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Abstract

Saliva is a promising biological fluid for the diagnosis and monitoring of diseases, including breast cancer. To study the composition
of saliva, a complex of “omics” technologies is used: genomics, transcriptomics, proteomics, metabolomics and microbiomics. In this
review, we systematized all known “omics” in their application to saliva analysis in breast cancer in order to understand how complete the
picture is provided by the combination of different areas of research and to identify missing links. It has been shown that studies of saliva
in breast cancer are chaotic and unsystematic. Inconsistency of sample sizes and high heterogeneity of breast cancer were identified. The
main tasks that need to be solved for the complete and harmonious development of salivaomics in a new direction—"salivaonkoomics”
are formulated. Thus, it is necessary to systematize and unify the study of biomarkers within each area of “omics”, including sample size
and its homogeneity, a list of methods and approaches, a list of biomarkers, reproducibility of results, and the ability to transfer results
to other samples. It is important to expand the number of components of “omics” by adding new methods (for example, spectralomics,
etc.), as well as studying the relationships between different “omics” technologies (interactomics). All this together will allow the study

of saliva not only in breast cancer but also in many other pathologies to a qualitatively new level.
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1. Introduction

Saliva is a complex biologically active fluid contain-
ing secreted hormones, enzymes, metabolites, cytokines,
and antibodies that act as mediators of the functions of
saliva [1]. The anatomical proximity of blood vessels to
the salivary glands allows saliva to be considered an infor-
mative source for displaying changes occurring throughout
the body due to the fact that metabolites are exchanged be-
tween the circulatory system and saliva. In recent decades,
it has been discovered that saliva can be used for medical
purposes [2,3]. Saliva is a promising tool for diagnosing
and monitoring diseases [4,5], as well as for determining
treatment strategies [6]. Saliva has great potential for diag-
nosing a wide range of diseases, including cancer [7-9].

One of the key advantages of saliva diagnostics in de-
tecting cancer is its non-invasiveness, as saliva collection
is a simple and painless process that does not require any
special equipment or experience. Saliva collection can be
easily performed in a clinical setting or even at home, mak-
ing it convenient for patients [10]. Saliva diagnosis also of-
fers the advantage of early detection [11]. Saliva-based tests
can detect cancer at an earlier stage when it may be more
treatable, potentially saving lives and reducing the need for
aggressive treatment options [12].

According to GLOBOCAN 2020, the most common
form of oncology among the female population is breast
cancer (24.5% of all malignant tumors), and mortality from
this pathology continues to remain in the first place (15.5%
of deaths from malignant tumors) [13,14]. Breast cancer

is a heterogeneous disease and combines five molecular bi-
ological subtypes depending on the expression of Human
epidermal growth factor receptor 2 (HER2), estrogen (ER),
and progesterone (PR) receptors and the Ki-67 proliferative
activity index, namely: luminal A (HER2—, ER+, PR+, Ki-
67 low), luminal B HER2-negative (HER2—, ER+, PR+, Ki-
67 high), luminal B HER2-positive (HER2+, ER+, PR+),
non-luminal (HER2+, ER—, PR-) and triple-negative can-
cer (HER2—, ER—, PR—). Due to the high prevalence of
breast cancer, it remains relevant to search for biomark-
ers that can indicate the presence of a breast tumor at an
early stage, preferably even before the lesion becomes visi-
ble on a mammogram [15]. This is especially true for young
women, for whom mammography screening is less effec-
tive due to lower sensitivity (25 to 59%) [16,17].

Salivary biomarkers in breast cancer have been as-
sessed in several studies [18,19]. Lau and Wong [20] sug-
gested a common embryonic origin of salivary and mam-
mary gland tissue, which may explain the origin of sali-
vary biomarkers in breast cancer. The authors suggest
that biomarker production in breast tissue is similar to
biomarker production in the salivary gland, and therefore,
common biomarkers are observed and detected in malig-
nancies of both tissues [20]. In addition, from an immuno-
histological point of view, there are several similarities be-
tween mammary and salivary gland tissues [21,22]. Both
tissues have HER2/neu receptors on their epithelial cells,
which are overexpressed in malignant cases. In addition,
epithelial cells of both the mammary gland and salivary
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gland tissues have receptors for estrogen, progesterone, and
androgens, the overexpression of which is observed in pa-
tients with breast cancer [23].

Currently, a new direction of saliva research has
emerged — salivaomics, which can be defined as an inte-
grative study of saliva, its components, and functions us-
ing “omics” technologies [24]. Traditionally, salivaomics
includes the study of several components: genome, tran-
scriptome, proteome, metabolome, and microbiome. In this
review, we systematized all known “omics” in their applica-
tion to saliva analysis in breast cancer in order to understand
how complete the picture is provided by the combination of
different areas of research and to identify missing links.

2. Genomics

Genomics studies the biochemical characteristics of
DNA, genes, and their methylation modifications. The
salivary genome and epigenome can be analyzed using a
diverse array of biomolecular techniques, including array
methylation, polymerase chain reaction (PCR), and quan-
titative PCR-based genotyping (qPCR) [25]. Recently, a
new approach has attracted special attention in the field of
oncology, namely liquid biopsy in the diagnosis and moni-
toring of cancer. The advantage of this approach is that it is
non-invasive and easy to use. The essence of liquid biopsy
is the isolation and study of circulating tumor cells, circulat-
ing tumor DNA, tumor extracellular vesicles, etc. [26,27].

Saliva contains extracellular DNA, with 70% coming
from the host and 30% from the oral microbiota [28]. The
stability of salivary DNA has been confirmed and its rela-
tively high quality has been demonstrated [29], making sali-
vary DNA a useful target for biomarker development [4].

Saliva is comparable to blood in DNA quality, al-
though overall DNA yield from saliva was lower (0.2-52
pg) than from blood (58-577 pg). It is a non-invasive col-
lection method that allows large-scale genetic testing for
breast cancer screening [30]. Poehls et al. [30] confirmed
identical BRCAI and BRCA2 mutations in DNA from saliva
and blood from the same individual in 67 women using Ora-
gene DNA [31]. It was shown that salivary DNA was suffi-
cient for mutation detection and high-throughput genotyp-
ing. The choice of saliva over blood for genotyping based
on the survey results was due precisely to the non-invasive
nature of collecting biomaterial [31].

Meghnani et al. [32] also confirmed the usefulness of
saliva for identifying germline mutations in the BRCA1/2
genes using next-generation sequencing (NGS). The au-
thors showed that sequencing performance was comparable
for saliva and blood, with an average agreement of 98%.

Another study proposed the NGS-based Breast cancer
gene (BRCA) plus test to detect mutations in six high-risk
genes (BRCAI, BRCA2, PTEN, TP53, CDHI, and STK11),
which is based on a customized PCR-based targeted enrich-
ment design and bioinformatics pipeline coupled with com-
parative genomic hybridization (aCGH) [33].

3. Transcriptomics

Transcriptomics is the study of RNAs, including cod-
ing messenger RNAs (mRNAs) and non-coding RNAs
such as microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs). Biologically, microRNAs have been identified
in twelve body fluids, including saliva [34]. Many sources
of circulating microRNA, including tumor cells, immune
cells, and blood cells [35], can ensure its presence in the
circulatory system in various forms, in particular, packaged
in microvesicles or exosomes, in association with protein
complexes, etc. [36].

