT3 phosphorylation
have also been shown to exert inhibitory effects in triple-negative cell line models [331-334].
However, further research is needed to better assess the therapeutic potential of any of
these agents in BC.

As previously mentioned, efforts to develop agents to block gp130/IL6ST in cancer
will benefit from a better understanding of the signalling machinery, including the struc-
ture of cytokines and receptors and the specific residues involved in the recognition of
protein partners and triggering of distinct downstream effects [324]. Better biomarkers
are also needed to help guide selection of treatment plans that including targeted agents,
either alone or in combination with other therapies. Indeed, evidence suggests that both
combination treatments and the use of repurposed agents might be particular promising
strategies [19]. For example, anti-IL6 therapies are already commonly used to manage side
effects caused by the cytokine release syndrome in patients treated with immunotherapy,
which can lead to over-activation of the gp130/IL6ST signalling and increased levels of
IL6 [335-340]. In addition to alleviating these adverse effects and enabling better treatment
adherence (see also Section 5.1.2), pre-clinical evidence has suggested that this combination
treatments might also lead to a greater overall anticancer effect [79,340]. In line with this,
research has also shown that, besides its pro-cancer effects, active JAK/STAT signalling
also suppresses antitumour immune responses within the TME, suggesting that inhibition
of this pathway might lead to a dual anticancer effect through activation of local immunity
and also that combination with immunotherapy might enhance treatment response. On the
other hand, clinical evidence has shown that IL6 inhibitors can also lead to immune-related
side effects, such as increased infections in patients receiving tocilizumab [341].

9. Conclusions

Amongst their many functions, IL6-like cytokines play important roles in breast
cancer. Both the prototypical member IL6 and the shared receptor gp130/IL6ST have been
established as biomarkers with significant clinical potential in this disease. Other cytokines
and receptors might also hold potential as predictors, as do specific polymorphisms in
these molecules that continue to be investigated.

Extensive research has led to a better characterisation of the structure and complex
interaction between these cytokines and receptors, as well as a more detailed understanding
of their intricate downstream signalling. These advances have shed light on the potential
for therapeutic targeting of this signalling axis in cancer. Evidence suggests that inhibition
of trans-signalling might be a particularly promising strategy. Although the pleiotropic
function of these cytokines means that a high level of specificity is needed to achieve
effective targeting, numerous novel or repurposed agents are currently at different phases
of assessment for their use as single or combination treatments.

Further work is still needed to validate the role of some of these molecules as biomark-
ers and bring them closer to the clinic. Translation of this biomarker potential, which could
help improve patient stratification and treatment selection, together with the potential
application of the targeted agents currently under pre-clinical and clinical development,
would represent a multi-pronged approach to exploit the central role of IL6-like cytokines
in the management of cancer and, specifically, in breast neoplasms.
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Abstract: Novel biomarkers are needed to continue to improve breast cancer clinical management
and outcome. IL6-like cytokines, whose pleiotropic functions include roles in many hallmarks of
malignancy, rely on the signal transducer IL6ST (gp130) for all their signalling. To date, 10 separate
independent studies based on the analysis of clinical breast cancer samples have identified IL6ST as
a predictor. Consistent findings suggest that IL6ST is a positive prognostic factor and is associated
with ER status. Interestingly, these studies include 4 multigene signatures (EndoPredict, EER4,
IRSN-23 and 42GC) that incorporate IL6ST to predict risk of recurrence or outcome from endocrine
or chemotherapy. Here we review the existing evidence on the promising predictive and prognostic
value of IL6ST. We also discuss how this potential could be further translated into clinical practice
beyond the EndoPredict tool, which is already available in the clinic. The most promising route
to further exploit IL6ST’s promising predicting power will likely be through additional hybrid
multifactor signatures that allow for more robust stratification of ER+ breast tumours into discrete
groups with distinct outcomes, thus enabling greater refinement of the treatment-selection process.

Keywords: breast cancer; predictive tools; prognostic tools; translational research; IL6ST; gp130;
cytokine signalling

1. Background: The Essential Role of Biomarkers in Breast Cancer

Breast cancer (BC) is a heterogeneous disease comprising well-characterised molecu-
lar subtypes that differ in their oncogenic drivers, pathogenesis and prognosis. Clinical
management and outcome have improved considerably over time, in part due to the iden-
tification and clinical application of biological markers (or biomarkers), which have been
defined as “characteristics that can be objectively measured and evaluated as indicators
of certain normal biological processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention” [1]. Biomarkers can be classified as prognostic, when they
indicate the likelihood of an event such as disease recurrence or progression, or predictive,
when they indicate the likelihood of response or resistance to a given treatment [2]. They
can be clinical or histopathological factors, such as patient or tumour characteristics, or
molecular markers, such as the expression level of a certain protein or gene or the presence
or frequency of a genomic event (e.g., a mutation).

Molecular biomarkers are often molecules playing a role in processes such as disease
progression or treatment response. Thus, they may act as surrogates for the activity of a
given driver and provide insight into the complex underlying tumour biology. A biomarker
might be utilised qualitatively or quantitatively, as a continuous variable or with discrete
cut-offs, alone or in combination with other markers in the form of multifactor tests or
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signatures. In their different capacities, biomarkers are highly valuable in disease detection,
staging, monitoring or prognosis estimation and they can guide the treatment selection
and decision-making process in the management of many cancers, including breast [3].

The foremost examples of BC biomarkers are the oestrogen receptor o (ERx or ER) and
the human epidermal growth factor receptor 2 (HER2), which indicate differences in prog-
nosis and predict responsiveness to endocrine and HER2-targeted therapies, respectively.
Assessment of ER and HER? status has long been mandatory for all new BC diagnoses to
help guide treatment selection [4] and has considerably improved prognosis and survival
for patients with hormone-dependent and HER2-overexpressing BC. Importantly, the role
of ER and HER? as biomarkers continues to evolve, with growing evidence on different
genomic aberrations contributing to the development of treatment resistance [5]. Research
on ER mutations in particular has been extensive, with their prevalence and clinical impli-
cations being assessed in several retrospective and currently-ongoing prospective trials,
making their translation into clinical practice in the near future a strong possibility [6,7].

Research over the last two decades has led to the identification of numerous other
molecular biomarkers. These include proteins referred to as cancer antigens, such as CA15-
3, CA19-9, CA27-29, the carcinoembryonic antigen (CEA) or mucin-like carcinoma antigen
(MCA), which can be measured in patient serum to enable early detection and prognostic
assessment [8-11]. In addition to well-established genomic markers such as BRCA1/2
mutations [12], translational studies continue to describe aberrations and rearrangements
that could serve as prognostic factors or actionable targets [13]. Recent studies have also
highlighted microRNAs as molecules with an emerging potential as biomarkers due to
their complex regulatory role in breast cancer [14-16].

Many challenges still remain in the clinical management of BC. Evidence suggests
that the current diagnostic tools and available biomarkers fail to sufficiently discriminate
the underlying heterogeneity of the disease. Both basic and translational research continue
to add to our understanding of the complex and evolving biology, shedding light on the
pathways and mechanisms involved in phenomena such as the development of acquired
resistance to treatment. Biomarker discovery studies can identify promising candidates
with prognostic or predictive value which will be essential to continue to improve BC
management and outcome. Here we will review the evidence on one molecule in particular,
the interleukin-6 signal transducer (IL65T), which has emerged as a novel and exciting BC
biomarker in recent years.

2. The IL6-Like Cytokine Family and Its Signalling in Breast Cancer

Interleukin-6 (IL6) is the best characterised cytokine of a class that also includes
interleukin-11 (IL11), interleukin-31 (IL31), ciliary neurotrophic factor (CNTF), leukemia
inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin 1 (CT1), cardiotrophin-like
cytokine (CLC) and neuropoietin (NPN). This group of cytokines, with similar structural
and functional features, are normally referred to as the IL6 or IL6-like family [17,18]. They
are also known as the gp130 family, after the shared transmembrane signalling receptor
glycoprotein 130, which acts as a signal transducer in all signalling by this cytokine family.
Each oligomeric signalling complex includes one or more gp130 molecules, depending
on the cytokine. This signal transducer is also known as CD130, IL-6 receptor subunit
B (IL6Rp) or IL6 signal transducer (IL6ST, which is also its gene name). For naming
consistency, in this review we will refer to this cytokine group as the IL6-like family and to
the signal transducer as IL6ST.

Indeed, the common dependence on IL6ST for signalling is the defining characteristic
of this cytokine family. The signal transducer is ubiquitously expressed in all cell types [19]
and has been shown to be essential for survival in knockout in vivo studies in mice [20].
IL6-like cytokines act as extracellular ligands that bind the membrane-bound IL6ST and
different non-signalling receptors with high affinity (see Figure 1 for diagram). This
leads to the formation of signalling complexes including IL6ST homo- or heterodimers
(depending on the cytokine). The cytoplasmic portions of the dimerised transducers then
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trigger intracellular signalling primarily through tyrosine kinases in the JAK family, such as
JAK1 and JAK2, which are constitutively associated with IL6ST. JAK1/2 dimerisation and
autophosphorylation lead to signalling through 3 major pathways: (i) the Janus-activated
kinase — signal transducer and activator of transcription (JAK/STAT) pathway, (ii) the
Ras-Raf mitogen-activated protein kinase (MAPK/MERK/ERK) signalling cascade, and
(iii) the phosphoinositol-3 kinase — protein kinase B/ Akt pathway (PI3K/AKT).

Other IL6-like

L6 cytokines (e.g., LIF) o
\ /

IL6ST —— Other signalling
~—— receptors
(shargd (e.g., LIFR)
signalling
receptor) ~—IL6R

(non-signalling
receptor)

JAK

@ [\

! ! |
JAK/STAT pathway MAPK/MERK/ERK  PISK/AKT pathway

P y

Figure 1. Summary of signalling by cytokines in the IL6-like family. Cytokines bind membrane-bound receptors with similar
modular structures to form signalling complexes including 2 signalling receptors, of which at least 1 is always the shared
signal transductor IL6ST. Dimerisation of these receptors leads to the activation of tyrosine kinases bound to their cytoplasmic
sections, which in turn trigger a signalling cascade that can activate 3 pathways with known roles in breast cancer: JAK/STAT,
MAPK/MERK/ERK and PI3K/AKT. Signalling complexes are different for each cytokine in the family. For example, IL6
is recruited by the non-signalling (lacking cytoplasmic domains) receptor IL6 receptor « (IL6R), leading to the formation of
a hexameric signalling complex including an IL6ST homodimer. Other cytokines in the family form complexes comprising
heterodimers (with IL6ST and a different signalling receptor) with or without the need of a non-signalling receptor, depending on
the cytokine. Members of the IL6-like family can exert specific functions due to variations in ligand and receptor concentrations
and in the activity of modulating signals across different cell and tissue types.

Through the sophisticated signalling machinery downstream of IL6ST, subject to
complex modulation by a wide range of regulatory mechanisms, interacting factors and
cross-talking pathways, IL6-like cytokines are among the most pleiotropic protein families
in the human body. They have been shown to play important roles in homeostasis, immu-
nity, inflammation and disease pathogenesis, including a well-established role in numerous
cancer types [21]. This includes breast neoplasms, where they are involved in many of the
hallmarks of cancer development and progression. As the prototypical member of this
cytokine family, the role of IL6 in particular has been extensively studied [22-24]: although
in vitro studies have reported both pro- and anti-tumourigenic effects, the role of IL6 as a
negative prognosticator in BC is firmly established [25,26], with circulating serum levels
in patients correlating with disease stage and higher levels being associated with worse
prognosis and survival and poorer response to chemo- and endocrine therapy [27-30].
Other IL6-like cytokines have been shown to play important roles in BC, including IL11
and LIF, which can promote migration and metastasis [22,23,31].

Although signalling through a shared transducer can entail some redundancy in the
roles of different IL6-like cytokines, there is also extensive evidence of functional specificity
for the different ligands in vivo: specific cytokines can exert unique functions, which
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can result from a balance of distinct, often contrasting effects; additionally, one cytokine
might elicit different responses in different cell types [32-34]. This balance of redundancy
and specificity is an inherent trait of this cytokine family and is likely made possible by
differences in the expression patterns of different ligands and receptors across varying
tissues and cell types [32,35].

The involvement of IL6-like cytokines in many BC-related processes has highlighted
their promise not only as biomarkers, but also as therapeutic targets [36]; the signal
transducer itself, its ligands, co-receptors or downstream interacting factors could be
modulated using either novel agents or re-purposed similarly-targeted drugs already
used in the clinic for the management of other pathologies. While some such agents are
currently in pre-clinical or clinical testing for their use in BC [23-25,36,37], targeting of
such a complex and pleiotropic signalling axis might prove difficult, as effective inhibition
will need to be fine-tuned to achieve sufficient specificity. The central signalling role in BC
also suggests potential for the identification of novel biomarkers, as already established
for serum levels of IL6. As the central transducer of this family, IL6ST expression could
be an indicator of overall signalling activity in this cytokine class and has been identified
as a potential predictor in several biomarker discovery studies. The next sections will
summarise the evidence to date on the role of IL6ST as a biomarker in BC, which has led to
its incorporation into several molecular signatures with prognostic and predictive value.

3. IL6ST as an Independent Predictor in BC

To date, ten independent studies based on the analysis of clinical samples by different
research groups have reported IL6ST as a predictor with potential clinical utility in BC (see
Table 1). Six of these studies assessed the role of the signal transducer as an independent
biomarker, showing an association between IL6ST expression and prognosis in BC.

In their study of primary breast carcinomas, Karczewska et al. found that 5-year
rates of both overall (OS) and disease-free survival (DFS) were significantly higher in
the IL6ST-positive (IL6ST+) compared to IL6ST-negative groups (90% vs. 9% and 88%
vs. 0%, respectively) [38]. Similar trends were observed for IL6 and its non-signalling
receptor « (IL6R), although the survival differences were more marked in relation to
IL6ST expression. Indeed, univariate analysis found significant differences in OS and
DFS associated with IL6ST status (p < 0.0001). Subgroup analysis showed IL6ST was
independent from other well-established prognostic factors, while multivariate analysis
found that IL6ST expression was the strongest positive prognostic factor. The researchers
concluded that IL6ST expression was associated with earlier stages of BC but, in advanced
stages, its active expression correlated with better prognosis. This study also showed that
IL6ST expression was negatively correlated with both lymph node status and tumour size.
These findings were consistent with a more recent study by Klahan et al., which found that
IL6ST expression was significantly downregulated in breast tumours with lympho-vascular
invasion (p = 0.037) [39].

In a study of triple-negative (negative status for ER, HER2 and progesterone receptor
(PR)) BC (TNBC) across 3 independent sample cohorts, Mathe et al. found that IL6ST was
one of only 4 genes that were differentially expressed between normal and BC tissues and
which also differed in expression between TNBC and ER-positive (ER+) BC subtypes [40].
They showed that IL6ST expression was lower in TNBC than in the ER+ group, but also that
higher IL6ST levels were significantly associated (p < 0.05) with better OS in TNBC patients.
Subsequent validation on a larger cohort of publicly-available cases also showed that higher
IL6ST expression was associated with significantly increased relapse-free survival [41].

In their assessment of cases from 2 large publicly-available BC datasets, Fertig et al.
found that IL6ST was significantly overexpressed (p =2 x 10 — 16) in tumours classified
as luminal A or luminal B intrinsic subtypes (characterised by ER+/PR+ status) [42],
consistent with previous reports of lower levels in TNBC. Survival analysis showed a trend
towards longer survival in IL6ST-expressing luminal A tumours (p = 0.06) but not in other
subtypes (Table 1).
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Table 1. Summary of studies reporting on the role of IL6ST as a biomarker in breast cancer, including study cohorts and main findings. Studies are listed in chronological order of the
original publication. See Table 2 for further description of the multifactor signatures. All the described associations achieved statistical significance (at least p < 0.05).

Study Cohorts

Associations Reported

Main Predictive or Prognostic Value

75 PBCs who received surgery +/— adjuvant therapy.

IL6ST expression strongly correlates with
earlier disease stages.

In advanced stages, IL6ST expression is
associated with better prognosis and higher OS
and DFS rates.

IL6ST negatively correlates with lymph node
status and tumour size.

IL6ST is independent from other well
established clinicopathological factors.

IL6ST is a positive prognostic factor.

Original Publication Study Type
Karczewsl;gge]t al. (2000) Independent biomarker
Tozlu et al. (2006) Independent biomarker

(43]

PBCs who received surgery (+ ET for ER+):

- 12 in screening set.
- 36 in validation set.

IL6ST is a perfect discriminator of ER+ status.

IL6ST is predictive for ER status and
likely endocrine responsiveness.

Filipits et al. (2011) Molecular signatures:
[44] EP and EPclin

Original cohorts of ER+/HER2- BCs treated with ET:

- 964 in training set.

- 2948 in validation sets [44-47].

- ER+/HER?2- BCs chemotherapy study [48]:
- 2630 in ET alone arm.

- 1116 in ET + chemotherapy arm.

EP and EPclin scores (linked to lower IL6ST
expression) are continuous predictors of the
risk of distant recurrence.

EPclin is also prognostic for disease recurrence
in patients who received chemotherapy,
regardless of menopausal status.
Patients with higher EPclin score derive benefit
from the addition of chemotherapy to ET.

EP and EPclin stratify into risk groups
that are prognostic for risk of distant
recurrence at 5, 10 and 15 years in
ER+/HER2- patients.

EPclin is also prognostic for LRFS.
EPclin high-risk group is predictive for
chemotherapy benefit in pre- and
postmenopausal ER+/HER2- patients.

Sota et al. (2014) Molecular signature:
[49] IRSN-23

PBCs who received NAC:

- 58 in training set.

- 59 in validation set.

- 901 in external validation set
(publicly-available data).

Higher IL6ST is associated with lack of pCR
from NAC.
IRSN-23 classifies into Gp-R and Gp-NR
groups, with differential response to NAC.

IRSN-23 signature stratifies into groups
predictive of response to NAC,
regardless of BC subtype of
chemotherapy regimen.

Andres et al. (2014)

[50] Independent biomarker

Tumour marker analysis:

- 98 male BCs (publicly-available data).

- 18,366 female BCs (publicly-available data).
- Gene expression analysis validation:

- 12 male BCs.

- 233 female BCs.

IL6ST expression is significantly elevated in
male BCs compared to female malignancies.
IL6ST correlates with ER expression.
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Table 1. Conts.

Original Publication Study Type

Study Cohorts

Associations Reported

Main Predictive or Prognostic Value

Mathe et al. (2015)

[40] Independent biomarker

Screening set:

33 TNBCs; 17/33 with matched normal tissue,
15/33 with lymph node metastases.
Validation sets:

16 TNBCs; 4/16 with matched normal tissue
255 non-TNBC.

Independent validation sets [41]:

255 (publicly-available data) TNBCs.

148 TNBCs.

IL6ST expression is associated with
longer survival.
IL6ST expression is lower in TNBC than
ER+ tumours.

IL6ST is prognostic for OS and RFS
in TNBC.

Fertig et al. (2015)

[42] Independent biomarker

638 + 897 PBCs from publicly-available sets.

IL6ST expression is higher in luminal tumours
(ER+/PR+) than in other BC subtypes.
Positive trend towards longer survival in
IL6ST+ luminal A tumours.

Turnbull et al. (2015) Molecular signatures:
[51] EER4, EA2 and EA2clin

EER4 cohort of ER+ postmenopausal IBCs treated with
NET & ET:

73 training set.

44 validation set.

EA/EA2clin study cohort of ER+ IBCs treated with
NET & ET [52,53]:

186 postmenopausal.

51 premenopausal.

IL6ST alone is an independent predictor of

response to Als.

EER4 predicts response to Als with greater
accuracy and also predict RFS and BCSS.
EA2 and EA2clin predict outcome from

adjuvant ET with greater accuracy and also

predict RFS and BCSS.
EAZ2 also predicts outcome
in premenopausal women.
EA2clin predicts treatment response regardless
of ET regimen.

IL6ST is an independent predictive
marker for Al response in
ER+/HER?2- patients.

EER4 further improves on this
predictive ability.

Models are prognostic of outcome
(RFS, BCSS) from adjuvant ET response,
regardless of menopausal status or ET
regimen in ER+/HER2- patients.

Klahan et al. (2017)

[39] Independent biomarker

108 pretreated IBCs:

79 LVI+
29 LVI-

IL6ST correlates with LVI in samples without
lymph node metastasis
and perineural invasion.

Tsunashima et al. (2018) Molecular signature:
[54] 42GC

ER+ BCs treated with ET who recurred:

177 training set (from publicly-available sets);
84 LR, 93 NLR.
201 validation set; 137 LR, 84 NLR.

Higher IL6ST is associated with lower risk of
early recurrence but higher risk of
late recurrence.
42GC classified intro LR and NLR groups, with
differential risk of recurrence over time. could
predict late recurrence

42GC stratifies into prognostic groups
for risk of early and late recurrence in
ER+ BC intervals.

42GC, 42-gene classifier; Al, aromatase inhibitor; BC, breast cancer; BCSS, BC-specific survival; DFS, disease-free survival; EA2, EndoAdjuvant 2; EA2clin, EndoAdjuvant 2 clinical; EER4, Edinburgh
EndoResponse 4; EP, EndoPredict; EPclin, EndoPredict clinical; ER, oestrogen receptor; ET, endocrine therapy; Gp-NR, genomically-predicted non-responders; Gp-R, genomically-predicted responders; HER2,
human epidermal growth factor receptor 2; IBC: invasive BC; IRSN-23, immune-related 23-gene signature for NAC; LN+: lymph node positive status; LR, late recurrence-like; LRFR, local recurrence-free
survival; LVI, lympho-vascular invasion; NAC, neoadjuvant chemotherapy; NET, neoadjuvant ET; NLR, non-late recurrence-like; OS, overall survival; PBC, primary BC; pCR, pathological complete response;
PR, progesterone receptor; RFS, recurrence-free survival; TNBC, triple negative BC.
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Consistent with previous observations, Tozlu et al. also showed that the expression of
IL6ST and ER were significantly associated (p = 1.4 x 10~°) and positive expression of the
signal transducer was highly predictive of ER+ status, perfectly discriminating between
ER+ and ER- tumours (area under the receiver operating characteristic curve = 1) [43].
Andres et al. also reported that IL6ST expression was associated with ER+ status (p < 0.05),
in addjition to finding that it was upregulated in male breast tumours compared to those
from female patients (p < 0.05) [50].

4. Molecular Signatures Incorporating IL6ST

The most relevant work in the literature comes from studies that developed molecular
signatures including IL6ST and which showed prognostic or predictive power. This section
describes the development to date of these signatures (also summarised in Table 1 and
Table 2 and Figures 2 and 3), likely to be the best avenues for the clinical application of
IL6ST as a biomarker in BC.

1:<1cm, 2: €2 cm,

Tumour size
3:>to<5cm, 4: > to <5 cm

Genes of interest 1: -ve, 2: 1-3 +ve nodes,

Nodal status 5.4 10 4ye nodes, 4: >10 +ve nodes

Lower Higher Clinical factors
risk risk
EP score EPclin score
Reference genes
Housekeeper CALM2 0OAZ1 RPL37A Low risk High risk
DNA contamination control HBB EP<5 EP>5
EPclin< 3.3 EPclin > 3.3

Figure 2. Summary of the markers included in the EndoPredict (EP) molecular signature and the EPclin hybrid signature,
which combines EP with clinical factors. Both continuous scores allow for stratification into discrete risk groups with
differential rates of distance recurrence.
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EA2clin —_ Class Il
Class Il * Node positive
* Node negative Not class | or class Ill * Diagnosis diameter >2cm

* Diagnosis diameter <2cm * Grade 3

Low Risk High Risk
IL6ST (pre)
0/1+ 2+/3+
High Risk MCM4 (2w)
<40 >40
Low Risk High Risk

Figure 3. Summary of the markers included in the different predictive models developed in Edin-
burgh: the 4-gene classifier Edinburgh EndoResponse 4 (EER4) incorporates the expression level of
2 genes at pretreament (pre) and 2 genes after 2 weeks of neoadjuvant endocrine therapy (2w); this
was simplified into the EndoAdjuvant2 (EA2) signature, which uses IHC assessment of the 2 main
classifiers to stratify cases into discrete risk groups; EndoAdjuvant2 clinical (EA2clin) combined EA2
with clinical factors to produce a more accurate hybrid model.

4.1. EndoPredict and EPclin Scores for Prediction of Risk of Distant Recurrence

In 2011, Filipits et al. presented a prognostic signature named EndoPredict (EP) that
predicted the likelihood of distant recurrence (DR) at 5 and 10-years in patients with
ER+/HER2- BC treated with endocrine therapy (ET) alone [44]. This molecular classifier
was based on the assessment of the expression level of 8 cancer-related genes (3 linked to
proliferation and 5 linked to ER signalling, including IL6ST) and 3 reference genes using
reverse transcription quantitative polymerase chain reaction (RT-qPCR). Higher IL6ST
expression led to a lower EP score and, consequently, lower associated risk of recurrence
and better prognosis. This molecular score was combined with lymph node status and
tumour size to provide a hybrid score named EPclin (see Figure 2 for diagram).

Initial independent validation showed that the continuous EP score was an indepen-
dent predictor of DR in multivariate analysis and also provided additional prognostic infor-
mation. EPclin was able to stratify patients into low (score < 3.3) and high-risk (score > 3.3)
groups with significantly different 10-year rates of DR (4 vs. 22-28%, p < 0.001), outperform-
ing conventional clinicopathological parameters [44]. Further analysis of one validation
cohort also showed that the two risk groups exhibited statistically significant different rates
of local recurrence-free survival (LRFS) at 10 years, but also concluded that EPclin was
not useful to help tailor local therapy [55]. Another validation study showed that EP was
also an independent prognostic parameter in both pre- and postmenopausal patients who
received chemotherapy, although it could not predict differences in efficacy between drug
regimens [45]. Another study showed that EP was significantly associated with distant
metastasis, with higher expression of the module of genes linked to ER signalling in partic-
ular contributing to reduced risk [46]. The multigene classifier was subsequently revised,
adding 1 control gene for a final 12-gene molecular assay [56]. Subsequent studies validated
the performance characteristics and robustness of the test, supporting its reliability for
decentralised molecular assessment of luminal breast tumours [56-58].

Further work assessed the potential of EP to predict benefit from the addition of adju-
vant chemotherapy to ET in both pre- and postmenopausal ER+/HER?2- BC patients [48].
EPclin was highly prognostic for 10-year DR in both patients who received ET alone and
in those that received it in combination with chemotherapy (p < 0.0001 for both groups).
Results also showed that 10-year DR risk was significantly lower among patients with a
high EPclin score who received chemotherapy, but no differences were found between the
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treatment groups for patients with low EPclin score. This suggested that a high EPclin
score can predict benefit from chemotherapy in ER+/HER2- BC patients and could be used
to guide treatment selection.

A recent study reassessed the prognostic power of the assay in the original validation
cohorts including longer clinical follow-up to assess distant recurrence-free rates at 10
and 15 years [47]. Results showed that the EPclin score also had significant prognostic
value in predicting 15-year DR, irrespective of nodal status. Additionally, they suggested
that this score could help guide treatment selection: a low EPclin score may help identify
patients with reduced risk of recurrence who could safely forgo adjuvant chemotherapy at
diagnosis (particularly any low-risk patients with nodal involvement who would be likely
to receive chemotherapy without added benefit) or extended ET at the 5-year mark.

4.2. Immune-Related 23-Gene Signature for Prediction of Response to Neoadjuvant Chemotherapy

Sota et al. constructed a signature based on gene expression microarray analysis which
included 23 probes (for 19 genes, with IL6ST being represented by 3 probes) to predict the
response to neoadjuvant chemotherapy (NAC) in BC patients [49]. The immune-related
23-gene signature for NAC (IRSN-23) classified patients into 2 groups, the genomically-
predicted responders (Gp-R) and non-responders (Gp-NR). The Gp-R group had signifi-
cantly higher rates of pathological complete response (pCR) after NAC in both the internal
(38 vs. 0%, p = 1.04 x 10~°) and external validation (40 vs. 11%, p = 4.98 x 10~2) sets.
This study did not select patients based on ER status and the results showed that IRSN-23
held prognostic power regardless of the patients’ receptor status or chemotherapy regimen.
Importantly, IL6ST was the most statistically significant marker of poorer response to NAC
in the signature, with its higher expression being associated with non-pCR (p < 0.005).
This is consistent with the previous study showing that patients with lower EP and EPclin
scores (and, thus, higher IL6ST expression) derived no benefit from NAC [41].

4.3. Edinburgh EndoResponse4, EndoAdjuvant2 and EA2clin for Prediction of Response to and
Outcome from Adjuvant Endocrine Therapy

Work from our group has led to the development of tools for the prediction of response to
ET in postmenopausal ER+ BC patients who received neoadjuvant endocrine therapy (NET).
The Edinburgh EndoResponse4 (EER4) predictive model is a 4-gene classifier incorporating
the expression level of 2 genes (including IL6ST) before treatment and another 2 genes after
2 weeks of NET to classify patients into discrete responder (R) and non-responder (NR)
groups [51] (see Figure 3 for diagram). IL6ST+ status alone could predict good clinical
response to aromatase inhibitors (Al) with high accuracy (85%). This was further improved
by EER4, which included IL6ST as its primary classifier, in both the training (96%) and
independent validation (91%) sets. EER4 was also shown to significantly predict recurrence-
free (RFS) (p = 0.029) and BC-specific survival (BCSS) (p = 0.009). We also showed that this
4-marker test could be performed using qPCR or immunohistochemistry (IHC).

Subsequent work has continued to revise this model. EndoAdjuvant2 (EA2) consisted
of an improved tool incorporating IHC-based assessment of 2 markers at different time-
points: IL6ST at diagnosis and the proliferation-related MCM4 at 2 weeks on-treatment [52].
EA2 clinical (EA2clin) is a hybrid tool combining EA2 with clinical factors, namely node
status, tumour size and grade, also included in the Nottingham Prognostic Index (NPI)
tool [59] (see Figure 3 for diagram). Interestingly, EA2 (but not EA2clin) was shown to accu-
rately predict outcome from adjuvant ET in both postmenopausal (p = 0.001 and p = 0.016
for RFS and BCSS, respectively) and premenopausal women (p = 0.002 and p = 0.016 for
RFS and BCSS, respectively). EA2clin showed the best performance in postmenopausal
patients, outperforming both EA2 and NPI and accurately predicting outcome (p < 0.001
for both RFS and BCSS) regardless of the type of adjuvant ET received [53].
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4.4. 42-Gene Classifier for Prediction Risk of Late Recurrence

The team that developed IRSN-23 also sought to generate a molecular assay for
prediction of recurrence in ER+ BC treated with ET alone [54]. Tsunashima et al. constructed
a 42-gene classifier (42GC) including 42 probes (37 genes, including IL6ST represented
by 5 probes) identified from gene expression microarray data. This signature was used
to classify patients into the late-recurrence-like (LR) and non-late recurrence-like (NLR)
groups. IL6ST was the most statistically significant marker in the 42GC signature (p < 0.005),
with the LR group presenting higher expression of the signal transducer.

Results showed that the prognosis of the 2 groups identified was different and varied
over time. The LR group showed significantly higher rates of late recurrence (5-15 years) and
significantly lower rates of early recurrence (0-5 years) when compared to NLR in both the
training (p = 0.006 and p = 1.6 x 10~'3, respectively) and validation (p =0.02and p = 5.7 x 107>,
respectively) sets. Based on the previously established link between IL6ST expression and
response to ET [51], the researchers hypothesised that the higher IL6ST expression in the LR
group suggested these patients would benefit from extended ET (Table 2).

5. Discussion

In the search for novel candidate biomarkers to continue to improve the management
and outcome of BC, IL6ST has emerged as a signal transducer with potential value as a
predictor. We sought to review studies to date based on patient samples and data, rather
than pre-clinical studies, in order to focus on results with greater clinical relevance and,
thus, more likely translation into practice. We identified ten independent studies to date
reporting IL6ST as a prognostic or predictive BC biomarker, either alone or as part of a
multi-marker signature. Overall, these studies analysed samples and/or data from over
30,000 patients including both prospective processing of tissue samples (n > 9000) and
analysis of publicly-available data (n > 25,000). Here we have reviewed and summarised
this research, from which several trends have emerged.

Firstly, IL6ST seems to be a positive prognostic marker, with its higher expres-
sion being associated with better prognosis and survival rates both as an independent
marker [38,40—42] and when the signal transducer is incorporated into a multi-factor signa-
ture [44,47,51]. The signal transducer has also been shown to be significantly associated
with a number of other biomarkers. One prominent association reported in numerous
studies across the literature is the correlation between IL6ST expression and ER+ sta-
tus [40,42,43,50]. IL6ST levels have also been shown to negatively correlate with tumour
size [38] and grade [51], as well as with nodal [38] or lymphovascular invasion [39].

The importance of this signal transducer in disease is well established, given its role
as the signalling cornerstone for IL6-like cytokines, whose pleiotropic functions include
regulation of cellular processes linked to the hallmarks of BC [22]. Interestingly, some
authors had previously suggested IL6ST might instead correlate with malignancy, given
its higher expression in infiltrating cancers compared with in situ or benign lesions [60].
This observation would also be in line with the fact that IL6, whose activity is dependent
on IL6ST expression, has been shown to correlate with poorer prognosis in BC. Never-
theless, the complexity of the IL6ST signalling axis and the many cross-talking pathways
modulating its downstream effects prevent a straight-forward description of the biological
and clinical significance of this signal transducer. Indeed, the literature summarised here
provides consistent evidence of IL65T as a positive prognostic biomarker. This also includes
through its association with other markers, which suggests IL6ST expression is linked to
a lower risk of invasion, metastasis and recurrence and, thus, to better prognosis. IL6ST
expression has also been shown to be higher in luminal tumours, which are characterised
by a better clinical prognosis than other BC subtypes.
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Table 2. Summary of molecular signatures incorporating IL6ST. The markers included in each model are listed, as well as its prognostic or predictive value. See Figures 2 and 3 for further

description of the hybrid multifactor signatures.

Original Publication Signature Biomarkers Incorporated in the Signature Clinical Significance
Low risk-associated (surrogates for ER signalling/cell differentiation): RBBPS, IL6ST,
AZGP1, MGP, STC2
EndoPredict High risk-associated (surrogates for proliferation/cell cycle): BIRC5, UBE2C, DHCR?
Housekeeper genes: CALM2, OAZ1, RPL37A
Stratifies into prognostic groups for risk of distant recurrence in
Filipits et al. (2011) Control gene: HBB ER+/HER2- BC patients
[44] Clinical factors: Lymph node status, tumour size Predictive for benefit from the addition of chemotherapy in the
high-risk group in ER+/HER?2- patients
Molecular factors: EndoPredict genes
EPclin LR-associated: IL6ST (5 probes), NPY1R, ELOVL5, ASAH1 (2 probes), ALDH6AL,
SYBU, RAB5C, PTP4A2, HSPA2, SLC7A8 ADRA2A, MYCBP, CX3CR1, ERCC1,
DNAJAS3, NINJ1, C4orf43, IFI35, ZNF688, SNX1, CREBL2, HPN, NME3, PDHB,
NKX3-1, DEXI, GSTM3, LCMT1
Non-pCR-associated: IL6ST (3 probes), CX3CR1, ZEB1 (2 probes), SEMA3C, HFE, EDA
ta et al. (2014 P -
Sotae [29] (2014) IRSN-23 pCR-associated: CARD9, IDO1, CXCL9, PNP, CXCL11 (2 probes), CEBPB, CD83, CD1D, Stratifies into groups predictive for response to NAC.
CTSC, CXCL10, IGHG1, VEGFA, CR2
Pretreatment levels: IL6ST, NGFRAP1 Predictive for response to Als in postmenopausal
EER4 ER+/HER2- BC patients.
2-week levels: ASPM, MCM4 Prognostic for long term outcome (RFS and BCSS) in
postmenopausal ER+/HER2- BC patients treated with Als.
Turnbull et al. (2016) EA2 Pretreatment levels: IL6ST Prognostic for long term outcome (RFS and BCSS) in ER+/HER2-
[51] 2-week levels: MCM4 BC patients treated with ET, regardless of menopausal status.
Clinical factors Lymph node involvement, dturnour size and
EA2dli tumour grade Prognostic for long term outcome (RFS and BCSS) in ER+/HER2-
chmn ecular £ Pretreament level: IL6ST BC patients treated with ET, regardless of ET regimen.
Molecular factors 2-week level: MCM4
NLR-associated: KLF7, STS, RALA, SMURF2, OXTR, ABCC10, ASAP2, CALB2, OPA1
Tsunashima et al. (2018) 0GC LR-associated: IL6ST (5 probes), NPY1R, ELOVL5, ASAH1 (2 probes), ALDH6A1, Stratifies into prognostic groups for risk of early and late

[54]

SYBU, RAB5C, PTP4A2, HSPA2, SLC7A8 ADRA2A, MYCBP, CX3CR1, ERCC1,
DNAJAS3, NINJ1, C4orf43, IFI35, ZNF688, SNX1, CREBL2, HPN, NME3, PDHB,
NKX3-1, DEXI, GSTM3, LCMT1

recurrence in ER+ BC.