The main method for identifying salivary transcrip-
tomic biomarkers is microarray technology, which can be
validated using microarray profiling and RNA sequencing
[37]. Wong [38] discovered the presence and utility of sali-
vary mRNA for breast cancer detection [38—40]. Studies
have also been conducted to evaluate salivary miRNAs as
potential biomarkers for breast cancer detection [41]. We
summarized the results of the main studies of mRNA and
miRNA in saliva (Table 1, Ref. [42—45]). Thus, only four
studies provide results on the use of mRNA in the diagnosis
of breast cancer [42—45].

Zhang et al. [42] identified eight mRNAs in saliva us-
ing quantitative reverse transcription-polymerase chain re-
action (RT-qPCR). According to this study, eight mRNAs
have acceptable potential for the diagnosis of breast cancer
with a sensitivity of 83% and specificity of 97%.

Bentata et al. [43] conducted the detection of salivary
extracellular RNA. RNA was sequenced from the saliva of
ten women, and 1254 transcripts were enriched for genes
with pre-mRNA alternative splicing annotation. The level
of splicing factors was found to be unique for each woman
but similar for the same woman at different time points.
The authors showed that the combination of mRNA lev-
els of seven splicing factors differed between breast cancer
patients and healthy controls (p = 0.005).

Koopaie et al. [44] showed that the expression level of
salivary miR-21 was significantly increased in breast can-
cer. The high diagnostic value of this biomarker is con-
firmed by 100% sensitivity and 100% specificity, accord-
ing to the Receiver operating characteristic (ROC) analy-
sis. The mitogen-activated protein kinase (MAPK) signal-
ing pathway has been proposed as a potential pathway in-
volved in the development of breast cancer. The same au-
thors were the first to evaluate the level of Potassium in-
wardly rectifying channel subfamily J member 3 (KCNJ3)
mRNA expression in the saliva of breast cancer patients
compared to healthy controls [45]. The results showed a
significant increase in KCNJ3 mRNA expression in saliva
samples from breast cancer patients compared to healthy
controls. Due to the relatively high sensitivity (76.70%),
patients can be easily identified as healthy individuals, and
the high specificity (94.59%) minimizes false-positive re-
sults.
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Table 1. Transcriptomic biomarkers of breast cancer in saliva.

Ne  Author, year Study groups RNA

Accuracy

1 Zhang L. et al., BC -30,HC - 63

2010 [42]

2 Bentata M. et al., BC-31,HC-36
2020 [43]

3 Koopaie M. etal., BC-41,HC-39 miRNA-211
2021 [44]

4 Koopaie M. et al., BC—-43,HC-43 KCNIJ31

2022 [45]

CSTA®, TPT14, IGF2BP14, GRM14, GRIK 1,
H6PD*+, MDM41, S100A81

Sensitivity — 83%
Specificity — 97%

HNRNPA2B1,, PTBPI+, HNRNPA34, HNRNPKf, NA
HNRNPK_ex89+, SRSF61, HNRNPA 11

Sensitivity — 100%
Specificity — 100%
Sensitivity — 76.7%
Specificity — 94.6%

Note. BC, breast cancer; HC, healthy control; 1, content in saliva increases in cancer; |, content in saliva decreases in cancer; NA,

not assessed.

4. Proteomics

It is known that human saliva contains a large number
of different proteins that perform various biological func-
tions [46]. The method for studying protein profiles is
called proteomics. A total of 2340 proteins have been iden-
tified in saliva [47].

The main studies on proteomic biomarkers of breast
cancer in saliva are systematized in Table 2 (Ref. [23,42,
48-62)).

Jenzano et al. [48] found increased salivary kallikrein
concentrations in patients with breast and gastrointestinal
cancer compared to healthy controls.

Salivary epidermal growth factor (EGF) concentra-
tions were higher in patients with active breast cancer (p
= (0.0003) and breast cancer patients during follow-up (p =
0.07) than in healthy women. The highest salivary EGF val-
ues were among the subgroups with local recurrence [49].
No correlation was found between plasma and salivary EGF
values. Pink ef al. [63] found elevated levels of tumor
marker carbohydrate antigen 15-3 (CA15-3) and epidermal
growth factor receptor (EGFR) in the saliva of breast cancer
patients. Assad ef al. [64] showed a moderate association
between serum and salivary CA15-3 in breast cancer pa-
tients (r = 0.56; p < 0.01). Streckfus et al. [50] found that
c-erbB-2, p53, and CA15-3 markers have the potential for
use in the initial detection of breast cancer as a diagnostic
panel, especially in combination with mammography and
physical examination and/or for follow-up monitoring, as
well as in comprehensive cancer screening mammary gland
in women. It has been shown that the level of p53 in saliva
in patients with breast cancer is 25% lower than in healthy
people [50].

Some proteins in the saliva of cancer patients are more
informative for detecting breast cancer, for example, the
salivary protein c-erbB-2 [65,66]. Sensitivity and speci-
ficity were 87% and 65%, respectively, with a cut-off point
of 100 U/mL [65]. The presence of c-erbB-2 in saliva can be
explained by several hypothetical mechanisms [65]. First, it
is likely that c-erbB-2 enters saliva from serum through cell
membranes via passive diffusion. Secondly, active trans-
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port is possible. The authors suggested that c-erbB-2 may
be secreted into saliva due to a localized regulatory func-
tion in the oral cavity [67]. Thus, in breast cancer, there
is an excess of protein resulting from the rapid growth of a
malignant neoplasm, which, in turn, causes a humoral reac-
tion in the salivary glands, increasing the concentration of
c-erbB-2 in saliva.

Cui et al. [68] found that the levels of vascular en-
dothelial growth factor (VEGF), epidermal growth factor
(EGF), and carcinoembryonic antigen (CEA) in the saliva
of breast cancer patients were significantly increased. Re-
search studies have assessed the potential use of salivary
proteins such as c-erbB-2, VEGF, EGF, and CEA in the
initial detection and/or subsequent screening of recurrent
breast cancer [52,66,69]. VEGF and EGF are two salivary
biomarkers that have been shown by Enzyme-linked im-
munosorbent assay (ELISA) to have the highest sensitivity
and selectivity among multiple biomarkers [52].

Increased levels of CA15-3 and c-erB-2 in saliva were
also found, which were positively correlated with the serum
of breast cancer patients [70]. Liang ef al. [71] proposed a
novel surface plasmon resonance (SPR) system to directly
measure CA15-3 in human saliva. Wan et al. [72] devel-
oped commercially available disposable strips, similar to
commonly used glucose detection strips, to detect breast
cancer using biomarkers HER2 and CA15-3. The detec-
tion limits of these two biomarkers are as low as 1 fg/mL,
which is much lower than that of conventional enzyme im-
munoassays in the range of 1~4 ng/mL. The effectiveness
of the new method is highlighted by the fast test time of less
than 15 ms and the minimum saliva sample volume of only
3 uL.

More recently, it has been proposed that salivary
HER2 levels be used to detect HER2 types of breast cancer
[73]. However, de Abreu Pereira et al. [74] found signifi-
cant variations in HER2 levels; for example, in the control
group, two patients had much higher amounts of HER2 in
saliva than in the HER2-positive group. After three years
of follow-up, neither of these two subjects showed evidence
of breast cancer. Laidi ef al. [56,75] also showed no signif-
icant difference in clinical characteristics depending on
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Table 2. Proteomic biomarkers of breast cancer in saliva.