42GC, 42-gene classifier; Al, aromatase inhibitor; BC, breast cancer; BCSS, BC-specific survival; EA2, EndoAdjuvant 2; EA2clin, EndoAdjuvant 2 clinical; EER4, Edinburgh EndoResponse 4; ER, oestrogen
receptor; HER2, human epidermal growth factor receptor 2; EA2, EndoAdjuvant2; EA2clin, EndoAdjuvant? clinical; ET, endocrine therapy; IRSN-23, immune-related 23-gene signature for NAC; NAC,
neoadjuvant chemotherapy; pCR, pathological complete response; RFS, recurrence-free survival.
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Multigene signatures including IL6ST have demonstrated prognostic value. Specifi-
cally, EP/EPclin and 42GC have shown that IL6ST expression is associated with differences
in recurrence rates. The prognostic signature EPclin is already a well-established molec-
ular assay, having been validated and reviewed with longer follow-up, and is currently
commercially-available from Myriad Genetics. Expert panels in the USA and Europe have
endorsed the use of EPclin to help guide treatment selection for patients with ER+/HER?2-,
node-negative early BC when the indication for adjuvant therapy is uncertain [61-63].
Most recently, the American National Comprehensive Cancer Network endorsed its use
for prognostic purposes [64], while guidelines from the UK’s National Institute of Health
and Care Excellence state that EPclin may be used for patients who had an intermediate
risk of DR in other tools such as NPI [65]. The extent of the use of EPclin will vary between
countries depending on each territory’s recommendations and health system. While it is
relatively early to assess its adoption into practice in most countries, a recent prospective
assessment estimated 63% cost-effectiveness for EP (versus usual care) within the Canadian
health system [66], although it should be mentioned that this study also reported greater
probability of cost-effectiveness for other clinically-available gene expression profiling tests.
Some research has sought to assess the potential effect on the treatment decision-making
process: two retrospective studies found that EPclin would lead to changes in therapy
recommendation, either escalation or de-escalation, in ~35% of cases [67,68]; another study
assessing how physicians’ level of experience affected the decision-making process found
that EPclin could be particularly beneficial to help less experienced physicians prevent
over or undertreatment [69].

Interestingly, EPclin and 42GC research reported some contrasting findings. Evidence
from EPclin studies was consistent with previous research [70-74] in showing that recur-
rence risk trends (low vs. high-risk) were consistent across time; as it pertains to IL6ST,
patients with higher expression (i.e., lower score) showed decreased rates of both early
and later distant recurrences. In contrast, 42GC results suggested the risk of recurrence
might change overtime; thus, higher IL6ST expression was associated with the LR group
of patients, with lower risk of early recurrence but higher risk of later recurrence. This
could be interpreted as being in line with the described correlation between IL6ST and
ER, as ER+ BC has been shown to sustain risk of recurrence over a longer period of time
post-treatment than other subtypes [75].

The 42GC study used a distinct approach that likely contributed to these diverging
findings, as the team specifically focused on the biological differences between malignancies
that lead to early and late recurrences in their study design and supervised analysis.
This differentiation in 42GC would mean a more complex prognostic role and patient
stratification, compared with the other recurrence-predicting tool EPclin, in which IL6ST
was very clearly a positive prognostic marker whose higher expression was linked to lower
rates of distant recurrence and better prognosis [44]. Interestingly, researchers also drew
different conclusions from their findings. EPclin researchers interpreted their evidence
as indicative that patients in the high-IL6ST /low-risk group may be able to safely forgo
extended ET [47], while the 42GC researchers hypothesised that the higher IL6ST expression
in the LR group suggested that these patients would benefit from extended ET, based on
the previously established link between IL6ST expression and response to ET [51]. Despite
these diverging evidence and conclusions, EPclin benefits from extensive validation and its
already-established clinical use.

Other molecular signatures incorporating IL6ST have also been shown to hold pre-
dictive power, with potential to help guide the selection of endocrine and chemotherapy.
While the pretreatment level of IL6ST alone was shown to be a good predictor of response
to Als, this predictive ability was further improved in the EER4 model, which incorporates
IL6ST as its main classifier [51]. The revised tools EA2 and EA2clin have shown great
accuracy and robustness in prediction of outcomes from treatment with adjuvant ET across
several validation cohorts and, importantly, regardless of menopausal status and type of
ET. These tools are also advantageous in that, unlike other molecular tests such as EP, they

108



J. Pers. Med. 2021, 11, 618

are based on IHC assessment and, thus, could be easily implemented in local laboratories.
They also enable discrete risk stratification, making its interpretation for potential clinical
application more straight-forward than continuous scores.

Evidence has also shown that IL6ST expression is predictive of a lack of response
to chemotherapy. In the IRSN-23 signature, designed specifically to predict response to
NAC, higher IL6ST expression was linked to a lack of pCR. In line with this, a recent study
showed that ER+ BC patients with higher IL6ST expression and, consequently, lower EPclin
scores did not benefit from the addition of chemotherapy to ET. While these results diverge
from previous evidence in that IL6ST acts as a negative predictor, they are consistent with
the fact that different BC subtypes, as well as some subsets within the ER+ BC population,
will respond differently to chemotherapy. Indeed, while the IRSN-23 study did not select
patients according to hormone receptor status, results showed that the Gp-NR group was
significantly enriched for luminal breast tumours (p < 0.005), which would typically show
less response to chemotherapy [76,77].

Finally, IL6ST might hold particular promise as a biomarker in ER+ disease. The
link between IL6-like cytokines and oestrogen-related signalling in BC is already well
documented [26,37] and, as summarised here, numerous studies have reported a correlation
between both biomarkers. Evidence suggests that, in addition to its prognostic role, IL6ST
might be a robust surrogate marker of active oestrogen signalling and, consequently,
responsiveness to ET. Indeed, we have shown that IL6ST can identify subsets of breast
lesions with active ER-dependent signalling within larger ER+ populations [78-80]. This
suggests that the predictive value of IL6ST might partly emerge from the biomarker’s
ability to discriminate the complex underlying biology of hormone-dependent disease,
possibly enabling a finer stratification than histological assessment of ER status alone
currently allows. In this way, IL6ST might serve as a marker to identify those ER+ tumours
that are more likely to respond to readily-available endocrine therapy.

6. Conclusions

In recent years, IL6ST has emerged as a biomarker with prognostic and predictive
value in BC. Although the complex role of IL65ST signalling in the disease might prevent the
description of a simple mechanism behind this predictive value, there is extensive evidence
that expression of this signal transducer is a positive prognostic factor in BC.

While current research efforts are investigating the potential of targeting the IL6ST
signalling axis as a therapeutic approach, studies to date support the notion that the best
route for exploiting IL6ST as biomarker in the clinical setting will be as part of multifactor
hybrid signature and likely within the ER+ subset of the disease.

In this way, tools incorporating IL6ST could enable patient stratification into discrete
groups that more accurately reflect the underlying biology of the disease and, consequently,
better predict prognosis and the likelihood of treatment response. As with any tools of this
type, successful clinical translation will necessitate prospective studies to both corroborate
the prognostic and predictive ability of IL6ST and its related signatures, and to help define
any potential clinical guidelines, particularly on whether lower-risk patients might be able
to safely forgo neoadjuvant or extended therapy. Overall, with sufficient validation, tools
incorporating IL6ST as a molecular biomarker could improve the management of BC by
helping to make a better, more targeted use of the therapeutic strategies already available
in the clinic.
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Abstract: Radiotherapy (RT) is an important treatment modality for the local control of breast cancer
(BC). Unfortunately, not all patients that receive RT will obtain a therapeutic benefit, as cancer cells
that either possess intrinsic radioresistance or develop resistance during treatment can reduce its
efficacy. For RT treatment regimens to become personalised, there is a need to identify biomarkers
that can predict and/or monitor a tumour’s response to radiation. Here we describe a novel method
to identify such biomarkers. Liquid chromatography-mass spectrometry (LC-MS) was used on
conditioned media (CM) samples from a radiosensitive oestrogen receptor positive (ER*) BC cell line
(MCEF-7) to identify cancer-secreted biomarkers which reflected a response to radiation. A total of
33 radiation-induced secreted proteins that had higher (up to 12-fold) secretion levels at 24 h post-2
Gy radiation were identified. Secretomic results were combined with whole-transcriptome gene
expression experiments, using both radiosensitive and radioresistant cells, to identify a signature
related to intrinsic radiosensitivity. Gene expression analysis assessing the levels of the 33 proteins
showed that 5 (YBX3, EIF4EBP2, DKK1, GNPNAT1 and TK1) had higher expression levels in the
radiosensitive cells compared to their radioresistant derivatives; 3 of these proteins (DKK1, GNPNAT1
and TK1) underwent in-lab and initial clinical validation. Western blot analysis using CM samples
from cell lines confirmed a significant increase in the release of each candidate biomarker from
radiosensitive cells 24 h after treatment with a 2 Gy dose of radiation; no significant increase in
secretion was observed in the radioresistant cells after radiation. Immunohistochemistry showed
that higher intracellular protein levels of the biomarkers were associated with greater radiosensitivity.
Intracellular levels were further assessed in pre-treatment biopsy tissues from patients diagnosed
with ER" BC that were subsequently treated with breast-conserving surgery and RT. High DKK1 and
GNPNAT1 intracellular levels were associated with significantly increased recurrence-free survival
times, indicating that these two candidate biomarkers have the potential to predict sensitivity to
RT. We suggest that the methods highlighted in this study could be utilised for the identification
of biomarkers that may have a potential clinical role in personalising and optimising RT dosing
regimens, whilst limiting the administration of RT to patients who are unlikely to benefit.

Keywords: breast cancer; radiotherapy; radiosensitivity biomarkers; secretome; radioresistance
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1. Introduction

Radiotherapy (RT), initially utilised for cancer treatment in the 1890s [1], still has a
crucial role in the multidisciplinary management of breast cancer (BC) today, in spite of
many advances in both surgery and systemic therapy. Studies have shown that RT can
benefit up to 83% of BC patients [2] and that whole-breast RT following breast-conserving
surgery provides local control and survival rates comparable to mastectomy [3-5]. Un-
fortunately, not all BC patients obtain a therapeutic benefit from RT; although overall
five-year BC survival rates after RT are ~80%, it has been estimated that local recurrences
or metastatic disease will develop in 30% of these patients, the majority of whom will die
within 5 years [6]. In BC and other solid tumours, the clinical effects of RT are also only
observed near the end or after the treatment course has been completed; as such, patients
who do not respond to RT (due to either innate [7] or acquired radioresistance [8]), will
initially go undetected. This delay in identifying non-responding cancers exposes patients
to the risk of acquiring RT-induced side effects for no therapeutic gain [9], allows tumour
progression, impacts long-term survival and delays the delivery of alternate, more effective
treatments [10].

The precision medicine initiative is a concept that is increasingly being implemented
into BC clinical practices. It can be defined as the prevention, examination and treatment
of disease, while also considering individual variability [11]. Molecular classification
systems, based on gene expression signatures of BC tissue, are currently being used to
classify these cancers into specific subtypes that can predict prognosis and treatment
response [12-16]. While these tools have led to improvements in the systemic treatment
of BC patients, the incorporation of RT into the precision medicine initiative is lagging
behind such achievements [17]. To improve BC patient outcomes and allow RT to become
fully integrated into the precision medicine initiative, we need to identify biomarkers
that can not only predict RT response before the initiation of treatment but also allow
the evaluation of a tumour’s response to RT during treatment [18]. These biomarkers
could enable personalised RT treatment regimens to be given to individuals on the basis of
individual risk and tumour biology and also allow the identification of patients who are
unlikely to benefit from RT.

In response to this unmet clinical need, studies have attempted to produce radiation
sensitivity gene signatures that can predict tumour radiation response and identify those
resistant to conventional RT regimens [19-22]. Unfortunately, as of yet, none of these
gene signatures have been sufficiently validated for clinical use. Rather than using tissue-
based biomarkers, another method that could be used to personalise RT is the detection
and/or measurement of tumour secreted biomarkers. Several secretomic studies have used
conditioned media (CM, spent media harvested from cultured cells) from BC cell lines
cultured in vitro in an attempt to detect clinically relevant biomarkers [23-27]. While these
secretomic studies have distinguished novel biomarkers of aggressive phenotypes [23,25]
or biomarkers that act as predictors of chemotherapy response [26], no study has yet
explored the immediate impact of radiation on the secretome of cancer cells as a means of
evaluating radiation response and/or determining radiosensitivity [28].

We have previously developed and characterised radioresistant (RR) cells derived
from oestrogen receptor positive (ER*) BC cell lines [29]. In-depth genotypic, phenotypic
and functional characterisation identified several important mechanisms (including EMT,
reduced proliferation, metabolic changes and activation of PI3K, AKT and WNT signalling)
that may contribute to the development of radioresistance. In this current study, we
utilised these RR models, along with their parental cells, to describe a novel method for
the identification of gene, intracellular protein and secreted protein biomarkers that can
be used to provide prognostic and/or predictive information on a tumour’s response to
RT. Utilising secretomic data obtained through liquid chromatography-mass spectrometry
(LC-MS) with a radiosensitive ER* BC cell line (MCF-7), we characterised the cancer
secretome and identified cancer-secreted biomarkers whose release reflected an acute
radiation response. In addition, we combined the secretomic results with data from whole-
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transcriptome gene expression experiments, using both radiosensitive and resistant cells, to
identify a signature related to intrinsic radiosensitivity. Candidate secreted and intracellular
biomarkers were then successfully validated in-lab using cell lines, BC xenograft tumours
and patient tissue samples (Figure 1). We suggest that our methods can be utilised for
the identification of biomarkers that could have a clinical role in personalising RT dosing
regimens, thus optimising treatment and limiting the administration of RT to patients who
are unlikely to benefit.
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Figure 1. Biomarker discovery pipeline. Outline of the methods used to identify and validate
biomarkers of BC RT response. Figure created with Biorender.com.

2. Materials and Methods
2.1. Cell Culture

Unless indicated otherwise, cell culture reagents were acquired from Gibco Thermo
Fisher Scientific (Loughborough, England). MCF-7 and ZR-751 BC cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal calf
serum, 50 U mL~! penicillin and 50 mg mL~! streptomycin. Cells were incubated at
37 °C in a humidified atmosphere with 5% CO,. These cell lines were obtained from the
American Type Culture Collection (LGC Standards, Teddington, England). Cells were
authenticated by short tandem repeat profiling carried out at Public Health England
(Porton Down, Salisbury, England). Spinner flasks (Cellcontrol Spinner Flask, Integra,
Zizers, Switzerland), placed onto a magnetic stirrer platform (Cellspin, Integra, Zizers,
Switzerland), were used to produce multicellular tumour spheroids (MTS) from single
cell suspensions. MTS were allowed to form over 7 days in normal incubation conditions
before use.
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2.2. Irradiation of Cells and Development of Radioresistant Cell Lines

Radioresistant (MCF-7 RR and ZR-751 RR) cells were established from their parental
cell lines within our lab, as described previously [29]. Briefly, parental cell lines were treated
with weekly doses of radiation using a Faxitron cabinet X-ray system 43855D (Faxitron
X-ray Corporation, Lincolnshire, IL, USA). After a starting dose of 2 Gy, the radiation doses
were increased by 0.5 Gy per week over a three-month period. Cells were subsequently
maintained with additional weekly doses of 5 Gy after the development of radioresistance.

2.3. Cell Irradiation and Secretome Sample Preparation

Cells were seeded into six well plates to achieve ~40-50% confluency at 24 h. Cells
were washed three times with PBS before 2 mL of serum-free media (SFM) was added. The
cells were serum-starved for 2 h. Cells were then exposed to radiation and the CM was
harvested at appropriate time points. Secretome samples underwent processing for LC-MS
or western blot (WB) analysis immediately following collection. Following CM harvesting,
cells were routinely trypsinised and counted using a haemocytometer with trypan blue
exclusion (Sigma-Aldrich, Gillingham, England).

CM samples were centrifuged at 3000x g for 15 min at 4 °C to remove dead cells and
large debris. Proteins were concentrated from the supernatant using the Amicon Ultra-0.5
Centrifugal Filter Unit with Ultracel-3 membrane (Merck Millipore, Livingston, Scotland)
as per the manufacturer’s protocol. Briefly, 500 uL of the CM was added to the Amicon
Ultra filter device and the sample was centrifuged at 14,000x g for 30 min at 4 °C. The
filter was removed and placed upside down into a new 1.5 mL microcentrifuge tube. The
sample was centrifuged at 1000x g for 2 min at 4 °C to elute the concentrated protein. The
ultrafiltrate was then stored at —80 °C.