Ne  Author, year Study groups Proteins Accuracy

1 Jenzano et al., 1986 [48] BC-7,HC-16 Kallikreint NA

2 Navarro et al., 1997 [49] BC-74,HC-33 Epidermal growth factor (EGF)} NA

3 Streckfus et al., 2000 [50] BC-12,BBL-8, HC-15 CA15-31, p53], c-erbB-21 NA

4 Streckfus et al., 2000 [51] BC-30,BBL—-41,HC-57 c-erbB-2¢ Sensitivity — 87%
Specificity — 65%

5 Brooks et al., 2008 [52] BC -49,HC — 49 VEGF?, EGFt, CEAt AUC (VEGF) =0.80
AUC (EGF)=10.77
AUC (CEA) =0.65
AUC (VEGF+EGF) = 0.84

6 Streckfus et al., 2009 [53] BC-20,HC-10 174 proteins NA

7 Zhang et al., 2010 [42] BC-30,HC - 63 Carbonic anhydrase VI (CA6)t NA

8 Arif et al., 2015 [54] NA ATPO6API1T NA

9 Wood and Streckfus, 2015 [55] BC-16, HC-16 Lung resistance protein (LRP): 110 kDat, 85 kDaft, 75 kDat 110 kDa: sensitivity — 75%, specificity — 63%; 85
kDa: sensitivity — 94%, specificity — 89%; 75 kDa:
sensitivity — 88%, specificity — 95%.

10 Streckfus and Bigler, 2016 [23] BC-70, HC-10 142 up-regulated and 91 down-regulated proteins NA

11 Laidietal., 2016 [56] BC-29,HC-31 1gG anti-HER21, IgG anti-MUC11 NA

12 Girietal., 2019 [57] BC-24,HC -20 coronin-1AT, hepatoma-derived growth factorf, vasodila- NA

tor-stimulated phosphoprotein (VASP)T, cofilint

13 Farahani et al., 2020 [58] BC-30,HC-30 CA15-31, CEAT, Estradiol?, Vaspint, Obestatint AUC (CA15-3) = 0.828 (0.762-0.910)
AUC (CEA) = 0.644 (0.636-0.801)
AUC (estradiol) = 0.868 (0.739-0.927)
AUC (vaspin) = 0.655 (0.623-0.803)
AUC (obestatin) = 0.755 (0.732-0.817)

14 Lopez-Jornet et al., 2021 [59] BC-91,HC - 60 CA1251, soluble Fas (sFas)t AUC (CA125) =0.686 (0.566—0.806)
AUC (sFas) = 0.676 (0.553-0.800)

15  Girietal., 2022 [60] BC -20, HC -20 lipocalin-11, SMR3BH, plastin-2 Sensitivity — 80%

5 peptides (GLST?, VYAL|, MINL|, GPYP1, IPPP?) Specificity — 95%
16  Bel’skaya et al., 2023 [61] BC-48,BBL —40,HC-32 CA15-31, CEAt NA
17 Sinhaetal., 2023 [62] BC-15,BBL - 13,HC-60 591 proteins NA

ANXALl], PRELP|, PRDXI), H2B2F|, GSTP1}, PRPCJ,
CDC42}, K2C1}, PRTN3], CRNN{, 6PGDJ, CYTSt, CAH67,
CATDft, LG3BP4, QSOX11, AMY 1Bt

Note. BC, breast cancer; HC, healthy control; 1, salivary content increases in cancer; |, salivary content decreases in cancer; VEGF, vascular endothelial growth factor; CEA, carcinoembryonic

antigen; AUC, area under the curve; MUC1, Mucinl; ATP6AP, ATPase H+ Transporting Accessory Protein 1; SMR3B, Submaxillary Gland Androgen Regulated Protein 3B; HER2, human epidermal
growth factor receptor 2; GLST, GLSTESILIPR; VYAL, VYALPEDLVEVNPK; MINL, MINLSVPDTIDER; GPYP, GPYPPGPLAPPQPFGPGFVPPPPPPPYGPGR; IPPP, IPPPPPAPYGPGIF
PPPPPQP; BBL, benign breast lesions; ANXAT1, Annexin Al; PRELP, Prolargin precursor; PRDX1, Peroxiredoxin-1; H2B2F, Histone H2B type 2-F isoform a; GSTP1, Glutathione S-transferase P;

PRPC, Salivary acidic proline-rich phosphoprotein 1/2 isoform b; CDC42, Cell division control protein 42 homolog isoform 1 precursor; K2C1, Keratin, type II cytoskeletal 1; PRTN3, Myeloblastin
precursor; CRNN, Cornulin; 6PGD, 6-phosphogluconate dehydrogenase, decarboxylating isoform 2; CYTS, Cystatin-S precursor; CAH6, Carbonic anhydrase 6 isoform 2 precursor; CATD, Cathepsin

D preproprotein; LG3BP, Galectin-3-binding protein precursor; QSOX1, Sulfhydryl oxidase 1 isoform a precursor; AMY 1B, Alpha-amylase 1B precursor; NA, not assessed.
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the positive and negative HER2 status (p > 0.05), with the
exception of progesterone hormone receptor, which was
statistically significant in both the study and control groups
(p =0.047).

Laidi et al. [56,75] found that autoantibodies against
epidermal growth factor receptor 2 (HER2) and human
mucin-1 (MUCT) could be a useful screening tool for breast
cancer [76]. Autoantibodies against HER2, MUCI, and
ATP6API have also been detected in the saliva of patients
with breast cancer [54,56]. Antibodies to ATP6AP1 enter
the saliva from the blood [77] since most of the IgG im-
munoglobulins in saliva are released from the serum mainly
through the gingival crevices, and only some are produced
locally [78]. It has been shown that ATP6AP1 may con-
tribute to the early detection of breast cancer [54].

Lopez-Jornet et al. [59] suggested that CA125 could
be a potential salivary diagnostic biomarker with acceptable
sensitivity and specificity. The mean salivary CA125 con-
centration was 102.1 pg/mL in the control group and 267.6
pg/mL in the breast cancer group (p = 0.005). The concen-
tration of soluble Fas (sFas), in turn, was 84.1 pg/mL and
145.9 pg/mL, respectively (p = 0.008).

Wood and Streckfus [55] analyzed lung resistance pro-
tein (LRP) concentrations in the saliva of patients with stage
I breast cancer. The results showed that the patients’ saliva
had significantly higher levels of LRP compared to healthy
controls.

Farahani et al. [58] showed that salivary concentra-
tions of estradiol and obestatin were significantly higher in
breast cancer patients than in healthy women (p < 0.05).
The authors observed a positive correlation between serum
and salivary CA15-3 concentrations, as well as a negative
correlation between serum and salivary concentrations of
vaspin and obestatin [58].

Streckfus et al. [53] analyzed three pooled (n= 10 sub-
jects/pooled sample) stimulated saliva samples, including
healthy controls, stage I1a breast cancer (ToNoMg) without
lymph node involvement, stage [Ib breast cancer (ToN; M)
with lymph node involvement. The analyses identified
approximately 174 differentially expressed proteins in the
saliva samples. Fifty-five proteins were common to both
cancer stages, while there were 20 proteins unique to stage
ITa and 28 proteins unique to stage IIb. Thus, salivary pro-
teomic profiles may be useful in determining lymph node
involvement in cancer patients [53]. The same authors pre-
sented a catalog of salivary proteins, the concentration of
which changes due to the presence of ductal carcinoma of
the mammary gland [23]. Of the 233 proteins, 142 had in-
creased activity, and 91 had decreased activity. The iden-
tified proteins were divided into groups of cellular activity,
including genomic proteins, molecular chaperones, anti-
inflammatory and immune response proteins, etc.