2.4. Liquid Chromatography-Mass Spectrometry and Secretome Analysis

In-solution digests of secretomic samples were performed for LC-MS analysis. Protein
concentrations of the CM samples were ascertained using a bicinchoninic acid assay (Sigma-
Aldrich, Gillingham, England). 50 pg of protein was added to 100 mM tris/2 M urea/10 mM
DTT and heated for 30 min at 50 °C; this was performed in 96 well plates with silicon
lids. 55 mM iodoacetamide was then added and incubated in darkness for 30 min at
room temperature. After this, trypsin (1:100 dilution) was added and incubation was
performed overnight at room temperature. Of this peptide solution, 10 ug was inserted
into an activated (20 puL methanol) and equilibrated (100 pL 0.1% trifluoroacetic acid (TFA))
C18 StAGE tip; washing was performed with 100 pL of 0.1% TFA. The bound peptides
were eluted into Protein LoBind tubes with 20 uL of 80% acetonitrile (ACN) and 0.1% TFA
solution. The samples were concentrated to volumes <4 uL using a vacuum concentrator.
Final sample volumes were adjusted to 6 pL using 0.1% TFA. Online LC was performed
using a Dionex RSLC Nano. After the C18 clean-up, 5 pg of the peptide solution was
injected onto a C18 packed emitter and eluted over a gradient of 2-80% ACN for 2 h with
0.1% TFA. Eluted peptides were ionised at +2 kV and data-dependent analysis was carried
out on a Thermo Q-Exactive Plus. MS1 was obtained with resolution 70,000 and mz range
300-1650 and the top 12 ions were chosen for fragmentation with a normalised collision
energy of 26 and an exclusion window of 30 sec. MS2 was collected with a resolution of
17,500. The AGC targets for MS1 and MS2 were 3 x 10° and 5 x 10%, respectively. All
spectra were obtained with 1 microscan without lockmass.

Data were analysed using MaxQuant in conjunction with uniport fasta database with
matching between runs. Prior to the analysis, all data were log; transformed. For fold
change analysis, data were normalised to untreated controls at each time point using R
(Bioconductor) software and packages [30]. Venn diagrams were generated using jvenn [31].
Heatmap and cluster analyses were performed using TM4 MeV (multiple experiment
viewer) software [32]. Heatmap clustering was carried out using Pearson correlation with
average linkage. Protein interaction networks of candidate biomarkers were generated
using the STRING protein interaction database [33] and Markov clustering algorithms [34].
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All secretomic datasets generated and/or analysed within this study are available on the
PRoteomics IDEntifications Database (PRIDE) [35,36]; these can be found with the PRIDE
project accession number PXD027572.

2.5. Lactate Dehydrogenase Assay

Lactate dehydrogenase (LDH) levels within the CM used for secretome analysis
were analysed to confirm the absence of cell death after radiation treatment. LDH levels
were measured using the CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen, Inchinnan,
Scotland) as per the manufacturer’s protocol. Briefly, 50 uL of CM was transferred to
a 96-well plate, along with 50 pL of the reaction mixture. The plates were incubated at
room temperature for 30 min. 50 pL of stop solution was then added to the wells and
absorbance was measured at 490 nm and 680 nm using a Spark 20M multimode reader
(Tecan, Mannedorf, Switzerland).

2.6. RNA Extraction and Whole-Transcriptome Gene Expression Analysis

Cells were seeded into 75 mm plates (3 x 10° cells/plate). Following 24 h of incubation,
cells were serum-starved for 2 h (providing the same experimental conditions as for CM
collection) and then exposed to radiation. Pellets containing up to 10,000,000 cells were
collected by trypsinisation at 0, 2 and 8 h post-radiation, snap-frozen on dry ice and
stored at —70 °C. RNA was extracted from the cells with the RNeasy Mini Kit using
QIAshredder technology (Qiagen, Manchester, England). Spin technology was used to
purify total RNA from the cells, as per the manufacturer’s protocol. RNA was quantified
and examined for contaminants using the NanoDrop™ Spectrophotometer ND1000 and
the Qubit RNA IQ Assay (Thermo Fischer Scientific, Loughborough, England). RNA
quality was assessed by producing RNA integrity numbers (RIN) for each of the samples
using the Agilent Bioanalyzer (Agilent Technologies Ltd., Stockport, England); each sample
had RIN values above 9.7 (Supplementary Table S1). The ZR-751 2 h 2 Gy sample failed in
sequencing and was removed from further analysis. Lexogen QuantSeq 3’ FWD sequencing
technology produced full genome expression read-counts on an Illumina flow cell; these
were scanned using the Illumina HiScanSQ system (Edinburgh Clinical Research Facility,
University of Edinburgh, Scotland). Next-generation sequencing reads were generated
towards the poly(A) tail with read 1 directly reflecting the mRNA sequence. The FASTQ
files were pre-processed with the BlueBee high-performance next generation sequencing
analysis software; this uses poly(A) tail trimming and alignment to the Genome Reference
Consortium Human genome build 38 reference genome using the Spliced Transcripts
Alignment to a Reference (STAR) algorithm [37].

Filtering was carried out on the data, removing all genes that had fewer than five
reads per sample in at least 90% of samples. Overall, 17,243 genes were mapped to hu-
man Ensembl gene identifiers. Data were log, transformed and quantile normalised in R
(Bioconductor) software and packages [30] before any analysis was carried out. Heatmap
and cluster analyses were performed with the TM4 MeV (multiple experiment viewer)
software [32]. Heatmap clustering was implemented using Pearson correlation with av-
erage linkage. Correction for batch effects was performed to integrate gene expression
data produced in this study with public datasets; this was carried out using the ComBat
package in R, as described previously [38,39]. Gene enrichment analysis was performed
in DAVID Functional Annotation Bioinformatics Microarray Analysis [40] and also using
the KEGG [41] and Reactome [42,43] databases. Differential gene expression analysis
was performed using ranked products with a false discovery rate of 0.01. All gene tran-
scriptomic datasets generated and/or analysed within this study are available in the
NCBI's Gene Expression Omnibus [44]; these can be found with the GEO Series accession
number GSE120798.
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2.7. Protein Isolation and Detection

Whole-cell lysates were procured as previously described [45], with protein concen-
trations ascertained using a bicinchoninic acid assay. Sodium dodecyl sulphate (SDS)
polyacrylamide gel electrophoresis was used to separate proteins. After separation, pro-
teins were transferred to Immobilon-P transfer membranes (Merck Millipore, Livingston,
Scotland). Membranes were incubated in LI-COR Odyssey blocking buffer solution (1:1
with PBS) for 1 h at room temperature. The membranes were then incubated overnight at
4 °C with primary antibodies DKK1 (abcam ab93017), GNPNAT1 (abcam ab234981) and
TK1 (abcam ab76495). IRDye 800CW and IRDye 680LT fluorescently labelled secondary
antibodies (LI-COR, Bioscience, Cambridge, England), diluted in LI-COR Odyssey blocking
buffer solution, were used to bind to the primary antibodies. An LI-COR Odyssey Imager
was used to detect the presence of signals from the bound secondary antibodies.

2.8. Murine Xenograft Experiments

As part of a complementary study, radiation-treated mouse xenograft tissue was
available for analysis. These in vivo murine studies were undertaken under a UK Home
Office Project Licence in accordance with the Animals (Scientific Procedures) Act 1986.
All experiments received approval from the University of Edinburgh Animal Welfare
and Ethical Review Board. The recommended guidelines for the welfare and use of
animals in research were followed. CD-1 immunodeficient female nude mice (Charles
River Laboratories, Tranent, Scotland) >8 weeks of age were allowed at least a seven-day
period of acclimatisation to a sterile, pathogen-free environment with ad libitum access to
food and water. Mice were housed in groups of five in individually ventilated cages in a
barrier environment.

Approximately 5 x 108 MCF-7 and MCF-7 RR cells were grown routinely and re-
suspended in individual aliquots of 0.5 mL of SFM and 0.5 mL of Matrigel Matrix (Corning,
Ewloe, Wales). Under gaseous isoflurane anaesthesia, each mouse received a 0.72 mg
17B-Oestradiol pellet (60-day release, Innovative Research of America, Sarasota, FL, USA)
implanted subcutaneously in the dorsum using a 10 G trocar. 0.1 mL of either the MCF-7
or MCF-7 RR cell suspension was injected bilaterally into subcutaneous flank tissue using
a 22 G needle connected to a 1 mL syringe. Once stock tumours had grown to ~1.0 cm
in length mice were euthanised by cervical dislocation. In a sterile cabinet, xenograft
tumours were harvested and placed into DMEM with no additives and sectioned into
fragments ~1-2 mm in length. Implantation of tumour fragments into experimental mice
was performed under gaseous isoflurane anaesthesia using a 12 G trocar. Each mouse
received a 0.72 mg 17B-Oestradiol pellet as previously described and one tumour fragment
was injected into the subcutaneous tissue of the flank. Mice were monitored for the devel-
opment of xenograft tumours which occurred within 6-8 weeks post-implantation. Once
the tumours had grown to ~1.0 cm in length, they were radiated. Mice were euthanised
24 h post-radiation and the tumours harvested (n = 5). Control tumours were left untreated
and harvested at the same time (n = 5).

2.9. Human Breast Tissue Experiments

To investigate whether candidate biomarkers could predict response to RT we iden-
tified ER* positive breast cancer patients within a unique series of patient-derived BC
tissues known as the Edinburgh Breast-Conserving Series (BCS) [46]. The Edinburgh
BCS comprises a fully documented consecutive cohort of 1812 patients treated by breast
conservation surgery, axillary node sampling or clearance and whole breast radiotherapy
between 1981 and 1998. Over the study period, patients were managed by a specialist
multidisciplinary team of surgeons, radiologists, pathologists and oncologists. Patients
were those considered suitable for breast-conserving therapy and were T1 or T2 (<30 mm),
NO or N1 and M0 based on conventional TNM staging. Post-operative breast radiotherapy
was given over 4-5 weeks at a dose of 45 Gy in 20-25 fractions. Notably, 12.7% of patients
received no additional adjuvant therapy (chemotherapy or endocrine therapy) and of those
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37% were ER-rich tumours (n = 80). It is these cases which were selected for analysis in this
study. Clinicopathological data were available, including patient age, lymph node status,
ER and PR status, tumour size and grade (see Supplementary Table S2). To generate tissue
microarrays (TMAs) from these patients, formalin-fixed paraffin-embedded tissue blocks
were initially created from patient-derived surgical excision specimens. These blocks were
analysed by a pathologist to identify tumour regions. TMAs were then constructed in
triplicate with representative cores (diameter ~700 um) taken from three different random
areas of the tumour. Each of the triplicates was then placed into three different TMA blocks.
For use in our study, these three blocks were stained independently to assess intracellular
protein levels of candidate biomarkers. The staining results of the three matched cores were
then averaged. Following TMA processing, between 74 and 78 cases with intact triplicate
samples were available for analysis. Recurrence-free survival data were available with
a median follow-up of 12.7 years. Ethical approval for the study was granted under the
Lothian NRS BioResource approval number 20/ES/0061.

2.10. Immunohistochemistry

Immunohistochemistry (IHC) was performed on formalin-fixed human TMAs, MTS
and murine xenograft tumours, in addition to methanol-fixed cells cultured in Lab-Tek
II chamber slides (Thermo Fisher Scientific, Loughborough, England). Formalin-fixed
samples were deparaffinised and rehydrated, after which antigen retrieval was performed.
3% HyO, (Dako, Ely, England) was used to block endogenous peroxidase activity. All
samples were incubated with Total Protein Block (Dako, Ely, England) for 1 h at room
temperature. Primary antibodies DKK1 (abcam ab93017), GNPNAT1 (abcam ab234981) and
TK1 (abcam ab76495) were incubated for 1 h at room temperature. One drop of Envision
labelled polymer (Dako, Ely, England) was added to each sample for 30 min, after which
DAB and substrate buffer (Dako, Ely, England) was applied for 10 min. Haematoxylin was
used to counterstain the tissues, after which the slides were dehydrated and mounted with
coverslips using a DXP mountant (Sigma-Aldrich, Gillingham, England).

IHC scoring of the Breast-Conserving Series TMAs was performed independently by
two researchers. The scoring system used depended on the staining pattern observed. If
staining intensity was consistent within a sample for a candidate biomarker (DKK1 and
GNPNAT1), the scores given ranged from 0 (no staining), 1+ (weak staining), 2+ (moderate
staining) and 3+ (strong staining). If staining intensity varied within a sample (TK1), then
each sample was given a score that was dependent on the staining intensity (0, 1+, 2+ or
3+) combined with the percentage of cells with that intensity of staining, providing a final
score ranging from 0-300.

2.11. Statistical Analysis

One-way ANOVA, with Holm-Sidak multiple comparisons tests, was used to check
for differences in secretion levels of candidate biomarkers within a cell line in the western
blot CM experiments. Two-way ANOVA tests were performed to assess for differences
in intracellular levels of candidate biomarkers between parental and RR cell lines in the
western blot experiments using whole-cell lysate samples. For the Kaplan—-Meier analysis
of recurrence-free survival data in relation to candidate biomarker expression levels, the
p-value was derived from log-rank (Mantel-cox) tests. The p-values < 0.05 were deemed
statistically significant. Graphs and statistical analysis were generated with GraphPad
Prism 9 for Windows (GraphPad Software Ltd., San Diego, CA, USA).

3. Results
3.1. Characterisation of the MCF-7 Basal Secretome

Initial analysis was performed using CM samples procured from untreated MCF-7
cells 24 h after serum starvation to characterise the basal secretome before irradiation.
The total number of proteins identified in the untreated secretome was 808. A cut-off
of 2 was used to enable a functional analysis to be performed for the identification of
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key enriched pathways. Using this cut-off value, 318 proteins were detected within the
CM of untreated MCEF-7 cells; of these, 231 were shown to interact with one another.
These secreted proteins were predominately involved in metabolic pathways, immune and
cytokine signalling and cell cycle regulation (Figure 2A). The majority of these proteins
have been reported/predicted to be secreted in exosomes/microvesicles or are released
directly; only 37 had an unknown method of secretion (Figure 2B).

Metabolic Pathways

Carbohydrate metabolism
Amino acid metabolism

N Predicted
Secreted
' (47)

Figure 2. Characterisation of the MCF-7 basal secretome. (A) Functional protein association network showing the subset of

231 secreted proteins with known interactions from the total 318 proteins identified in the untreated basal secretome (after

cut-offs were applied). Graph produced in STRING based on co-expression with high-confidence interaction score (0.7),
clustered using the Markov Clustering algorithm. Significantly enriched pathways from the KEGG [41] and Reactome [42,43]
databases are highlighted and labelled (lists of proteins in each pathway are provided in Supplementary Table S3). (B) Venn

diagram showing proportions of proteins identified in the basal secretome and their reported /predicted method of secretion;

(pink) unknown, (green) secreted in exosomes/microvesicles (ExoCarta [47] and Vesiclepedia [48]), and (blue) directly
secreted (Human Protein Atlas [49], SignalP [50], Phobius [51] and SPOCTOPUS [52]).

3.2. Characterisation of the MCF-7 Radiation-Induced Secretome

Following characterisation of the MCF-7 untreated secretome, we wished to identify
differentially secreted proteins in response to radiation. To achieve this, MCF-7 cells were
treated with a single dose of 2 Gy and CM samples were obtained up to 24 h post-radiation.
To ensure that radiation treatment was not causing significant cell death, cell counts (using
trypan blue exclusion) and LDH quantification (using CM from these cells) were performed.
Results demonstrated no difference in total cell numbers or LDH levels between untreated
and radiation treated groups at 24 h (Supplementary Figure S1).

The total number of proteins detected in the CM 24 h after 2 Gy was 552. A total
of 159 proteins were identified which exhibited at least a 50% increase in secretion levels
following 2 Gy of radiation compared with 24 h untreated controls. As in the basal
secretome, some of the secreted proteins were involved in immune and cytokine signalling
and metabolism, whereas proteins involved in translation, spliceosome, RNA processing,
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protein metabolism and the proteasome were found only in the secretome of irradiated
MCE-7 cells (Figure 3A). While there was some overlap between the secretomes of untreated
and treated cells, the majority of the proteins isolated in the irradiated secretome were not
found in the basal CM (Figure 3B). Like the basal secretome, most of the proteins identified
in the radiation secretome were reported /predicted to be secreted (Figure 3C).

Analysis was performed to assess differences in the enriched pathways identified
in the 24 h treated secretome across earlier time points. Secretion levels, relative to un-
treated controls at each time point, were assessed following 2 Gy of radiation at 1, 2, 4, 8
and 24 h (Figure 4). Results showed that the pathways enriched in the secretome at 24 h
were also identified at the earlier time points, but secretion levels of the proteins were
highest at 24 h. These results provided justification for focusing on the 24 h time point for
biomarker discovery.
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Figure 3. Characterisation of radiation-induced MCF-7 secretome. (A) Functional protein association network of the subset

of 120 proteins with known interactions from the total number of 159 secreted proteins at 24 h with at least a 50% increase in

secretion level following 2 Gy of radiation compared with 24 h untreated controls. Graph produced in STRING based on

co-expression and reported STRING interactions with high-confidence interaction score (0.7), clustered using the Markov
Clustering algorithm. Significantly enriched pathways from the KEGG [41] and Reactome [42,43] databases are highlighted
and labelled (lists of proteins in each pathway are provided in Supplementary Table S4). (B) Venn diagrams showing the

overlap in secreted proteins between the basal secretome and the radiation-induced secretome in respect of all secreted

proteins and enriched pathways in both secretome profiles. (C) Venn diagram showing proportions of proteins identified

in the radiation-induced secretome and their reported /predicted method of secretion; (pink) unknown, (green) secreted

in exosomes/microvesicles (ExoCarta [47] and Vesiclepedia [48]), and (blue) directly secreted (Human Protein Atlas [49],
SignalP [50], Phobius [51] and SPOCTOPUS [52]).
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Figure 4. Comparison of secreted protein level by enriched pathways across all timepoints. Heatmap is based on log,
secretion levels following 2 Gy of radiation at 1, 2, 4, 8 and 24 h compared to untreated controls at each timepoint in respect
of pathways enriched in the radiation-induced secretome. Functional enrichment was performed in STRING using the
KEGG [41] and Reactome [42,43] databases. Clustering of proteins is based on Pearson correlation with average linkage.
Heatmap colours denote log, change in secretion level compared to untreated controls at each time point as denoted by the
colour bar.