Zhang et al. [42] identified 10 proteins with increased
levels of expression and four proteins with decreased lev-
els of expression. Carbonic anhydrase VI (CA6) and pso-
riasin levels between cancer and control samples showed
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significant differences. However, only for CA6 were the
differences significant when independently verified by pro-
tein immunoblotting.

Sinha et al. [62] identified 591 and 371 proteins in
saliva and serum samples from the same individuals, re-
spectively. The authors identified several salivary proteins
associated with breast cancer that have not previously been
reported in the literature (Table 2). These proteins can sub-
sequently be used for early detection of breast cancer [62].

Giri et al. [57] quantified the dysregulation of sali-
vary proteins, namely coronin-1A, cofilin, and translation-
controlled tumor protein (TPT-1), associated with organ-
otropism in mixed subtypes of breast cancer. Three
proteins have been confidently identified: lipocalin-1,
plastin-2, and SMR-3B, which can be used as poten-
tial markers of triple-negative breast cancer (TNBC)
[60]. A panel of five peptide signatures with salivary
Peptides GLSTESILIPR (GLST), VYALPEDLVEVNPK
(VYAL), MINLSVPDTIDER (MINL), GPYPPGPLAP-
PQPFGPGFVPPPPPPPYGPGR (GPYP), and IPPPPPA-
PYGPGIF PPPPPQP (IPPP) performed best in differenti-
ating aggressive TNBC from healthy controls with a sensi-
tivity of 80% and specificity of 95% [60].

5. Spectralomics

In the field of biomedical applications, integration of
the field of vibrational spectroscopic analysis with bioinfor-
matics analysis has been recognized as the key to realizing
its true potential [ 79]. This direction is called Spectralomics
[80]. Summarized data for the application of Spectralomics
to saliva are given in Table 3 (Ref. [81-85]).

Feng et al. [81] used surface-enhanced Raman spec-
troscopy (SERS) after membrane pre-purification of sali-
vary proteins to detect benign and malignant breast tumors.
It has been shown that both pathologies lead to several spe-
cific biomolecular changes in salivary proteins (Table 3).
Using multiclass discriminant partial least squares analysis
to classify the SERS spectra of salivary proteins, the diag-
nostic sensitivity and specificity were found to be 75.75%
and 93.75% in differentiating healthy controls and breast
cancer patients, respectively.

Bel’skaya et al. [82] compared the FTIR spectra of
saliva from 50 patients with breast cancer and 58 healthy
volunteers. Itis shown that the intensity of absorption bands
613-615, 860, 925-935, 960-970, 1070-1080, 1120-1130,
1155-1165, 1240, 1310, 1460, 1640, 1735, 2060, 3266
and 3280 cm~? for breast cancer was statistically signifi-
cantly lower than for healthy controls. Intensity ratios of
absorption bands 1640/1535, 1398/1454, 1460/1400, and
1240/1310 have been proposed, which allow for differenti-
ation between groups of breast cancer patients and healthy
ones. The same authors developed a method for extract-
ing salivary lipids with a chloroform/ethanol mixture, fol-
lowed by quantitative determination using IR spectroscopy
[84]. The intensity of absorption bands at 1396, 1458, 2853,
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Table 3. Spectralomic biomarkers of breast cancer in saliva.

Ne  Author, year Study groups Absorbtion Bands Accuracy
1 Fengetal., BC-31,BBL—  Purified saliva proteins: 621 cm™1|, 1049 cm1|, 1176 ~ AUC (BC vs HC) =0.975
2015 [81] 33,HC-33 cm 1], 1004 cm™11, 1208 cm 14, 1340 cm 11, 1684 AUC (BBL vs HC) = 0.972
em 1t AUC (BC vs BBL) = 0.852
2 Bel'skaya et al, BC — 50, HC — 1640/1535cm™], 1398/1454 cm 11, 1460/1400 cm™'], NA
2019 [82] 58 1240/1310 cm~1,
3 Ferreiraet al., BC-10,BBL— 1041 cm™4, 1302.9-1433 cm 14 Sensitivity — 90%
2020 [83] 10, HC - 10 Specificity — 80%
4 Bel’skaya et al., BC-30,BBL- 1458/1396 cm™!| NA
2021 [84] 47, HC - 42
5 Githaiga et al., BC-20,HC — 612 4+ 1.44 cm 1|, 785 cm ™11, 968 + 2.02 em™!1, 1000  Sensitivity — 73.00 & 6.20%
2021 [85] 23 +0.86cm ™|, 1248 cm ', 1340 cm™|, 1371 4+ 0.57 Specificity — 97.50 4+ 0.67%

em 11, 1448 + 1.73 em 14, 1500 = 2.88 con 14, 1661

+ 144 cm™t]

Note. BC, breast cancer; BBL, breast benign lesion; HC, healthy control; 1, content in saliva in cancer increases; |, content in

saliva in cancer decreases; NA, not assessed.

and 2923 cm~! was determined from the IR spectra. It has
been shown that a decrease in the 1458/1396 cm™! ratio for
breast cancer has potential diagnostic value [84].

Ferreira et al. [83] found that in breast cancer patients,
in contrast to the benign tumor group and the control group,
the intensity of the absorption band at 1041 cm~" and the
area of the absorption band at 1302.9-1433 cm ™~ were sig-
nificantly higher. When comparing breast cancer patients
with the control group, the sensitivity of this method was
90%, specificity 80%. Thus, the use of spectral biomarkers
of saliva (1041 cm~! and 1302.9-1433 cm™~1) can be used
as a new non-invasive alternative in the diagnosis of breast
cancer [83].

Another group of scientists, Githaiga et al. [85] dis-
covered ten spectral regions in the raman spectra of saliva
(Table 3). When comparing breast cancer patients with a
control group, the accuracy of the method was 93.66 +
0.80%. Thus, these spectra are specific for breast cancer
and can be used as screening [85].

6. Metabolomics

The metabolome is the complete set of small-molecule
metabolites of living tissues, including metabolic interme-
diates such as carbohydrates, lipids, amino acids, nucleic
acids, hormones, and other signaling molecules [2]. The
total protein content in saliva was 0.14 £+ 0.07 g/dL and
0.25 £ 0.09 g/dL in the group of breast cancer patients
and healthy controls, respectively [86]. Features of the
metabolomic profile of saliva in breast cancer, according
to different authors, are systematized in Table 4 (Ref. [87—
1107]).

Salivary metabolites play an increasingly important
role in the discovery of salivary biomarkers in breast cancer
diagnosis and can guide future research [111].

Tsutsui et al. [89] identified 11 polyamines, including
their N-acetylated forms, in the saliva of patients with pri-
mary and recurrent breast cancer and healthy controls. Lev-

els of several polyamines have been shown to be increased
in breast cancer patients; levels of three polyamines were
significantly higher only in relapsed patients (Table 4). Ac-
cording to Takayama et al. [92], concentrations of a number
of polyamines were higher in cancer patients than in healthy
people. However, in healthy controls, Ornithine (ORN) and
Putrescine (PUT) concentrations were high. Among the
identified 12 polyamines, several polyamines (i.e., CAD,
SPM, SPD, Ac-SPM, N1-Ac-SPD, and N8-Ac-SPD) had
strong effects on the disease. The authors proposed a sim-
ple equation of one order, based on which more than 80% of
patients were diagnosed with breast cancer. In addition, the
risk of cancer recurrence can be estimated using the ratio
N8-Ac-SPD/(N1-Ac-SPD + N8-Ac-SPD).