3.3. Gene Expression Changes Associated with Response to Radiation in Parental Radiosensitive
and Derived Radioresistant MCF-7 Cells

Global gene expression analysis was carried out to identify differences between the
parental radiosensitive MCF-7 cells and their RR derivatives at 2 and 8 h post-radiation,
time points that have previously been used to assess differences in DNA damage response
pathways between radiosensitive and RR cells [29,53]. Within the MCF-7 radiosensitive
cells, a 2 Gy radiation dose led to the upregulation of genes involved in DNA damage
repair, apoptosis and cell cycle arrest; whereas genes involved in cell cycle, gene splicing
and transcription were downregulated. The radiation response of the MCF-7 RR cells was
different from that of the radiosensitive cells, with an overall reduction in gene expression
changes being observed (Figure 5). Similar results were observed within the ZR-751
parental and RR cell lines (Supplementary Figure S2).
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Figure 5. MCF7 and MCF-7 RR gene expression changes associated with response to radiation. Heatmaps reflect log,
mean-centred gene expression changes with clustering based on Pearson correlation with average linkage (red = higher
expression, black = no change, green = lower expression). Radiosensitive MCF-7 parental cells and their RR derivatives are
shown in adjacent heatmaps. For each cell line, untreated baseline controls at 0 h are shown along with both the treated
(2 Gy radiation) and untreated controls at 2 h and 8 h. The genes shown are the most differentially expressed in sensitive
parental MCEF-7 cells, with the largest gene expression differences seen between the untreated controls and the 2 Gy treated
cells at 8 h.

3.4. MCF-7 Candidate Biomarker Selection

From the 159 proteins which exhibited at least a 50% increase in secretion at 24 h
following 2 Gy of radiation, cluster analysis identified 33 proteins that had significantly
increased secretion levels (up to 12-fold) at all radiation doses tested (Figure 6A). While a
small number of these proteins exhibited increased or decreased secretion levels compared
to untreated controls at earlier time points, the secretion levels of the majority of the proteins
did not change (Figure 6B). From these 33 proteins, we identified those which were known
to be secreted and those which belonged to the previously identified enriched pathways;
we hypothesised that it might be these biomarkers that play a role in RT response. Gene
expression analysis assessing the levels of these 33 proteins in both MCF-7 and MCF-7 RR
cells showed that 5 of the 33 proteins had higher levels of expression in the radiosensitive
compared to the RR cells (Figure 6C); similar results were observed within the ZR-751
parental and RR cell lines (Supplementary Figure S3). We chose to focus on these 5 proteins
(DKK1, EIF4EBP2, GNPNAT1, TK1 and YBX3) as our candidate biomarkers.

3.5. Candidate Biomarker Expression and Intrinsic Sensitivity to Radiation

As these five candidate biomarkers had higher inherent gene expression levels within
the radiosensitive cells compared to their acquired RR derivatives, we further investigated
whether these biomarkers might be linked to intrinsic radiosensitivity. SF2 values (a
commonly used experimental indicator of cellular radiosensitivity) of parental and derived
RR cells determined within our lab [29] were combined with SF2 values of a panel of ER*
BC cell lines ascertained by others in the literature [19,54-57]. Cell lines with SF2 values
<0.4 and >0.4 were classed as radiosensitive and RR, respectively (this threshold has been
previously used to define radiosensitivity and radioresistance [58]). Gene expression levels
of our five biomarkers were observed to be higher in the more radiosensitive cell lines
than in RR models (Figure 7). These results suggest that our candidate biomarkers may be
associated with intrinsic radiosensitivity.

125



J. Pers. Med. 2021, 11, 796

@ =4
2 =4 X
A £ & & & G (& <)
g g < o 'Q‘O & g B
5 P o
= 2 3 0 & & S ¢ "
o S 2 v ¥ D Log, secretion change relative to untreated
1 hour 4 hour 8 hour 24 hour
> 6 > 6 = G > 3 LOEZ
&%= gf= L &EH &S5
B o > o0 0 z 0 3 0 3
> O o > U o > 0 o > 0O o
ov-fuq--0<,-_-® v_-
o N N Bl
1 = T
T )
C ' .
MCF-7 MCF-7 RR B - Legend
A A N S @
E R I S O N R ! .
S A A S S A A S ! ! Immune Signaling
i LANCL1
l FAMA9B + . Known Secreted
| i ; ' = Sy | esbsichsian |
H MIPOL1 EIF4EBP2
i Cllorfs4 I ) » SUPTSH
: RAP1B B == == MAP7 Protein Metabollsm
] Fing T T Cliorfsa
1 ASNS » 1 TP5313
_____________ . SRR i s § RAP1B
2§ SUPTSH ! ! VPs29
' EIF3G oV
i ATXN7L38 LANCLL
! FKBP:
! EX: — ‘ TMSB158
H 5313 — = PING
! NaPiLa 1 sumMo3
i a1 I SEC24C
i RPE FKBP2
________________ (OSSN  CSRP1 T CSRP1
Lo, : T
— : EIFAEBP2 - ml;\élu
-1 01 i DKK1

K1

Figure 6. Candidate biomarker selection. (A) Protein secretion heatmap showing the logy secretion level of all 159 proteins
identified from the radiation-induced secretome across all doses of radiation (2, 4, 6, 8 and 10 Gy) at 24 h. Cluster analysis,
performed using Pearson correlation with average linkage, gave rise to two clusters. The upper cluster was found to contain
33 proteins with significantly higher levels of secretion in response to radiation across all doses at 24 h. Heatmap colours
indicate log, secretion level as denoted by the colour bar. (B) Protein secretion heatmap showing the log, secretion level
changes of the 33 proteins from the upper cluster in Figure 3A across all timepoints and radiation doses, normalised to
untreated controls at each timepoint. Heatmap colours indicate logy secretion level changes compared to untreated controls
at each timepoint as denoted by the colour bar (red = higher expression, green = no change, blue = lower expression).
Proteins belonging to pathways found to be enriched in the radiation-induced secretome are highlighted according to the
legend. (C) Heatmap of logy mean-centred gene expression data from both untreated controls and radiation treated MCE-7
and MCF-7 RR cells, comparing the expression levels of the 33 secreted proteins at the gene level. Clustering was performed
using Pearson correlation with average linkage (red = higher expression, black = no change, green = lower expression).
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Figure 7. Candidate biomarker expression and intrinsic sensitivity to radiation. Mean-centred gene expression heatmap
(red = higher expression, black = no change, green = lower expression) showing the levels of genes encoding the 5 lead
candidate biomarkers, ranked left to right by highest mean expression, across a panel of ER* BC cell lines from a public
dataset (GSE50811). SF2 values of parental and derived RR cells determined within our lab [29] were combined with SF2
values of a panel of ER" BC cell lines ascertained by others in the literature [19,54-57]. Cell lines with SF2 values <0.4
and >0.4 were classed as radiosensitive and RR, respectively [58]. The intrinsic radiosensitivity of individual cell lines is
indicated by highlighted colour (blue = sensitive, yellow = resistant).

126



J. Pers. Med. 2021, 11, 796

3.6. In Vitro and In Vivo Validation of Candidate Biomarkers

To validate the secretomic results and further investigate the potential use of these
proteins as biomarkers of radiosensitivity, the secreted and intracellular protein levels of
our candidate biomarkers were assessed through WB and IHC, respectively, using both
parental radiosensitive and derived RR cell lines. While we initially set out to validate
all five candidate biomarkers, we were unable to find suitable antibodies for two of the
proteins (EIF4EBP2 and YBX3); we therefore focused on validating DKK1, GNPNAT1
and TK1.

WB analysis was performed using CM samples to assess secreted protein levels from
MCF-7 parental and RR cell lines 24 h after the cells had received a single radiation dose of
2 Gy (Figure 8A). Compared to untreated controls, the secretion levels of DKK1, GNPNAT1
and TK1 were significantly increased in MCF-7 cells 24 h after irradiation. In comparison,
biomarker levels in the CM samples from untreated and radiation-treated MCF-7 RR cells
remained low. Increased levels of secretion of our candidate biomarkers after irradiation
was also observed in radiosensitive ZR-751 cells, with no increase in secretion detected in
ZR-751 RR cells (Supplementary Figure S54).
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Figure 8. In vitro validation of lead candidate biomarkers. (A) WB analysis assessing the secretion levels of lead candidate
biomarkers in MCF-7 and MCF-7 RR cell lines using CM samples obtained up to 24 h following 2 Gy of radiation. NS is
a non-specific band used to confirm equal loading (One-way ANOVA with Holm-Sidak multiple comparisons test; data
expressed as mean + SEM, n =3, * p < 0.05, ** p < 0.01). (B) WB analysis assessing the intracellular levels of lead candidate
biomarkers in whole-cell lysates of MCF-7 and MCF-7 RR cell lines obtained up to 24 h following 2 Gy of radiation (Two-way
ANOVA; data expressed as mean + SEM, n = 3). (C) IHC assessing the intracellular levels of the lead candidate biomarkers
in MCF-7 and MCF-7 RR cells cultured in 2D and 3D environments.

Intracellular expression levels of the candidate biomarkers were assessed in both 2D
and 3D culture conditions. WB analysis of whole cell lysates of cells cultured in 2D showed
that the protein expression levels of DKK1 and GNPNAT1 were significantly higher in
the radiosensitive parental MCF-7 cells compared to the RR cells (Figure 8B). Both the 2D
ICC and 3D IHC indicated that the parental MCF-7 cells had higher basal levels of the
three candidate biomarkers compared to the RR cells (Figure 8C). Similar results were also
observed with the ZR-751 radiosensitive and RR cell lines (Supplementary Figure S4).
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We further assessed the link between the intracellular levels of these biomarkers and
radiosensitivity using mouse xenograft tumours consisting of either MCF-7 parental or
MCF-7 RR cells. IHC was performed on these mouse xenograft tumours, which were har-
vested 24 h post-radiation. Results showed that, while there was no increase in intracellular
protein expression levels 24 h after radiation, the intracellular basal levels of the biomarkers
were higher in the parental tumours compared to the RR tumours (Figure 9).
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Figure 9. Invivo intracellular levels of lead candidate biomarkers. IHC assessing the intracellular levels of the lead
candidate biomarkers in mouse xenograft tumours harvested 24 h after radiation. Representative images taken from five
MCF-7 and five MCF-7 RR xenograft tumours.

3.7. Validation in a Retrospective Patient Cohort

Previous gene and protein expression analysis indicated that intracellular levels of
the candidate biomarkers may be linked with radiosensitivity. Further investigation into
whether these candidate biomarkers could predict response to RT was carried out. To do
this, we performed IHC to assess the intracellular levels of the three candidate biomarkers
using pre-treatment biopsy tissues from ER* BC patients identified in the Breast-Conserving
Series. We hypothesised that patients exhibiting higher levels of our candidate biomarkers
would have a better response to RT compared to those with lower levels. High intracellular
levels of both DKK1 (Figure 10Ci) and GNPNAT1 (Figure 10Cii) were associated with
significantly increased recurrence-free survival (DKK1, p = 0.014; GNPNAT1, p = 0.022),
indicating that these two candidate biomarkers have the potential to predict sensitivity to
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Frequency Distribution

RT. No significant differences in recurrence-free survival were observed in those patients
with either low or high intracellular TK1 levels (Figure 10Ciii). High magnification images
of the TMA samples are presented in Supplementary Figures S5-57.
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Figure 10. Validation in a retrospective patient cohort. (A) Frequency distribution histograms with gaussian regression
curves fitted showing distribution of IHC grading histoscores of DKK1 (Ai) and GNPNAT1 (Aii), along with the distribution
of IHC grading immunoscores for TK1 (Aiii), across a cohort (1 = 78) of post-menopausal ER* BC patients treated with
surgery and adjuvant RT alone. (B) Representative images of IHC staining for DKK1 (Bi), GNPNAT1 (Bii) and TK1 (Biii).
(C) Kaplan—-Meier analysis of recurrence-free survival in relation to DDK1 (Ci), GNPNAT1 (Cii) and TK1 (Ciii) biomarker
expression in the patient cohort. Median follow-up is 12.3 years. p-value derived from log-rank (Mantel-cox) test.

4. Discussion

RT is a frequently used curative and palliative treatment for BC. However, for some
patients intrinsic and acquired radioresistance can substantially limit the efficacy of RT,
ultimately leading to local recurrence, disease progression and/or metastasis. While some
studies have investigated tissue-based gene signatures as a way of predicting tumour radi-
ation response [19-21], others appreciate the advantages of using blood-based biomarkers
as they can be detected less invasively pre-, post- and during treatment; this can allow a
patient to be continually monitored. Various clinical studies have explored the utilisation of
blood-based biomarkers, such as carbohydrate antigen 15-3 and carcinoembryonic antigen
for primary cancer diagnosis and metastatic disease detection [59-64], while the association
between serum human epidermal growth factor receptor 2 (HER2) levels and tumour
HER? status has also been studied [65-68]. Pre-clinical studies typically focus on the cancer
secretome for the identification of secreted biomarkers. Several secretomic studies have
used it to identify biomarkers of aggressive phenotypes or predictors of chemotherapeu-
tic response [23,25,26]. Previous work has also identified secreted biomarkers related to
radiosensitivity. One study examined the secretome of BC cells 6 days after treatment
with a single dose of 10 Gy, showing that the secretion of cyclophilin A was related to
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intrinsic radiosensitivity [27]. While this study demonstrated that protein secretion can
increase following radiation, and that secreted proteins can relate to radiosensitivity, acute
cancer secretome changes after radiation treatment were not assessed. It is these early
changes that could potentially be more useful in a clinical setting. As a result of increased
clinical interest in the use of blood-based biomarkers to evaluate pre- and on-treatment
RT response [11], along with the potential of tissue-based biomarkers to predict tumour
radiosensitivity, our study aimed to develop a novel method to identify both secreted and
intracellular biomarkers of RT response.

The ER* MCF-7 cell line was chosen as the initial model for biomarker discovery,
as it is a well-characterised cell line that has been used in many previous secretomic
studies [25,26,69-73]. The first stage of our study involved the acquisition of CM samples
from MCE-7 cells for LC-MS. For this, we used the CM of cells cultured in SFM, as serum
bovine proteins can dilute the cancer secretome and hinder the identification of secreted
proteins due to the close sequence homology of cattle proteins to many human proteins [74].
Even though the effect of serum starvation on cancer cells is disputed [75-78], studies have
demonstrated that culturing cells in SFM does not significantly alter the composition
of secreted proteins [79,80] and that cell death is minimised under appropriate culture
conditions [25,69,81]. Researchers have recommended that optimal incubation times and
cell numbers are needed to diminish the cytosolic protein contamination that arises from
cell death. Incubating cells with SEM for up to 30 h, with less than 70% cell confluency,
are considered optimal conditions for the acquisition of secretome samples; these culture
conditions were followed in all of our experiments. A washing step was also carried
out in our study before incubating the cells in SFM; previous studies have demonstrated
that washing reduces the contamination of CM with serum proteins and also increases
the quantity of secreted proteins isolated, without having any effect on cell growth or
viability [82].

All CM samples underwent centrifugation to reduce contamination by dead cells
and debris, with concentration performed to enrich secreted proteins. This approach has
been successfully used previously [83,84] and is necessary because secreted proteins are
generally present in low abundance [85]. Control secretome samples were also acquired
at each time point to account for the potential effects of serum starvation. To confirm that
radiation was not having an effect on cell number or causing significant cell death at 24 h
post-treatment, we performed cell counts and LDH assays. LDH is an intracellular enzyme
involved in metabolism, if present in the CM it indicates that plasma membrane rupture
and cell death has occurred [86]. Our results showed no significant differences in viable cell
numbers or LDH levels between the controls and radiation-treated samples. This suggests
that radiation-induced changes in secreted protein levels would be a result of changes in
secretion processes rather than altered proliferation rates or radiation-induced cell lysis.
Our results are in accordance with other secretomic studies that have demonstrated the
absence of any significant levels of cell death up to 24 h after treatment with 10 Gy [67-69].

Our secretome sample preparation method likely led to the co-collection of directly
secreted proteins and those secreted through exosome/microvesicle pathways. Using
databases such as ExoCarta and Vesipedia we identified that a proportion of our identified
secreted proteins had been previously identified within exosomes/microvesicles. Inter-
estingly, exosomal structural proteins were not present within our samples. One possible
explanation for this is that exosomes and microvesicles can differ in the composition of
their structural proteins including ALIX, TSG101, CD81, CD63 and CD9 [87]. It may be that
the primary method of secretion for the proteins we identified using ExoCarta and Vesi-
pedia (which do not differentiate between exosomes and microvesicles) is via microvesicles
or even direct secretion rather than in exosomes. Indeed, our current work is focused
on answering this important question by repeating our proteomic analysis of secreted
samples after applying specific methods to isolate exosomes, microvesicles and directly
secreted proteins.
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Our secretomic analysis initially focused on CM samples obtained 24 h after irradi-
ation. Cancer patients are typically treated with daily radiation fractions; therefore, the
measurement of biomarkers at 24 h after the first dose of fractionated RT might be appro-
priate in clinical practice. In theory, biomarker levels could be analysed just before daily
treatment, that is, 24 h after a patient’s preceding dose. Initial analysis characterised the
MCF-7 untreated basal secretome. The number of proteins isolated and the key enriched
pathways in which they function (metabolism, carbohydrate metabolism, immune and cy-
tokine signalling and cell cycle regulation) were in agreement with previous studies using
various tumour types, including BC cell lines [24,88]. The majority of the proteins detected
in the secretome 24 h after radiation differed from those of the basal secretome, specifically
those involved in translation, spliceosome and RNA processing, protein metabolism and
the proteasome. Proteins involved in some of these pathways have previously been shown
to be secreted from BC cells 6 days after a 10 Gy radiation dose [27].