Murata et al. [99] investigated potential salivary
metabolites for discrimination of patients with invasive
breast carcinoma (IC), patients with ductal carcinoma in
situ (DCIS), and healthy controls based on multiple logis-
tic regression and ADTree-based machine learning meth-
ods. The authors identified 31 distinct metabolites for IC
(Table 4). Only Nl-acetylspermine differed between the
DCIS and IC groups, whereas spermine discriminated 1C
from healthy controls. Spermine and ribulose 5-phosphate
distinguished IC from healthy controls with 79% accuracy.
The authors showed for the first time that the metabolomic
profile depends on the molecular biological subtype of
breast cancer. A significant difference was demonstrated
in such metabolites as adaverine, 5-amiovalerate, gamma-
butyrobetaine, 2-hydroxy-4-methylpentanoate, and Ala-
Ala in the luminal A-like and B-like subtypes. A significant
difference in N-acetylneuramine was shown only between
luminal A-like and TNBC.

Xavier Assad et al. [101] found a crucial increase
in the levels of 31 metabolites among patients with breast
cancer, which included seven oligopeptides and six glyc-
erophospholipids (Table 4). The authors showed that the
content of tri-peptide and PG14:2 was increased before tre-
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Table 4. Metabolomic markers of breast cancer in saliva.

Author, year Study groups Metabolites Accuracy
Sugimoto et al., 2010 [87] BC -30, HC - 87 215 metabolites AUC=0.973
173.0285 m/z  (C7HgO3S){, Lys?, 409.2312 m/z
(C30Hg2N1902S3)t, Thrt, Leu + Ilet, Putrescinet, 131.1174
m/z (C4H12N5)1, Glut, Tyrt, Piperideinel, Valt, Glyt, 437.7442
m/z (C30H55N27035)
Oztiirk et al., 2011 [88] BC-15,HC-10 Total sialic acid (TSA)t NA
Tsutsui et al., 2013 [89] BC - 30 (primary — 8, relapse — 22),  Primary BC: Ac-PUT?, Ac-SPD?, Ac-SPM1, DAc-SPD?T, DAc- NA

Cheng et al., 2015 [90]

Gornitsky et al., 2016 [91]
Takayama et al., 2016 [92]

Zhong et al., 2016 [93]

Bel’skaya and Sarf, 2018 [94]

Cavaco et al., 2018 [95]

HC-14

BC-27,HC -28

BC - 134, HC - 226
BC — 191 (before operation — 111, af-
ter operation — 80), HC — 61

BC-30,HC-25

BC-21,BBL-29,HC-26
Portuguese dataset (BC — 36, HC —

16), Indian dataset (BC — 30, HC — 24)

SPM?t

Relapse BC: Ac-SPM*T, DAc-SPD1, DAc-SPM1

Leut, Phet, Trpt, Metf, Valt, Prot, Alat, Thrt, Glut, Gint, Sert,
AspT, Arg?, Lyst, Hist

SFAA index: Proline, Threonine, Histidine
8-0x0-7-hydrodeoxyguanosine,

Before operation: SPM?, Ac-SPM+, SPD?, N8-Ac-SPD1, N1-
Ac-SPDt, CAD?t

After operation: N8-Ac-SPD?, N1-Ac-SPDt, CADt, DAc-SPDT,
PUTJ, Ac-PUTYH

Glycerol phospholipids (LysoPC (18:2)), LysoPC (18:1)1,
PS (14:1/16:1)1, LysoPC (16:0)t, LysoPC (22:6)f, LysoPE
(18:2/0:0)t, PC (18:1/16:0)1, PE (22:0/20:4)1), palmitic amide],
phytosphingosine], Phet, citrullinet, Hist, acetylphenylalaninel,
propionylcholine], glyceroglycolipid (MG (0:0/14:0/0:0)1), N-
Acetylneuraminic acidt, 4-Hydroxyphenylpyruvic acidt

Oxalic acid|, formic acid|, lactic acidt, acetic acidt, propionic acidt
Portuguese dataset: 3-methyl-pentanoic acid|, 4-methyl-pentanoic
acid/, phenol], p-tret-butyl-phenol (NA)

Indian dataset: acetict, propanoic acidf, benzoic acids (NA), 1,2-
decanedioll, 2-decanone (NA), decanal (NA)

AUC =0.916 (0.834-0.998)

NA

R2=0.88 (BC vs. HC)

AUC = 0.858 (0.804-0.912) (Before vs.
After operation)

AUC (MG (0:0/14:0/0:0)) = 0.929 (0.844—
1.000)

NA
Portuguese dataset: R2 = 0.833
Indian dataset: R2 =0.876
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Table 4. Continued.

Ne  Author, year Study groups Metabolites Accuracy
10 Liueral., 2018 [96] BC - 128, BBL — 65, HC — 66 BC vs. HC: DBA (aGalNAc, GalNAcal-3(Fucal-2)Gal)l, PNA AUC (BC vs. HC)=0.755
(Galp1-3GalNAca){, PHA-E + L (GlcNAc)t, UEA-I (Fucal- AUC (BC vs. BBL) =0.802
2Gal31-4Gle (NAc))T, BPL (Galg1-3GalNAc)|
BC vs. BBL: UEA-1}, MAL-I (GalB1-4/3GlcNAc)|, ECA (Galg1-
4/3GlcNAc)], BS-I (Gala1-3/6Gal/Glc)t
11 Streckfus et al., 2018 [97] BC-36,HC -20 IL-154, IL-8], IFN~J, IL-101, EGF{, MCP-11 NA
12 Hernandez-Arteaga ef al., 2019 [98] BC-35, HC — 129 Sialic Acidt Sensitivity — 80%
Specificity — 93%
13 Murata et al., 2019 [99] BC - 101, DCIS - 23, HC — 42 Sperminef, NI-Acetylsperminef, Leuf, GInf, Serf, Spermidinef, AUC =10.919 (0.838-0.961)
Ilet, NI-Acetylspermidinef, Cadaverinef, Butanoatef, Carnitinet,
Succinatet, Thrt, Arg?, Lactatef, Valt, 1,3-Diaminopropanet, Ribu-
lose 5-phosphatet, Gamma-Butyrobetainet, N-acetylneuraminatet,
Alat, Propionate?t, Cholinet, DHAP?, 5-Aminovalerate?, GABA?T
14 Sawczuk et al., 2019 [100] BC —29 (9*/20), HC —47 (25/22) Advanced oxidation protein products (AOPP)1/{, total protein/J, NA
*without/with the BRCA1 mutation total oxidant status (TOS)=/1, total antioxidant status (TAS)1/1,
catalase], total phenolic content (pPh)J/1, 8-isoprostane?/1, mal-
ondialdehyde/ /1, advanced glycation end-products (AGE)1/1, per-
oxidase1/t
15  Xavier Assad et al., 2020 [101] BC-23,HC-35 Glycerophospholipids: PG14:21, PA32:11, PS28:01, PS40:61, AUC (PG14:2)=0.7329 (0.5962-0.8697)
PI31:11, PI38:7¢ AUC (H-Phe-Phe-GIn-Trp-OH) = 0.7478
Oligopeptides: H-Phe-Phe-GIn-Trp-OHf, H-His-Lys-(Ala-Ser)-OH  (0.6113-0.8844)
or (Gly-Thr)-OHt, H-Phe-lle-Gln-Arg-OH?t, H-Arg-Arg-Ser-OHT,
H-Glu-Phe-GIn-Arg-OH or H-Ile-Lys-GIn-Trp-OH?, H-Phe-Lys-Lys-
Trp-OH or H-Phe-Gln-Arg-Tyr-OH?, H-Ala-Lys-Phe-Trp-OH or H-
Gly-Lys-Thr-Ser-OH or H-Arg-Arg-Ser-Ser-OH1
16 Yangetal., 2020 [102] BC - 128, BBL — 65, HC — 66 N/O-glycan profiles of their salivary glycoproteins isolated by the Ban-  NA

deiraea simplicifolia lectin I (BS-I)-magnetic particle conjugates
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Table 4. Continued.