In order to identify the most suitable candidate biomarkers to be taken forward for
validation, we wanted to identify biomarkers that exhibited a straightforward secretion
profile, whereby levels were minimal at earlier time points, then demonstrated a large
increase at 24 h, as this might potentially increase the probability of successful validation.
Of the proteins that had been identified in the radiation-induced secretome, 33 proteins
were found to have significantly increased secretion levels (up to 12-fold) at all radiation
doses tested at 24 h, with low secretion at earlier time points.

Further analysis of these 33 proteins focused on their gene expression levels within
the MCF-7 radiosensitive and RR cell lines. Initial comparative analysis of the two cell
lines showed differences in their gene expression patterns in response to 2 Gy treatment,
with radiosensitive cells exhibiting up-regulation of genes involved in DNA damage repair
pathways and arrest of the cell cycle, and down-regulation of genes involved in the cell
cycle. Similar gene expression changes have been found in other studies using the MCE-7
cell line [89] and patient samples [90]. These recognised radiation-induced gene expression
changes did not occur in the RR cells. DNA damage repair pathways play a crucial role in
the response of cells to radiation; previous studies have also shown there to be differences in
the expression of DNA damage related genes between radiosensitive and RR cell lines [53].
Given the differences in response to radiation, we proposed that any of our 33 secretomic
candidate biomarkers that were differentially expressed between the sensitive and resistant
cell lines could hold value as biomarkers of RT response or acquired radioresistance. Gene
expression analysis assessing the 33 proteins showed that DKK1, EIFAEBP2, GNPNAT1,
TK1 and YBX3 had higher expression levels in the radiosensitive cells. Further evidence
of a relationship between the gene expression levels of these 5 candidate biomarkers and
radiosensitivity was shown in a panel of ER* cells, with the more radiosensitive cells
expressing higher levels of the candidate biomarkers. Validation experiments focusing
on DKK1, GNPNAT1 and TK1 showed that these biomarkers were secreted in response
to radiation treatment, but only in radiosensitive cells. These results were recapitulated
in a second ER* cell line (ZR-751). Results from the in vitro and in vivo experiments
indicated that intracellular protein levels of these three biomarkers may also be associated
with radiosensitivity. Further evidence of the biomarkers potential to predict RT response
was seen through assessing intracellular protein expression levels using samples from
the Breast-Conserving Series. Here, survival analysis identified that patients with higher
intracellular DKK1 and GNPNAT1 expression levels were associated with significantly
increased recurrence-free survival.

Prior studies have linked our three lead candidate biomarkers with cancer. DKK1
is a soluble antagonist of Wnt/3-catenin signalling [91]. Previous work has suggested
that Wnt signalling and DKK1 are involved in bone metastasis [92] and that DKK1 can
stimulate osteoclast activity and inhibit the production and differentiation of osteoblasts.
Inhibition of the effects of Wnt on the bone can help generate a microenvironment that
allows tumours to expand [93]. DKK1’s role in stimulating osteolytic metastases has been
established in investigations of multiple myloma-associated bone disease [94,95], with
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differing studies also supporting the role of DKK1 in BC bone metastasis. Serum concen-
trations of DKK1 have also been shown to be increased in BC patients; moreover, patients
with bone metastases were shown to have significantly increased serum DKK1 levels when
compared to non-metastatic BC patients [96]. Elevated serum DKK1 concentrations have
also been correlated with more advanced disease stage and grade of BC, along with shorter
recurrence-free and overall survival times [97]. A further study demonstrated that although
DKK1 was present in 70% of BC tissues, it could be identified in all patients using serum
samples [96]. Altogether, these studies show that DKK1 is a promising intracellular and
secreted biomarker for assessing BC prognosis.

GNPNAT1 is an enzyme involved in the hexosamine biosynthetic pathway (HBP).
The HBP produces UDP-N-acetylglucosamine (UDP-GIcNAc), which is thought to be an
essential nutrient sensor [98]. UDP-GlcNAc itself is used as substrate in glycosylation
reactions; these post-translational changes are highly altered in tumour cells and can
regulate the function of proteins involved in various tumour-associated processes such as
gene regulation, metabolism, cell signalling and epithelial-to-mesenchymal-transition [98].
GNPNAT1 expression has been linked with prognosis in prostate cancer; higher expression
levels have been associated with a lower risk of biochemical recurrence [99], whereas lower
levels are typically seen in advanced, castrate-resistant prostate cancer when compared to
localised disease [100]. Studies have demonstrated that GNPNATT1 is upregulated in lung
adenocarcinoma tissues compared to normal tissues [101,102], with Liu et al. concluding
that this protein may have potential as a prognostic biomarker [101]. Our results indicate
that GNPNAT1 may additionally have a role to play in BC. This is in line with other recent
studies which have demonstrated that elevated GNPNAT1 gene expression levels are
present in BC tissue samples [103].

TK1 is involved in cell cycle regulation through the production of thymidine monophos-
phate, an essential requirement for DNA replication [104,105]. TK1 has been identified in
extracellular vesicles from numerous cancer types [106-109]. Some studies have suggested
that it could be used as a proliferation biomarker [110] with both diagnostic and prognostic
potential [104,111]. In BC, increased intracellular TK1 expression has been correlated with
disease grade and stage [112], with serum levels having been investigated for monitoring
treatment responses [113] and for predicting the risk of developing distant and/or regional
recurrence post-surgery [114].

In BC, RT is traditionally carried out in the adjuvant setting, after breast-conserving
surgery and sometimes after mastectomy to eliminate any residual cancer cells left behind
after surgery. While our results are promising, there are potential limitations to their
translatability to the clinic. A potential issue is that there could be differences in secreted
biomarker levels when RT is given neoadjuvantly to shrink in situ cancers compared with
levels seen after post-operative adjuvant RT dealing with residual tumour cells. However,
RT does also have a role in the management of BC in the neoadjuvant setting, where it
can be combined with chemotherapy in patients with locally advanced cancer [115-121].
Neoadjuvant RT alone has been used for the treatment of BCs that are unsuitable for pri-
mary conservative surgery [122]. There is also increasing interest in the use of neoadjuvant
accelerated partial breast irradiation alone to help reduce treatment-related morbidities
associated with external beam irradiation [123,124]. Recent work has additionally shown
that neoadjuvant RT alone may significantly increase disease-free survival without decreas-
ing overall survival in patients with early-stage BC; these results were most evident for ER*
BC patients [125]. As our study used ER* BC cell lines, our results may be of particular
utility to early-stage patients suffering from this BC subtype. Recent work has also shown
that neoadjuvant RT alone, followed by radical surgery, is a feasible treatment option and
is associated with good long-term locoregional control [126]. Therefore, while pre-surgical
RT is not currently the standard treatment option for patients, neoadjuvant RT has the
potential to challenge the current treatment paradigm. This BC treatment strategy will
ultimately require biomarkers, such as ours, that can predict and monitor RT response.
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Although previous studies have shown that each of our candidate biomarkers is
secreted from BC cells [106], with some of them linked to BC prognosis, ours is the first
study to describe a link between the intracellular/secreted levels of these biomarkers
and radiosensitivity. Whilst our initial model for secreted biomarker discovery was only
performed using the MCEF-7 cell line, our secretomic results have been comprehensively val-
idated using two different ER* cell lines. Although these results are promising, additional
work is now needed to assess whether these biomarkers can be detected in blood samples
using animal models. Following on from our successful use of BC xenograft tumours
and patient tissues from the Breast-Conserving Series, we will now look to investigate
the biomarker’s ability to predict radiosensitivity in larger patient cohorts. Furthermore,
experiments will be needed to investigate the mechanisms of biomarker secretion and
elucidate what roles these biomarkers play in cellular radiosensitivity. Although our study
is particularly focused on BC, it is possible that the biomarkers we have identified are not
BC-specific but may be more generic measures of tumour radiosensitivity. The methods
we have used to identify biomarkers of radiation response are equally applicable to other
solid tumours; future studies could therefore utilise our validated methods for biomarker
discovery in other cancer types.

5. Conclusions

For clinicians to be able to deliver biologically adapted, personalised RT for BC
patients they must be able to stratify patients based on individual tumour radiosensitivity
before commencing treatment. Clinicians should also be able to monitor RT responses
during treatment. To begin to address these clinical needs we developed an integrated
secretomic and transcriptomic approach using both radiosensitive and RR cell lines to
identify biomarkers of radiation sensitivity and response. To our knowledge, we are
the first to report the use of secretomic experiments to identify radiation-induced BC
secreted biomarkers that are released within 24 h of treatment. Furthermore, we showed
that differential biomarker secretion, gene expression and intracellular protein levels can
indicate cellular radiosensitivity. Initial validation using clinical samples also suggested
that two of our selected candidate biomarkers have the potential to predict RT outcomes
in ER* BC patients. For any of these intracellular/secreted candidate biomarkers to be
used in the clinic, further research will have to prove their validity and demonstrate
their ability to improve outcomes or refine patient selection for RT. The incorporation of
individual biomarkers and/or signatures with advanced radiation delivery techniques,
already available in the clinic, would enable the development of a precision medicine
platform that could significantly improve the efficacy of RT in the treatment of BC patients.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jpm11080796/s1. Supplementary Figure S1. Cell numbers and LDH cytotoxicity assays at
24 h post-radiation treatment. (A) Cell counts using trypan blue exclusion were performed with
MCEF-7 and ZR-751 parental and RR cell lines to confirm that no changes in proliferation or cell
death were occurring after treatment with a single dose of up to 10 Gy radiation (one-way ANOVA
with the Holm-Siddk multiple comparisons test, comparing only values within each cell line; data
expressed as mean & SEM, n = 3). (B) LDH cytotoxicity assays were performed with MCF-7 and
ZR-751 parental and RR cell lines to confirm that no cell death was occurring after treatment with
2 Gy of radiation (unpaired t-test performed on the control and treated cells for each cell line;
data expressed as mean + SEM, n = 3). Supplementary Figure 52. ZR-Z51 and ZR-751 RR gene
expression changes associated with response to radiation. Heatmaps reflect log, mean-centred gene
expression changes with clustering based on Pearson correlation with average linkage (red = higher
expression, black = no change, green = lower expression). Radiosensitive ZR-751 parental cells
and their RR derivatives are shown in adjacent heatmaps. For each cell line, untreated baseline
controls at 0 h are shown along with both treated (2 Gy radiation) and untreated controls at 2 h
and 8 h. The 2 h 2 Gy ZR-751 sample failed in sequencing and was removed from further analysis.
The genes shown are the most differentially expressed in sensitive parental MCF-7 cells, with the
largest gene expression differences seen between the untreated controls and the 2 Gy treated cells
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at 8 h. Supplementary Figure S3. Gene expression levels of the 33 candidate biomarkers within
ZR-751 parental and RR cell lines. Heatmap of log, mean-centred gene expression data from both
untreated controls and radiation-treated parental ZR-751 and ZR-751 RR cells. Clustering was
performed using Pearson correlation with average linkage (red = higher expression, black = no
change, green = lower expression). Supplementary Figure S4. In-lab validation of lead candidate
biomarkers in the ZR-751 cell line. (A) WB analysis assessing the secretion levels of lead candidate
biomarkers in ZR-751 and ZR-751 RR cell lines using CM samples obtained up to 24 h following
2 Gy of radiation. NS is a non-specific band used to confirm equal loading (One-way ANOVA with
Holm-8iddk multiple comparisons test; data expressed as mean + SEM, n =3, * p < 0.05, *** p < 0.001,
***% p < 0.0001). (B) WB analysis assessing the intracellular levels of lead candidate biomarkers in
whole-cell lysates of ZR-751 and ZR-751 RR cell lines obtained up to 24 h following 2 Gy of radiation
(Two-way ANOVA; data expressed as mean + SEM, n = 3). (C) IHC assessing the intracellular
levels of the lead candidate biomarkers in ZR-751 and ZR-751 RR cells cultured in 2D and 3D
environments. Supplementary Figure S5: High magnification TMA images stained for DKK1. Images
are taken from those tissues presented in Figure 10. Supplementary Figure S6: High magnification
TMA images stained for GNPNAT1. Images are taken from those tissues presented in Figure 10.
Supplementary Figure S7: High magnification TMA images stained for TK1. Images are taken from
those tissues presented in Figure 10. Supplementary Table S1. RNA quality of the samples used for
gene expression analysis. RNA integrity numbers (RIN) for the gene expression analysis samples.
Supplementary Table S2. Clinicopathological data from 80 patients within the Breast-Conserving
Series were used to investigate whether the candidate biomarkers could predict response to RT.
Supplementary Table S3. List of proteins identified in each pathway from the untreated MCF-7 cell
secretome. In total, 318 proteins were identified in the untreated basal MCF-7 secretome. Proteins
involved in the significantly enriched pathways identified from the KEGG and Reactome databases
are shown. Supplementary Table S4. List of proteins identified that exhibited at least a 50% increase
in secretion level following 2 Gy of radiation compared with 24 h untreated controls. A proportion of
the secreted proteins were involved in immune signalling, metabolism, translation, RNA processing
and the proteasome.
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Abstract: Radiation resistance is a significant challenge in the treatment of breast cancer in humans.
Human breast cancer is commonly treated with surgery and adjuvant chemotherapy/radiotherapy,
but recurrence and metastasis upon the development of therapy resistance results in treatment failure.
Exosomes are extracellular vesicles secreted by most cell types and contain biologically active cargo
that, when transferred to recipient cells, can influence the cells” genome and proteome. We propose
that exosomes secreted by radioresistant (RR) cells may be able to disseminate the RR phenotype
throughout the tumour. Here, we isolated exosomes from the human breast cancer cell line, MDA-MB-
231, and the canine mammary carcinoma cell line, REM134, and their RR counterparts to investigate
the effects of exosomes derived from RR cells on non-RR recipient cells. Canine mammary cancer
cells lines have previously been shown to be excellent translational models of human breast cancer.
This is consistent with our current data showing that exosomes derived from RR cells can increase cell
viability and colony formation in naive recipient cells and increase chemotherapy and radiotherapy
resistance, in both species. These results are consistent in cancer stem cell and non-cancer stem cell
populations. Significantly, exosomes derived from RR cells increased the tumoursphere-forming
ability of recipient cells compared to exosomes derived from non-RR cells. Our results show that
exosomes are potential mediators of radiation resistance that could be therapeutically targeted.

Keywords: breast cancer; exosomes; chemoresistance; radioresistance; comparative oncology;
One Health

1. Introduction

Breast cancer is the most common female malignancy and the leading cause of cancer-
related deaths in women [1,2]. Similarly, naturally occurring canine mammary tumours
are the most common cause of death in intact female dogs and have been proposed as a
comparative model of the human disease [3]. Canine mammary tumours have a similar
genetic predisposition, histopathology, disease progression and clinical outcome to the
human disease. Human breast cancer is commonly classified into molecularly distinct
subtypes: normal breast-like, HER2+, luminal A, luminal B and triple negative. These
subtypes differ in clinical outcomes, patient survival and treatment strategy. However,
there is gene expression heterogeneity within these subtypes and breast cancer can be
considered as a spectrum of diseases. Kumar et al., 2012 [4] utilised microarray technology
to highlight a 163-gene expression signature associated with prognosis, highlighting that,
in the context of gene expression, this disease is highly heterogenous and individualised.
Assessing the global gene expression and proteomic profiles of each individual patient
and applying that information to a database of available treatment options may be more
successful, in terms of survival rates, than following a rigid treatment plan based on tumour
subtype [5]. This method of patient-specific therapy assignment would be more efficient in
terms of time, expense and patient side effects and may be applicable in both human and
veterinary medicine.
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The emergence of resistance to key modalities, including chemotherapy and radiother-
apy, and the subsequent re-initiation of tumour growth and relapse represent a significant
clinical problem, often with limited treatment options and increased mortality. Understand-
ing the underlying molecular mechanisms driving therapy resistance could help to identify
potential biomarkers to track the emergence of resistance and novel therapeutic targets.

Tumours comprise a heterogenous mix of cell populations including cancer stem cells
(CSCs) and non-CSCs, which make up the bulk of the tumour. CSCs are long-lived cells that
drive tumourigenesis as they can self-renew and differentiate into other cellular subtypes.
Breast CSCs are inherently resistant to conventional chemotherapy and radiotherapy [6].
Therefore, the relative size of a CSC pool within a tumour may influence the intrinsic
radioresistance of that tumour. Radiation treatment will eliminate the majority of cancer
cells; however, CSCs will survive and be able to re-initiate tumour growth and tumour
cell repopulation leading to patient relapse [7]. The development of acquired therapy
resistance can also occur due to selective pressures imposed by cancer therapies that can
result in advantageous mutations in newly forming cancer cells and lead to increased
survival by, for example, the activation of epithelial-to-mesenchymal transition (EMT),
enhanced DNA damage repair and enhanced elimination of cytotoxic content from within
the cancer cell [8] including the active chemotherapeutic agents or the reactive oxygen
species produced during radiotherapy treatment [9].

Exosomes have been implicated in the acquisition of therapy resistance [10,11]. Exo-
somes are nanovesicles secreted from most living cells. They have a size range between of
30-150 nm in diameter, and they contain a biologically active cargo consisting of nucleic
acids, miRNAs, proteins and lipids, encapsulated within their double membrane [12].
The outer surface of the membrane contains integrins, tetraspanins and cell signalling
receptors [13]. The content of exosomes is reflective of the parental cell from which it
is derived, and under non-diseased states, the role of exosomes is to mediate cell-to-cell
communication [14,15]. As the formation of exosomes within the parental cell results in
the incorporation of the contents of the parental cell, the exosome cargo can reflect the
development and progression of the diseased state of the parental cell. Further research
has shown that the active content of exosomes can result in phenotypic and genotypic
changes in recipient cells. In cancer, exosomal transfer can occur between developing
cancer cells, and between cancer cells and stromal cells, and can have a range of functions,
for example, developing cancer cells can communicate via exosomes to programme stromal
cells to provide nourishment in the form of amino acids and carbon [16-18]. As well as
programming surrounding stromal cells to provide a nurturing environment for cancer
cells, exosomes can also promote metastasis and mediate organotropism [19,20].