Ne  Author, year Study groups Metabolites Accuracy
17 Bel’skaya et al., 2021 [103] BC-43,BBL —32,HC-39  Arginase/NOT Sensitivity — 81.1%
Specificity — 81.0%
18 Ragusaet al., 2021 [104] BC-38,HC-34 Fucose?, Mannoset, Galactoset, Glucosamine |, Galactosamine, AUC =0.98 (0.91-1.00)
19  Yanget al., 2021 [105] BC +BBL - 75, HC - 66 3 N-glycans peaks (m/z 2459.8799, 2507.9139, 2954.0547), 2 N- NA
glycans peaks (m/z 1957.7265, 2794.0427), 2 N-glycans peaks (m/z
1866.6608, 2240.8056) recognized by PHA-E+L that existed only in
BB, BC-I, and BC-II, respectively
20  Bel’skaya et al., 2022 [106] BC-75,BBL-87,HC-20  Coppert NA
21  Bel’skaya et al., 2022 [107] BC - 487, HC — 298 Protein|, Ureat, Uric acid, a-Aminoacidst, NO1, ALPt, LDHY, Sensitivity — 84.5%
GGT1, a-Amylaset, Catalase|, SODT, MDAt Specificity — 75.0%
22 Bel’skaya and Sarf, 2022 [108] BC —355 Alkaline phosphatase (ALP)?, Diene conjugates NA
(DC)1, aspartate aminotransferase (AST)t
23 Bel’skaya et al., 2022 [109] BC-113,HC-111 TNF-a, MCP-1|, IL-151, IL-21, IL-4, IL-61, IL-8{, IL-101, IL-18)  NA
24 Swaathi R. et al., 2023 [110] BC-32,HC-8 Total Antioxidant Capacity? NA

Note. BC, breast cancer; AUC, Area Under the Curve; Ac-PUT, N1-acetylated putrescine; Ac-SPD, N1-acetylated spermidine; Ac-SPM, N1-acetylated spermine; DAc-SPD,
N,N-diacetyl- spermidine; DAc-SPM, N,N-diacety-spermine; SFAA, S fimbrial protein subunit A; N1-Ac-SPD, N1-Acetylspermidine; CAD, Cadaverine; PUT, Putrescine;
LysoPC, Lysophosphatidylcholine; PS, Phosphatidylserine; LysoPE, 2-linoleoyl-sn-glycero-3-phosphoethanolamine; MG, Monoradylglycerols; DBA, Dolichos biflorus agglu-
tinin; PNA, Peanut agglutinin; PHA-E + L, Phaseolus vulgaris erythroagglutinating-4 and leukoagglutinating-4 lectins; UEA-I, Ulex europaeus agglutinin I; BPL, Bauhinia
purpurea lectiny MAL-I, Maackia amurensis lectin I; ECA, Erythrinacristagalli; BS-I, Bandeiraeasimplicifolia; EGF, Epidermal growth factor; DCIS, Ductal carcinoma in situ;
DHAP, Dihydroxyacetone phosphate; GABA, y-Aminobutyric acid; PG14, Phosphoglyceride 14; PA32, Phosphatidic acid 32; PS28, Phosphoserine 28; PI31, Proteasomal In-
hibitor of 31kD; BRCAL, Breast cancer gene 1; NO, Nitric oxide; BB, breast benign; BBL, breast benign lesion; HC, healthy control; 1, content in saliva in cancer increases; |,
content in saliva in cancer decreases; =, the content in saliva does not change; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; GGT, gamma glutamyltransferase; SOD,

superoxide dismutase; MDA, malondialdehyde; TNF, « - tumor necrosis factor-a;; MCP-1, monocyte chemoattractant protein 1; IL-123, interleukin 13; NA, not assessed.
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-atment, whereas after treatment, if effective, this was not
observed. Zhong et al. [93] analyzed 18 significantly dif-
ferent salivary metabolites in breast cancer and showed that
lysophosphatidylcholine (18:1), lysophosphatidylcholine
(22:6), and monoacylglycerol (0:0/14:0/0:0) had the great-
est predictive power. Ragusa et al. [104] found overexpres-
sion of salivary fucose and mannose, as well as decreased
expression of galactosamine and glucosamine in breast can-
cer.

Bel’skaya and Sarf [94] showed that in breast cancer,
the concentration of lactic, acetic, and propionic acids in-
creases, and the concentration of oxalic and formic acids
decreases, while in fibroadenomas, the concentration of ox-
alic acid decreases and formic acid increases compared to
healthy controls.

Cavaco et al. [95] analyzed salivary volatile com-
pounds for breast cancer in two different geographical re-
gions in Portugal (Madeira Island) and India (Pune) (Ta-
ble 4). The authors concluded that it is important to con-
sider the specific cohort of data before generalizing it to
other populations.

Bel’skaya et al. [107] showed that salivary concen-
trations of total protein, urea, uric acid, c-amino acids, etc.
(Table 4) change significantly in breast cancer. The coeffi-
cients UA/Urea and UA-CAT/Urea, which deviates as much
as possible from the control in early breast cancer, have
been proposed. It has been shown that the salivary com-
position in patients with TNBC differs from other subtypes
in the maximum number of indicators [107]. The change in
saliva composition depending on the level of expression of
estrogen and progesterone receptors and HER2 status was
studied. One of the significant factors in the development
of relapse in primary resectable breast cancer is a decrease
in the concentration of diene bases in saliva below 3.93 a.u.
(Hazard Ratio (HR) = 1.78, 95% Confidence Interval (CI):
1.02-3.08) [108].

Sialic acids are the terminal fragments of carbohydrate
chains. They are a biologically significant essential com-
ponent for the functioning of glycoconjugates. Thus, it has
been reliably shown that an increased level of sialylation
is specific for breast cancer. These results are consistent
with another study conducted by Oztiirk et al. [88], where
a high concentration of sialic acids was also found, with a si-
multaneous decrease in the level of total protein in patients
with breast cancer compared to the control group. Using
Surface-Enhanced Raman scattering (SERS), Hernandez-
Arteaga et al. [98] found that the level of sialic acids in the
saliva of breast cancer patients is increased compared to be-
nign tumors. The SERS test showed sensitivity and speci-
ficity of 80% and 93%, respectively; it is especially impor-
tant that the method does not require chemical treatment
of the saliva sample; it is very sensitive, fast, and inexpen-
sive. The cut-off value for sialic acid levels (12.5 mg/dL)
to differentiate between benign and cancerous tumors was
established based on ROC curve analysis.
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Liu et al. [96] found nine lectins (Table 4) that re-
vealed significant changes in salivary glycopatterns be-
tween healthy controls, non-malignant breast pathologies,
and breast cancer (stage I-II) using lectin microarrays,
lectin assay-blotting, and statistical analysis.

Bel’skaya et al. [103] suggested using the
Arginase/NO ratio. The arginase: NO ratio was 0.22
for healthy controls, 0.98 for non-malignant breast
pathologies (»p = 0.0040), and 1.48 for breast cancer (p
< 0.0001). It has been shown that in breast cancer, there
is an increase in the level of cytokines IL-2, IL-4, IL-6,
IL-10, and IL-18 and a decrease in the content of IL-8,
while the IL-6/IL-8 ratio increases depending on the tumor
size and metastasis [109]. Streckfus et al. [97] showed
that IL-15 (50%), IL-8 ({10%), and IFN~ (}23%) levels
are reduced in breast cancer, while IL-10 (19%) EGF
(153%) and Monocyte chemoattractant protein-1 (MCP-1)
(143%) were increased among cancer patients, suggesting
upregulation of these cytokines. No changes in VEGF
levels were noted. According to Bel’skaya ef al. [109],
the content of cytokines in saliva significantly correlates
with the clinical and pathological characteristics of breast
cancer. There was a significant increase in MCP-1, IL-15,
IL-2, 1IL-4, and IL-10 in TNBC. For the first time, a
correlation was found between salivary levels of TNF-«,
IL-15, and IL-6 with HER?2 status. A correlation has been
established between the hormonal status of the tumor and
the levels of MCP-1, IL-15, IL-2, and IL-4. A relationship
was also shown between the concentrations of IL-2, IL-10,
and IL-18 in saliva and the level of Ki-67 expression.

It was found that the concentration of salivary cop-
per in breast cancer is 49.3% higher than in non-malignant
diseases of the mammary glands and 60.4% higher than in
healthy controls [108]. The copper content in saliva in-
creases with increasing stage by 3.5 times, as well as with
HER2-positive breast status (+51.9%). Copper content in
saliva less than 1.14 mg/L is a prognostically unfavorable
sign, while the relative risk of death from breast cancer
more than doubles.

7. Microbiomics

The oral cavity is populated by a huge number of mi-
croorganisms and is second only to the intestinal micro-
biota in this diversity [112]. Microorganisms can live in
different parts of the oral cavity, such as the oral cavity, the
gums, the tongue, and so on. The composition and activ-
ity of these media can vary greatly depending on pH, gene
mutations, and interactions between bacteria [113]. More-
over, the composition of the microbiome in individual en-
vironments may differ slightly from each other. The oral
microbiota is mainly dominated by the following bacteria:
Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria,
and Fusobacteria.
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The participation of the oral microbiota in the patho-
genesis of tumors can be considered from the point of view
of three possible mechanisms [114]. Firstly, chronic in-
flammation, which occurs during dysbiosis of the oral mi-
crobiota, promotes the production of inflammatory media-
tors and induces cell proliferation, mutations, activation of
oncogenes, and angiogenesis [115]. Thus, streptococci are
involved in the formation of reactive oxygen species, which
damage nucleic acids, proteins, and lipids, thereby causing
apoptosis and tissue damage [116]. Secondly, the influence
of dysbiosis on metabolic pathways may contribute to tu-
morigenesis [117]. Thirdly, the production of some onco-
genic substances (for example, acetaldehyde) induces ma-
lignant transformation of cells during oral dysbiosis [118].

The oral microbiome has been suggested to play an
important, albeit partial, role in the ontogenesis of breast
cancer [119]. According to a number of authors, there is an
increased risk of developing breast cancer in the presence
of periodontal disease [120,121]. A meta-analysis of 11
studies showed that the risk of breast cancer in this case in-
creases by 1.22 times [122]. There are common pathogenic
factors for periodontal disease and breast cancer, such as
microorganisms and inflammation, which may influence
the onset and progression of the disease [123]. This issue
is being studied quite actively; in particular, differences in
the microbial communities of the oral cavity in breast can-
cer and healthy controls have been identified, and the im-
portant role of menopause and menstrual status and the risk
of breast cancer have been shown [124].

The results of different authors on the relationship be-
tween the oral microbiome and breast cancer are contradic-
tory. Thus, Wang et al. [125] observed no significant dif-
ferences in alpha diversity, beta diversity, or relative taxon
abundance between breast cancer patients (n=55) and non-
cancer patients (n = 21). Nearing ef al. [119] found that
the relative abundance of the genus Rumminococcaecae
UCG-014 was significantly decreased in breast cancer. The
authors identified four more bacterial amplicon sequence
variants (ASV), one of which belonged to the genus Rum-
minococcaecae UCG-014. For the remaining three ASVs,
two of which were assigned to the genus Capnocytophaga
and one to the genus Bergeyella, an increase in abundance
was observed in breast cancer. These results are consis-
tent with Wang et al. [125], who also showed no changes
in the overall composition of the oral microbiome in breast
cancer. However, Wu et al. [126] revealed differences in
microbial diversity in breast cancer, in particular showing a
decrease in the abundance of Porphyromonas and Fusobac-
terium. These significant discrepancies in results may be
due to the fact that the studies were conducted in different
populations, whereas geographical differences and their im-
pact on the composition of the oral microbiome should be
taken into account [127].

Feng et al. [128] showed that 31 species of bacteria on
the tongue and 36 species of bacteria in saliva were statisti-
cally significantly associated with breast cancer. It has been
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shown that seven genera are common to both the tongue
and saliva: Aggregatibacter, Fusobacterium, Streptococ-
cus, Saccharimonadaceae TM7x, Prevotella, Oribacterium
and Solobacterium [128]. At the same time, Aggregatibac-
ter, Campylobacter, Fusobacterium, Streptococcus, TM7x
promote breast cancer, while Prevotella inhibits.

Numerous studies reveal various aspects of the inter-
action between oral microbiota and breast cancer [129]. Pe-
riodontal diseases caused by specific bacteria, such as Por-
phyromonas, Tannerella, Treponema, Fusobacterium, etc.,
contribute to an increased risk of breast cancer [130,131].
It is interesting to note that oral pathogens, such as Fu-
sobacterium, have also been found in breast cancer tu-
mor tissues. These bacteria probably enter the breast tis-
sue through the bloodstream, potentially causing inflam-
mation and carcinogenic processes [132]. Fusobacterium
is able to colonize malignant breast tumors by attaching
to N-acetylgalactosamine (GalNAc) receptors. It has been
proven that Fusobacterium nucleatum can bind to Fap2 in a
dependent manner in breast cancer tissue, inhibit the accu-
mulation of tumor-infiltrating T cells, and promote tumor
growth and metastasis, which can be compensated by an-
tibiotic treatment [133]. Normally, there are elevated levels
of lactococci and streptococci in the oral cavity, suggesting
that these bacteria may have anti-cancer properties [134].
Another study found that the relative abundance of strepto-
cocci was higher in healthy patients, and there was a neg-
ative correlation between breast cancer stage and bacterial
load in tumor tissue.