Exosomes have been shown to play a pivotal role in therapy resistance in
humans [21,22], but the role of exosomes in canine therapy resistance has not yet been
studied. Exosomes derived from human breast cancer cells have been shown to shuttle
chemotherapeutic agents out of the cell [23], and chemotherapy-resistant breast cancer
cells can transfer p-glycoprotein protein pumps to chemotherapy-sensitive breast cancer
cells to allow the active removal of the chemotherapeutic agents [24]. However, the role of
exosomes in the development of radiotherapy resistance in breast cancer cells and the CSC
population is poorly understood, and the mechanisms by which exosomes can mediate
chemoresistance cannot be directly applied to the development of radioresistance. We
hypothesise that exosomes derived from radioresistant (RR) cells can disseminate the
RR phenotype to non-RR cancer cells. In this study, we isolated exosomes from the hu-
man breast cancer cell line, MDA-MB-231, and the canine mammary carcinoma cell line,
REM134, and their RR counterparts to investigate the effects of exosomes derived from
RR cells on non-RR recipient cells. Our data show that exosomes derived from RR cells,
compared to exosomes derived from non-RR cells, can increase cell viability and colony
formation in recipient cells and increase chemotherapy and radiotherapy resistance. These
results are consistent in CSC and non-CSC populations. Our results show that exosomes
are potential mediators of RR that could be therapeutically targeted. Future research could
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focus on the profiling the exosomal cargo to identify emerging markers of radioresistance.
These biomarkers could be monitored throughout treatment to optimise patient-specific
treatment plans for anticancer interventions.

2. Materials and Methods
2.1. Cell Culture

The cell lines used in this study were the human breast cancer cell line, MDA-MB-
231, and the canine mammary carcinoma cell line, REM134 [25]. Radioresistant MDA-
MB-231 and REM134 cell lines were gifted by Dr. Mark Gray [26]. RR cell lines were
established over several weeks by gradually irradiating the non-RR parental cell lines
with increasing doses of Gray (Gy). MDA-MB-231 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) + 1 g/L D-glucose, L-glutamine + pyruvate (Gibco Life
Technologies, Invitrogen, UK). REM134 cells were grown in DMEM + 4.5 g /L D-glucose,
L-glutamine—pyruvate (Gibco Life Technologies, Invitrogen, UK). All cell culture media
were supplemented with 10% exosome-depleted FBS and 1% penicillin and streptomycin.
Cells were maintained at 37 °C in 5% CO, in a humidified incubator. FBS was depleted
of exosomes by ultracentrifugation in an SW32 Ti rotor (Beckman Coulter, IN, USA) at
12,000x g for 18 hat 4 °C.

2.2. Radiation Treatment

To maintain the RR phenotype, RR cells were irradiated with 12 Gy every 3—4 weeks.
Briefly, cells were grown until 70% confluence and, after standard trypsinisation, were
resuspended as single cells in 10 mL of the appropriate media and immediately irradiated in
the gamma cell irradiator (Gammacell 1000 Elite, Best Theratronics, Ottawa, ON, Canada) in
50 mL falcon tubes. After irradiation, cells were transferred into a T75 flask and maintained
as previously described.

2.3. Exosome Isolation

Cells were seeded in T175 flasks and grown until 70% confluence. Cells were washed
in PBS, and all media were replaced with 10 mL of exosome-free DMEM and incubated
for 24 h. The medium was removed and centrifuged at 500x g for 10 min to remove cell
debris. The supernatant was then filtered through a 0.22 um filter and ultracentrifuged
at 120,000 g for 90 min at 4 °C in an SW41 ultracentrifuge rotor (Beckman Coulter, IN,
USA) with swing buckets. The supernatant was removed, and the exosome pellet was
resuspended in 1 mL filtered PBS and stored at —70 °C until further use.

2.4. Exosome Quantification

Exosomes were lysed with RIPA buffer (50 mM Tris pH 6.8, 150 mM NaCl, 1 mM
EDTA, 1% NP40) by adding 3:1 volume of RIPA buffer to the exosome sample and mixing
thoroughly. The samples were incubated for 30 min on ice and then centrifuged at 13,000 g
for 5 min at 4 °C. Supernatants were transferred to 1.5 mL Eppendorf tubes and stored at
—70 °C. The protein concentration of samples was determined by a Bradford assay. BSA
standards at 0.1, 0.25, 0.5, 1, 2, 5 and 10 mg/mL were used as controls. Then, 1 uL of
BSA standards were added to designated wells of a 96-well plate in duplicate, and 1 pL
of protein samples were loaded in triplicate. Following this, 200 puL of Bradford reagent
(Bio-Rad Laboratories, Watford, UK) was added to each well and mixed by pipetting. The
plate was incubated at room temperature for 2 min. Absorbance at 595 nm was determined
using the Victor3 plate reader (Perkin Elmer, Beaconsfield, UK) and the relative protein
concentration of the samples was determined by comparing them to the BSA standards.

2.5. Transmission Electron Microscopy

Freshly isolated exosomes in 10 uL PBS were added in a 1:1 ratio with 2% paraformalde-
hyde and immediately processed for transmission electron microscopy (TEM). Briefly, 5 pL
of sample was placed on formvar-coated grids and incubated for 20 min at room tempera-
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ture. Grids were washed in 100 uL of PBS plus 50 pL of 1% glutaraldehyde for 5 min and
then incubated with 100 pL of ddH,O for 2 min. Wash steps were repeated eight times in
total. After washing, 50 puL of 1% uranyl-oxalate solution (pH 7) was added to the grid for
5 min, then 50 puL of methyl cellulose-UA was added for 10 min on ice. The excess fluid was
removed by blotting, and the grids were air dried for 5 to 10 min. Samples were viewed on
a JEM-1400 Plus TEM (Jeol, Welwyn, UK) operating at 80 kV. Representative images were
collected on an OneView camera (Gatan, Pleasanton, CA, USA). These experiments were
carried out at King’s Buildings at The University of Edinburgh.

2.6. Nanoparticle Tracking Analysis

Exosomes were analysed by nanoparticle tracking analysis (NanoSight LM10, Malvern
Panalytical, Malvern, UK) to determine the size range and distribution. Briefly, 1 mL of
diluted exosome sample (1:50-1:100) was loaded on to the NanoSight machine, and particle
concentration was determined and diluted in the range of 4 x 108-12 x 10® particles/mL.
Parameters were set at a detection rate of 15,000 particles per minute for capture settings,
and the smallest vesicle size was set at 30 nm, with analysis performed by NanoSight
software version 2.3 (Malvern Panalytical, Malvern, UK). The rate at which exosomes were
produced per cell per hour was calculated by dividing the total number of exosomes by the
total number of cells after exosome harvesting and then dividing by the number of hours
over which the sample was collected.

2.7. Exosome Treatment

For exosome treatment, cells were seeded depending on cell type and experimental
conditions. Generally, exosomes were added at a concentration of 50 pg/mL. To determine
this concentration, 10 uL of isolated exosomes were lysed, and their protein concentration
was quantified as in Section 2.4. From that concentration, we calculated the volume of
isolated exosomes required to make up a solution at 50 pug/mL in exosome-free media. All
exosome solutions were made up fresh prior to treatment. Controls were generated with
PBS vehicle instead of exosomes.

2.8. Cell Viability Assay

Cells were seeded in 96-well plates at 500 cells per well. Exosomes were added at
the indicated concentrations 24 h after seeding. Cell viability was determined 72 h post-
treatment using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Hampshire,
UK) according to the manufacturer’s instructions. Luminescence was measured by a
Victor3 multilabel plate reader (Perkin Elmer, Beaconsfield, UK). Data were averaged and
normalised against the average signal of the PBS control samples.

2.9. Colony Fromation Assay

MDA-MB-231 and MDA-MB-231 RR cell lines were trypsinised and seeded as single
cells at 50 cells per well in a 6-well plate. REM134 and REM134 RR were trypsinised and
seeded as single cells at 1000 cells per well in a 6-well plate. Immediately after seeding,
either PBS (vehicle control), 50 pg/mL exosomes derived from non-RR cells or exosomes
derived from RR cells were added to the appropriate well. All plates were incubated as
previously described until colonies formed in the vehicle control (approximately 10 days).
To stain the colonies, each well was washed with 5 mL PBS and then incubated with
5 mL of 100% methanol for 5 min at room temperature. The methanol was removed, and
plates were air dried. Colonies were then stained with a Giemsa stain (20% Giemsa stain
(Sigma-Aldrich, Gillingham, UK) plus 80% ddH,0) for 20 min at room temperature. After
staining, the plates were then washed twice with water and air dried. All colonies were
counted and normalised to the control.

In experiments to determine the effect of exosomes derived from RR cells on the
colony-forming ability after treatment with radiation, cells were seeded at 20,000 cells
in 1 mL of medium in a 12-well plate and incubated for 24 h with either PBS, 50 pg/mL
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exosomes derived from non-RR cells or 50 pg/mL exosomes derived from RR cells. Cells
were then seeded as single cells as described above. In addition, MDA-MB-231 CSCs and
MDA-MB-231 RR CSCs were seeded at 750 cells in 3 mL media, and REM134 CSCs and
REM134 RR CSCs were seeded at 1000 cells in 3 mL media. Single cells were immediately
irradiated at either 0, 2.5 or 5 Gy. Colonies were allowed to form and were processed as
described above.

2.10. Chemosensitivity Assays

MDA-MB-231 and MDA-MB-231 RR cells were seeded at 500 cells/50 pL per well in a
96-well plate. REM134 and REM134 RR cells were seeded at 1000 cells/50 pL per well in
a 96-well plate. CSCs were seeded at 1000 cells/50 pL per well. Cells were incubated for
24 h before treating with 25 pL exosomes (50 pg/mL). Cells were then treated 12 h later
with a dose titration of doxorubicin at the indicated concentrations in 25 uL. Cell viability
was determined 72 h post-treatment with doxorubicin as described above.

2.11. Tumoursphere-Forming Assay

Cells were seeded at 20,000 cells/mL in 1 mL of exosome-free FBS DMEM media in
12-well plates and treated with either PBS, 50 ug/mL of exosomes derived from non-RR
cells or 50 pg/mL of exosomes derived from RR cells and incubated for 24 h. Follow-
ing incubation, MDA-MB-231 and MDA-MB-231 RR cells were seeded as single cells at
3000 cells per well, and REM134 and REM134 RR were seeded at 6000 cells per well, in
3 mL N2 media in 6-well low-attachment plates (Corning, Flintshire, UK). All samples
were triplicated. N2 media was supplemented every 48 h with human EFG and human
FGF at 10 ng/mL (Peptrotech, London, UK). Sphere formation was monitored for 7 days.
Tumourspheres over 50 um in diameter were counted in five random fields of vision using
an Axiovert 40 CFL microscope (Zeiss, Hallbergmoos, Germany) with images taken at 5 x
and 10x magnification and size measurements recorded by Axiovision software version
4.7.2 (Zeiss, Hallbergmoos, Germany).

2.12. Migration Assay

Cells were seeded at 20,000 cells in 1 mL media per well in a 12-well plate and
treated with either PBS or corresponding exosomes derived from either non-RR or RR
cells at the indicated concentration and incubated for 24 h. Cells were then seeded into
Ibidi® (Munich, Germany) chamber slides according to the manufacturer’s instructions.
Briefly, cells were trypsinised and seeded at varying concentrations: MDA-MB-231 at
4.5 x 10°/well; MDA-MB-232 RR at 4.75 x 10°/well; REM134 at 3.45 x 10°/well; and
REM134 RR at 3.75 x 10° /well and incubated until confluent. Once confluent, each insert
was removed to leave a gap. Then, 1 mL of media was added to each well and the width
of the gap was measured at six points using the Axiovert 40 CFL microscope with an
AxioCAM HRm camera (Zeiss, Hallbergmoos, Germany) and pictures were taken at 5x
magnification at set time points until the gap was closed. The migration distance was
recorded at stated time points with measurements by Axiovision software version 4.7.2.
Percentage migration was calculated as (A—B)/B), with A being the size of the gap at 0 h,
and B being the gap at the designated time point.

2.13. Statistical Analysis

Data were analysed for normality using the Anderson—Darling normality test and
the appropriate parametric/non-parametric test was chosen to determine statistical signifi-
cance. All statistical analyses were performed using Minitab 19 software, with statistical
significance being defined as p < 0.05.
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3. Results
3.1. Isolation of Exosomes from Canine and Human Breast Cancer Cell Lines and Their Derived
RR Counterparts

Radioresistant cell lines MDA-MB-231 RR and REM134 RR were derived by exposing
parental cells to increasing doses of radiation every week up until there was limited cell
death at 8 Gy [27]. RR cells are morphologically distinct from non-RR parental cells: RR cells
have extended cytoplasmic extensions and a spindle-like morphology (Figure 1A(ii,iv))
compared to non-RR cells (Figure 1A(i,ii)). Exosomes were isolated from all cell lines by
ultracentrifugation and visualised using TEM. All exosomes exhibited the characteristic
“cup shape” morphology [21] (Figure 1B(i-iv)) and expected size distribution as analysed
by nanoparticle tracking analysis (NTA) (Figure 1C(i-iv)). NTA was also used to calculate
the rate of exosome production per cell per hour and showed that RR cells produced more
exosomes than non-RR cells. REM 134 RR cells and MDA-MB-231 RR produced approxi-
mately sixfold and threefold more exosomes than their non-RR counterparts, respectively
(Figure 1D).

3.2. Exosomes Isolated from RR Cells Increased the Survival of Recipient Cells Compared to
Exosomes Isolated from Non-RR Cells

To determine the effect of exosomes on cell viability, cells were seeded in 96-well plates,
incubated for 24 h and then treated with exosome dilutions of 10, 20, 30, 50 and 75 pg/mL.
Cell viability was determined 72 h after treatment. Our data show that exosomes derived
from RR cell lines resulted in a significant increase in cell viability, which appeared to be
dose dependant, resulting in an increase in cell viability from 100% to 150% (Figure 2A).
To compliment the cell viability assay, we also performed colony formation assays. Single
cells were immediately treated with either 50 or 100 pug/mL of the corresponding exosomes
and incubated until colonies were visible. Exosomes derived from MDA-MB-231 RR and
REM134 RR cell lines resulted in a significant increase in the number of colonies compared
to both PBS control and exosomes derived from non-RR exosomes (Figure 2B). Based on
these results, we selected 50 ug/mL of exosomes to be used in further experiments.
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Figure 1. Isolation of exosomes from canine and human breast cancer cell lines and their derived
isogenic RR counterparts. (A) Cell morphology of (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231
and (iv) MDA-MB-231 RR cells. Scale bar represents 100 pum. (B) Visualisation, using TEM, of
exosomes isolated from (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR
cells. Scale bar represents 200 nm. Characterisation of exosomes using NTA to measure (C) particle
distribution from (i) REM134 cells, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR
and (D) rate of exosome production per cell per hour. Data are representative of three independent
experiments.
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were treated with the indicated dose of exosomes isolated from either corresponding non-RR or RR cells. All results are

relative to the appropriate PBS control. Three repeats were performed and analysed by a two-sample ¢ test. Error bars
indicate +SD. * p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.00001.

3.3. Exosomes Isolated from RR Cells Enhanced the Migration Potential of Recipent Cells

To investigate the effect of exosomes derived from RR cells on the migration potential
of REM134 and MDA-MB-231 cells and their RR derivatives, we utilised a 2D scratch assay.
Here, cells were incubated with 50 ug/mL of exosomes for 24 h to allow for exosome uptake
prior to seeding into a chamber cell with an ibidi insert. Removal of the insert created a
defined wound in the cell monolayer. Closure of the wound was measured at the indicated
time points until the wound was fully closed (Figure 3). The vehicle control showed that
RR cells migrate inherently faster than non-RR cells: non-RR REM134 cells closed the
wound 56 h after injury (Figure 3(Ai)) compared to RR REM134 cells, which closed the
wound 24 h after injury (Figure 3(Bi)). Similar results, albeit less striking, were obtained for
the MDA-MB-231 cell line, whereby non-RR cells closed the wound at 28 h (Figure 3(Ci))
compared to RR cells, which closed the wound at 24 h after injury (Figure 3(Cii)). Exosomes
derived from both non-RR and RR cells enhanced the migration potential of recipient cells;
however, this effect was more prominent in cells treated with RR exosomes. In non-RR
REM134 cells treated with exosomes isolated from non-RR cells, the wound closed at 52 h
compared to 48 h for those treated with exosomes derived from RR cells (Figure 3(Ci)).
These results were significantly different compared to the control and between treatment
groups, such as at 24 h (p = 0.0000) for the effect of exosomes derived from RR cells when
compared to the control and exosomes derived from non-RR cells. In RR REM134 cells
treated with exosomes isolated from non-RR cells, the wound closed at 12 h compared to
8 h for those treated with exosomes derived from RR cells (Figure 3(Cii)). These results
were significantly different compared to the control and between treatment groups, such
as at 8 h (p = 0.0000) for the effect of exosomes derived from RR cells when compared to
the control and exosomes derived from non-RR cells. The human cell line showed similar
results, in non-RR MDA-MB-231 cells treated with exosomes isolated from non-RR cells,
the wound closed at 24 h compared to 12 h for those treated with exosomes derived from
RR cells (Figure 3(Ciii)). These results were significantly different compared to the control
and between treatment groups, for example at 8 h (p = 0.0000) for the effect of exosomes
derived from RR cells when compared to the control and exosomes derived from non-RR
cells. In RR MDA-MB-231 cells treated with exosomes isolated from non-RR cells, the
wound closed at 12 h compared to 8 h for those treated with exosomes derived from RR
cells (Figure 3(Ciii)). These results were significantly different compared to the control
and between treatment groups such as at the time point of 8 h (p = 0.0000) for the effect
of exosomes derived from RR cells when compared to the control and exosomes derived
from non-RR cells.
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Figure 3. RR cells migrate faster than non-RR cells, and the migration potential in all cell types was enhanced after treatment
with exosomes isolated from RR cell lines. Migration potential was assayed by an in vitro wound-healing assay in (A)
REM134, (B) REM134 RR, (C) MDA-MB-231 and (D) MDA-MB-231 RR cells. The indicated cell line was treated with either
PBS or exosomes isolated from either non-RR (50 ug/mL) or RR corresponding cells (50 ug/mL). (i) Light microscopy
images of cell migration at the indicated time points are shown. (ii) Graphical representation of relative migration compared
to the PBS control at the indicated time points. Three biological repeats were performed, and a two-sample ¢ test was used
for the analysis of data. Error bars indicate +SD. ** p < 0.01; *** p < 0.001, **** p < 0.00001.