In another study, Feng et al. [135] showed that the mi-
crobiome composition of the oral cavity is associated with
the molecular biological subtype of breast cancer. Thus,
Bacteroidetes and Firmicutes in saliva samples were as-
sociated with Luminal A and Luminal B breast cancer,
while HER2 and Triple-negative types showed higher lev-
els of Proteobacteria [135]. Streptococcus and Neisseria
were least represented in TNBC, whereas the HER2 sub-
type showed a higher abundance of Porphyromonas. Saliva
samples show associations of Luminal B with both Pro-
teobacteria and Bacteroidetes, as well as between TNBC
and Actinobacteria. This suggests that the microbial ma-
trix of saliva may provide specific information about certain
subtypes of breast cancer.

Klymiuk et al. [136] analyzed saliva samples be-
fore the start of treatment, after four to six cycles of
chemotherapy, and one year after the start of treatment. The
phylum with the highest relative abundance were Firmi-
cutes (59/69/54%), Bacteroidota (15/15/18%), Actinobac-
teriota (8/8/10%), Proteobacteria (10/7/10%), Fusobacte-
riota (4/4/5%) and Spirochaetota (1/2/1%). The most nu-
merous genera include Streptococcus, Prevotella, and Veil-
lonella. The authors found a significant increase in the rel-
ative abundance of potentially pathogenic taxa, such as Es-
cherichia/Shigella, indicating the development of oral dys-
biosis during chemotherapy treatment.
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Fig. 1. Basic structural elements of salivaonkoomics.

8. Discussion

In this review, we summarized the results of the anal-
ysis of breast cancer biomarkers in saliva in the main ar-
eas of “omics” technologies, which allows us to iden-
tify a new independent direction within salivaomics -
“salivoonkoomics” (Fig. 1). Within the framework of this
direction, only those key changes in the composition of
saliva are considered that directly relate to the pathology
being studied, in our case, breast cancer.

It has been shown that the metabolome and proteome
of saliva are the most studied, while there are currently
no studies on epigenomic markers of saliva in breast can-
cer. It is interesting to note that even within the same field
of “omics”, data from different authors differ significantly
both in the set of biomarkers and in the nature of changes in
their concentration. At the same time, the authors often do
not provide any justification for the choice of these partic-
ular metabolites but only state the fact of changes in their
content in breast cancer. There are practically no studies,
with rare exceptions [42], in which one author would con-
sider biomarkers included in different “omics”.

In addition, the small sample sizes in most studies are
noteworthy. Thus, for metabolomics, in 15 of the 24 an-
alyzed studies, the number of patients in the breast cancer
group did not exceed 50 people, and in none of the studies
did it reach 500 people (Table 4). Breast cancer is a het-
erogeneous disease, and a number of studies have shown
that differences in the composition of saliva significantly
depend on the molecular biological subtype of the tumor,
as well as age, menopausal status, and a number of other
factors [97,107—109]. In this regard, data on the same indi-
cator can vary significantly depending on the sample struc-
ture. Most studies do not provide data on sample charac-
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teristics at all. All this significantly reduces the possibility
of comparing results obtained by different authors. There
is a need to verify data when applying them to a specific
sample.

Currently, data comparisons are limited to diagnostic
performance obtained for different biomarkers [137]. For
example, a systematic review and meta-analysis were con-
ducted to examine the diagnostic value of breast cancer
detection using salivary biomarkers. The authors selected
14 clinical trials with 8639 adult women—of which 4149
had been diagnosed with breast cancer, and 4490 were con-
trols. Comparisons were made using the following types of
biomarkers: proteomic, transcriptomic, and metabolomic.
The above salivary biomarkers were detected using ELISA,
PCR, liquid chromatography, or electrophoresis. It was
found that the specificity and sensitivity of detecting sali-
vary biomarkers in patients with breast cancer were 72.7%
and 71.7%, respectively. Compared with controls, patients
with breast cancer were approximately 6 times more likely
to have a positive result. The best specificity and sensitivity
rates were recorded using ELISA and PCR methods (79%
and 73.5%, respectively). The authors conclude that saliva
can be used as a convenient biomaterial for effective breast
cancer screening.

We have identified a new direction within the frame-
work of salivaomics, which should be given attention—
spectralomics (Fig. 1). In our opinion, the fairly broad
field of metabolomics can be divided into a number of
narrower areas: metallomics, lipidomics, volatomics, etc.
(Fig. 1). However, this will have potential significance only
if methodological approaches to obtaining, analyzing and
interpreting data are unified within one subsection. In the
published results, in our opinion, more attention should be
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paid to the methodological features of the study to indicate
technical details and nuances that would allow us to obtain
comparable data.

Attention should be paid to the currently underde-
veloped field of epigenomics with an emphasis on DNA
methylation and histone modification since epigenetic
changes are critical for the development and progression of
cancers, including breast cancer.

Another obvious limitation of the use of “omics” tech-
nologies is the lack of studying the relationships between in-
dividual areas. Therefore, in our opinion, a necessary com-
ponent of salivaonkoomics is the interaction of saliva. The
interactome is a map of biologically significant molecular
interactions [138]. The classification of molecular interac-
tions in its simplest form is based on the nature of the inter-
acting molecules, for example, protein-protein interactions
[139]. The interactome also includes protein-DNA inter-
actions or gene regulatory networks, which include tran-
scription factors, chromatin regulatory proteins, and target
genes. Any metabolic network can be viewed through the
lens of molecular interactions involving enzymes that phys-
ically bind their substrates. It is now obvious that all types
of molecular interactions are also interconnected. For ex-
ample, protein interaction interactomes contain many en-
zymes, which in turn form biochemical networks. Simi-
larly, gene regulatory networks overlap significantly with
protein interaction networks and signaling networks. For
example, within the framework of this review, we would
like to understand which DNA and mRNA are involved in
the coding and translation of oncoproteins identified dur-
ing proteome analysis, etc. Overall, interactomes are use-
ful tools for characterizing biological processes at a global
level and for generating new hypotheses that can be further
tested experimentally and applied, for example, in drug dis-
covery.

An example is the results of a study in which Pearson
correlation analysis on 79 breast tumor biopsies showed that
mutations in intermodular hub genes were more often asso-
ciated with cancer phenotype than mutations in intramodu-
lar hub genes [140]. Hubs with significant differences in
the Pearson correlation coefficient between patients with
favorable and unfavorable treatment outcomes were stud-
ied. BRCAI expression was shown to be highly correlated
with the expression of its interactome partners in surviv-
ing patients but did not correlate with their expression in
tumors of fatal patients. Of the BRCAI co-expression part-
ners, high correlations with favorable outcomes were ob-
served for MRE11 and BRCA?2. These proteins are members
of the super-complex (BRCA-associated genome surveil-
lance complex, or BASC) [141]. This complex includes tu-
mor suppressors and proteins of the DNA repair system.
The results of the analysis showed that BASC disorganiza-
tion through loss of coordinated co-expression of compo-
nents directly correlates with poor outcomes in breast can-
cer.
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9. Conclusions

To more fully understand the diagnostic and prognos-
tic capabilities of saliva in breast cancer, it is necessary to
develop salivaoncoomics in several directions: (1) system-
atization and unification of the study of biomarkers within
each area of “omics”, including sample size, sample homo-
geneity, list of methods and approaches, list of biomark-
ers, reproducibility of results, the ability to broadcast re-
sults to other samples; (2) expanding the number of “omics”
components by adding new methods (for example, spec-
trolomics, etc.); (3) studying the relationships between dif-
ferent “omics” technologies (interactomics). All this to-
gether will allow the study of saliva not only in breast can-
cer but also in many other pathologies to a qualitatively new
level.
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