3.4. Recipient Cells of Exosomes Isolated from Estalished RR Cells Were More Resistant to
Chemotherapy and Irradiation Compared to Those Treated with Exosomes from Non-RR Cells
Adjuvant chemotherapy and radiotherapy are commonly used modalities to treat
breast cancer in both humans and dogs [22]. Doxorubicin is a common chemotherapeutic
used in the treatment of mammary carcinomas [23,24]. To determine the effect of exosomes
on the sensitivity of recipient cells to doxorubicin, cells were treated with 50 pg/mL of
exosomes isolated from either RR or non-RR cells and incubated for 24 h prior to treatment
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with the indicated dose titration of doxorubicin. Cell viability was determined 72 h post-
treatment (Figure 4A). Exosomes isolated from REM134 RR cells resulted in a significant
increase in cell viability of both types of recipient cells, REM134 RR (Figure 4(Ai)) and
REM134 non-RR (Figure 4(Aii)) compared to exosomes isolated from non-RR cells and PBS
controls, such as at 0.001 uM (p < 0.00001) in both the REM134 and the REM134 RR cell
line. The exosomes derived from the non-RR MDA-MB-231 cell line did not result in a
significant increase in percentage cell viability when compared to the PBS control when
added to the MDA-MB-231 cell line (Figure 4(Aiii)), except in the MDA-MB-231 RR cell
line (Figure 4(Aiv)) at the concentration of 0.001 uM (p < 0.01).
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Figure 4. Exosomes isolated from RR cells increased the resistance of recipient cells to doxorubicin and ionising radiation.
(A) Chemosensitivity to increasing doses of doxorubicin was determined for (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231
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and (iv) MDA-MB-231 RR cells. Cells were seeded for 24 h with exosomes (50 ug/mL) isolated from either non-RR or RR
corresponding cell lines prior to treatment with the indicated dose of doxorubicin. Cell viability was assayed 72 h after

doxorubicin treatment. (B) Colony-forming ability after treatment with 0, 2.5 or 5 Gy was determined for (i) REM134,
(ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR cells. All cell lines were pretreated with exosomes (50 pg/mL)
isolated from either non-RR or RR corresponding cell lines for 24 h prior to irradiation. Three repeats were performed,
and significance was determined by a two-sample f test. Error bars indicate £SD. * p < 0.05, ** p < 0.01; ** p < 0.001,

**x% p < 0.00001.

To assay the effect of exosomes isolated from RR cells on the resistance of recipient
cells to radiotherapy, we utilised a colony formation assay to assess cell survival and
clonogenic growth. Here, non-RR or RR cells were incubated with 50 ug/mL of exosomes
isolated from either non-RR or RR cells prior to seeding as single cells at a low density and
immediately irradiating at the indicated doses. The number of colonies were counted after
10 days. Exosomes isolated from RR cells significantly increased the colony-forming ability
of recipient cells after irradiation at 2.5 and 5 Gy compared to exosomes isolated from
non-RR cells or the PBS vehicle control (Figure 4B). This effect was more striking in the
non-RR cells treated with exosomes isolated from RR cells in both canine (Figure 4(Bi)) and
human (Figure 4(Biii)) cell lines, compared to RR cells treated with exosomes isolated from
RR cell lines (Figure 4B(ii,iv)). Our results show that exosomes derived from the RR breast
cancer cell lines can alter the phenotype of recipient cells and enhance their resistance to
doxorubicin and irradiation.

3.5. Exosomes Isolated from RR Cells Can Alter the Phenotype of CSCs

CSCs are inherently more resistant to conventional cancer therapies than surrounding
bulk (non-CSC) cancer cells. To determine the effect of exosomes isolated from RR cells on
recipient CSCs, we enriched for CSCs using an established tumoursphere assay from all cell
lines [28]. CSCs were pre-incubated with exosomes isolated from either RR, non-RR cells
or PBS control for 24 h prior to treatment with the indicated dose titration of doxorubicin.
Cell viability was assayed 72 h later. Our results show that exosomes isolated from RR cells
significantly increased the percentage of cell viability for all recipient CSCs when compared
to exosomes isolated from non-RR cells or the PBS vehicle control (Figure 5A). These results
were consistent regardless of RR status and both in REM134 cell lines (Figure 5A(i,ii)) and
in MDA-MB-231 cell lines (Figure 5A(iii,iv)). We also noted that PBS-treated RR CSCs were
inherently more resistant to doxorubicin at all indicated doses than non-RR CSCs, and this
was consistent in both cell lines (Figure 5A).

To investigate the effect of exosomes isolated from RR cells on recipient CSCs af-
ter radiotherapy, we assayed their colony-forming ability after irradiation. CSCs were
pretreated with exosomes for 24 h prior to seeding as single cells at a low density and
then immediately irradiated at 0, 2.5 and 5 Gy. The number of colonies were counted
after approximately 10 days. Exosomes isolated from the REM134 RR and MDA-MB-231
RR cell lines significantly increased the number of colonies formed and, therefore, the
radioresistance of all recipient CSCs compared to treatment with exosomes derived from
non-RR cells or the PBS control (Figure 5B). To a much lesser extent, recipient cells treated
with exosomes isolated from non-RR cell lines produced relatively more colonies after
irradiation treatment compared to the PBS control. This was statistically significant in
both non-RR REM134 CSCs (p < 0.031 at 2.5 Gy and p < 0.003 at 5 Gy) and RR REM134
CSCs (p < 0.00001) (Figure 5B(i,ii)) and for non-RR MDA-MB-231 CSCs at 2.5 Gy (p < 0.05)
(Figure 5(Biii)). Significantly, our results show that exosomes derived from RR cells can
change the radioresistance potential of recipient CSCs.
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Figure 5. Exosomes isolated from RR cells can alter the resistant phenotype of CSCs. (A) Chemosensitivity to increasing
doses of doxorubicin was determined for (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR CSCs.
CSCs were pretreated for 24 h with 50 ug/mL exosomes isolated from either non-RR or RR corresponding cell lines prior to
treatment with the indicated dose of doxorubicin. Cell viability was assayed 72 h after doxorubicin treatment. (B) Colony-
forming ability after treatment with 0, 2.5 or 5 Gy was determined for (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231
and (iv) MDA-MB-231 RR CSCs. All CSCs were pretreated with 50 ug/mL of exosomes isolated from either non-RR or
RR corresponding cell lines for 24 h prior to irradiation. Three repeats were performed, and data were analysed by a
two-sample t test. Error bars indicate £SD. * p < 0.05, ** p < 0.01; *** p < 0.001, *** p < 0.00001.
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3.6. Exosomes Derived from RR Cells Increased the Size of the CSC Pool

To observe the effect of exosomes isolated from RR cells on the tumoursphere-forming
ability of recipient cells, REM134, REM134 RR, MDA-MB-231 and MDA-MB-231 RR cells
were incubated with 50 ug/mL of exosomes isolated from the indicated cell lines for 24 h,
cells were then seeded into low-attachment plates with N2 media to allow the formation of
3D tumourspheres. REM134 and REM134 RR tumourspheres were counted after 5 days.
MDA-MB-231 and MDA-MB-231 RR tumourspheres were counted after 17 days. Our
results showed that exosomes isolated from both non-RR cell lines (MDA-MB-231 and
REM134) and RR cell lines (MDA-MB-231 RR and REM134 RR) significantly increased
tumoursphere-forming capacity, both in the number of tumourspheres formed and in the
relative size of individual tumourspheres (Figure 6A(i,iv)). Recipient cells of exosomes
isolated from non-RR cells produced approximately twice as many tumourspheres com-
pared to the PBS control. This was consistent in all cell lines (Figure 6B(i,iv)). REM134 and
REM134 RR recipient cells treated with exosomes isolated from RR cells produced a 3-fold
and 4.5-fold increase in tumoursphere formation compared to PBS control, respectively
(Figure 6B(i,ii)). Both MDA-MB-231 and MDA-MB-231 RR recipient cells treated with
exosomes isolated from RR cells produced approximately 2.5-fold increase in tumour-
sphere formation compared to PBS control (Figure 6B(iii,iv)). Recipient cells treated with
exosomes isolated from RR cells produced significantly larger tumourspheres compared to
those receiving exosomes isolated from non-RR cells or the PBS control (Figure 6C(i,iv)).
Interestingly, recipient cells treated with exosomes isolated from non-RR cells produced
significantly larger tumourspheres compared to the PBS control (Figure 6C(i,iv)). Together,
our results indicate that exosomes derived from RR cell types can significantly increase the
tumoursphere-forming ability of recipient cells and enhance the overall survival of CSCs,
indicating that exosomes derived from RR cell lines may increase the size and hardiness of
the CSC pool, and this may drive treatment failure in a clinical setting.
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Figure 6. Exosomes isolated from RR cells enhanced sphere-forming ability. Spheres were characterised by (A) cell morphology,
(B) number of spheres and (C) size of spheres. (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR cells
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were treated with 50 pg/mL exosomes isolated from either non-RR or RR corresponding cell lines for 24 h prior to setting
up the sphere assay. REM134 and REM134 RR spheres were grown for 7 days, and MDA-MB-231 and MDA-MB-231 RR
spheres were grown for 17 days prior to analysis. Three repeats were performed, data were analysed by a two-sample f test
and size data was analysed by a Wilcoxon signed rank test. Error bars indicate +SD. **** p < 0.00001.

4. Discussion

Radiotherapy treatment is critical in the management of human breast cancers, with
up to 94% of invasive breast cancer patients receiving radiotherapy treatment plans after
surgery in conjugation with chemotherapy [29]. Despite progress made in the precision
delivery of radiation and personalised radiotherapy schedules, the development of ra-
dioresistance in clinical settings is a significant clinical challenge, which ultimately leads to
relapse and metastasis [27]. The tumour microenvironment plays an important role, driving
tumour progression and therapeutic response. Exosomes are small extracellular vesicles,
containing a large array of active biomolecules that are secreted by different cells into the
extracellular matrix of the tumour microenvironment. They are then internalised by recipi-
ent cells and then release their content to mediate gene expression and protein activity [12].
Cellular stresses, including radiation and hypoxia, affect exosome secretion, composition,
abundance and potential binding to recipient cells [28-31]. Previous studies have shown
that radiation can enhance the release of exosomes and change their molecular composition
and that exosomes are capable of transferring radiation-induced effects to non-irradiated
cancer cells, therefore, potentially mediating radiation bystander effects [32,33]. Most of
these reports have mainly focused on pre- and postradiation changes in exosomal proteins
and miRNAs rather than on the mechanisms involved in these changes or their effect on
biological functions [30,34,35]. In these studies, exosomes are usually harvested between 1
and 96 h after irradiation treatment [35]. In general, there is a lack of radioresistant model
systems to facilitate elucidating the mechanisms underlying the development of radioresis-
tance. In our lab, we previously developed and extensively characterised novel in vitro
radioresistant cell lines from human breast cancer (MCF-7, ZR-751 and MDA-MB-231) and
canine mammary carcinoma (REM-134) cell lines [26,36]. We found that the radioresistance
phenotype was maintained long term, even in the absence of radiation exposure, and
concluded that the acquisition of radioresistance was not transient [26]. In this study, we
utilised these radioresistant model systems to show that exosomes derived from established
RR breast cancer cell lines are capable of changing the phenotype of non-RR recipient cells
and inducing radioresistance within 24 h of uptake. Our data suggest that radioresistance
is transmittable via exosomes and that, once acquired and established, radioresistance
could potentially spread throughout a tumour and beyond. This may be reflective of
the observation that any factor affecting the phenotype of a donor cell likely affects the
molecular composition of the exosome released by that cell. Our results are consistent
with previous studies that investigated the functional role of exosomes in the response of
exosomes to radiation exposure. These studies showed that exosomes secreted from head
and neck cancer cells within 24 h of irradiation increased the proliferation, survival and
migration potential of both non-irradiated and irradiated recipient cells [31,37]. Similarly,
exosomes isolated from irradiated glioblastoma cells enhanced the migration phenotype
of recipient cells, and molecular profiling revealed an abundance of molecules important
for cell migration [38]. However, in these studies, as well as our study, conditioned media
collected from irradiated cells prior to exosome isolation were not used as a positive control
to confirm that exosomes can mediate this effect within the context of a more complex
secretome including other extracellular vesicles.

To date, no studies have mapped changes in exosome composition through the process
of acquiring radioresistance. In future studies, we aim to utilise our panel of established RR
cell lines to compare the cargo of exosomes derived from RR cells and non-RR cells. Current
knowledge in radiation-induced changes in exosome cargo is limited and refers mainly
to proteomic changes. There are several studies showing that exosomes derived from
irradiated cells can increase the levels of proteins involved in transcription and translation,
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chaperones, ubiquitin-related proteins and proteosome components and downregulate the
proteins associated with response to stress, immunity, cell adhesion and immunity [31,35].
Future research should also focus on the minutiae of exosome uptake and processing
to determine what drives the selective uptake of exosomes derived from radioresistant
cells/cancer stem cell populations, as it would be beneficial to identify the fate of exosomes
derived from radioresistant cells once they are internalised by recipient cells. Do all
recipient cells take up exosomes equivalently? Or are subsets of cells primed to take up
exosomes secreted by irradiated cells? Can we block this interaction using either small-
molecule compound inhibitors or neutralising antibodies? Do all recipient cells respond
the same once donor exosomes have been taken up? These are interesting questions that
warrant further investigation.

The use of exosomes as a minimally invasive platform for evaluating the circulating
biomarkers of a multitude of physiological and pathological processes (including cancer,
pregnancy disorders, cardiovascular diseases and immune responses) is gaining traction.
Exosomes exist in almost all body fluids and are very stable as they are encapsulated by
lipid bilayers, this enhances the clinical applicability of exosomes. Exosomes and their
cargo are also representative of parental cells and contain more biological information
than cell-free DNA or conventional serum-based biomarkers. Within the context of solid
cancers, although solid biopsy is still the gold standard for pathological diagnosis and basis
for treatment, the use of serum-based exosomes as biomarkers of cancer has been demon-
strated in gliomas [39-41], liver cancers [42,43], endometrial cancer [44] and gastrointestinal
cancers [45,46]. Exosomes in urine have also been investigated for their possible use in the
diagnosis and prognostication of prostate cancer [47,48]. As the production of exosomes
and their composition is altered by radiation treatment, exosomes could potentially be
used as non-invasive diagnostic markers for radiosensitivity and to monitor the emergence
of radioresistance.

Breast cancers are highly heterogeneous and contain a small subset of CSCs. CSCs are
inherently more resistant to radiation treatment that non-CSCs and more likely to survive
treatment and re-initiate tumour growth [27]. Here, we show that exosomes isolated
from RR breast cancer cells have similar effects on both CSCs and non-CSCs, notably
conferring resistance to radiation. Interestingly, exosomes isolated from both RR and non-
RR cells increased the sphere-forming ability of recipient cells, but this was enhanced by
the former significantly more, indicating that exosomes isolated from RR breast cancer cells
may increase the size of the CSC pool. We also showed that exosomes isolated from RR
cells increased the migratory ability of recipient cells, indicating that that these exosomes
activate an EMT, which is associated with cellular plasticity and the acquisition of CSC
characteristics [49]. Although, we have shown that exosomes isolated from RR breast
cancer cells confer a radioresistance phenotype on recipient cells and that recipient cells
have enhanced sphere-forming ability, we have not unequivocally shown that the increased
radioresistance is due to an increased proportion of inherently resistant CSCs. Further
studies will focus on confirming whether recipient cells of exosomes isolated from RR
cells activate an EMT and whether this process is the predominant underlying molecular
mechanism driving emerging radiation resistance in naive cells.

In this study, we compared human and canine breast cancer cells as canine mammary
cancer is considered as an excellent translational model of human breast cancer. Naturally
occurring mammary tumours are the most frequently diagnosed cancer in bitches, and
these tumours represent 50% of all canine tumours, of which 50% are malignant [50].
The main treatment option for dogs is surgery alone due to a lack of receptor status
evaluation or molecular subtype classification. Previously, in our lab, we compared the RR
REM-134 cell line with a panel of RR human cell lines to investigate the mechanisms of
acquired radioresistance and identified a number of similarities including the expression
of epithelial and mesenchymal genes and WNT, PI3K and MAPK pathway activation [26].
Here, we demonstrate that exosomes isolated from human and canine RR cell lines have
similar functional effects on recipient cells and that the process of potentiating exosome-
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mediated radioresistance is comparable in humans and dogs. We believe that a “One
Health” approach is crucial to unpick tumourigenesis and to develop future treatment
strategies that will benefit both species.

5. Conclusions

Our study provides compelling evidence that exosomes can serve as an effective com-
munication tool in the development of radioresistance and can confer pro-survival signals
and promote the radioresistant phenotype to non-radioresistant cells. This study indicates
a functional role for exosomes within our models in the dissemination of aggressive cancer
characteristics. Further studies are required to map the cargo of exosomes derived from RR
cells and to identify and validate potential therapeutic targets to halt the perpetuation of
acquired radioresistance throughout a tumour.
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