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Simple Summary: The expression of the mechanosensory Piezo2 channel has been already described in
different malignant tumors. There is discordance in the literature regarding breast carcinoma, being its
expression described either as decreased or increased in neoplasms with respect to benign tissue. A
retrospective cohort of 125 patients whose breasts were resected for carcinoma was chosen to determine
relationship between Piezo2 and different clinical and histological variables. A significant association was
found with the Ki67 proliferation index, with a tendency of most proliferative tumors to be negative for Piezo2.

Abstract: In the last decade a group of Ca2+ channels called Piezo were discovered, demonstrating a decisive
role in the cellular response to mechanical stimuli and being essential in the biological behaviour of cells
regarding the extracellular compartment. Several investigations have suggested a potential role in
carcinogenesis with a tumor supressor role in some cases, but increased expression in several high grade
neoplasms. Regarding Piezo2 expression in mammary gland neoplasms, early results suggested a protective
role of Piezo2, but posterior works resulted in a relationship between Piezo2 expression and the highly-
aggressive triple negative phenotype of breast carcinoma. A cohort of 125 patients with clinical follow up was
chosen to study Piezo2 expression and clarify its clinical implications, using the same immunohistochemical
valuation performed for other breast carcinoma parameters. Fisher exact was chosen to identify potential
relationships between the different variables. A significant association was found with the Ki67 proliferation
index, but not with mitoses. The tendency of most proliferative tumors was to have a diminished score for
Piezo2. A similar association was found between Piezo2 expression and perineurial invasion.

Keywords: piezo2; piezo channels; mechano-signaling; breast cancer; immunohistochemistry

1. Introduction

1.1. Piezo channels

Piezo represent a new class of mechanosensitive channels, responding to mechanical stimuli by
permitting Ca2+ ions pass though the cell membrane, influencing the cell biology [1,2]. Thanks to
their aperture, these channels allow for Ca2+ ions entrance in the cells to transform tactile stimuli in
action potentials [3]. Piezo family consists in two ion channels with marked homology named Piezol

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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and Piezo2 [4]. Mechanical forces stimulate these channels by pulling and pushing the cell membrane
from the extracellular matrix [5], which are tethered on the other side to the cell actin cytoskeleton
[6,7]. Furthermore, integrin activation on cell surface and adhesion to other cells and extracellular
matrix depends on Piezo channels [8].

Although Piezo2 is specifically related to mechanoreception in the Peripheral Nervous System
[9,10], Piezo1 channels demonstrate a more ubiquitous distribution and a polymodal behaviour; they
are essential for vascular and erythrocyte function, for osteoclastogenesis and urinary excretion [2,4].
In this line, they are supposed to participate in biological processes associated to mechanical
stimulation like vascular shear, urinary flow regulation, bladder distension, volume regulation,
elongation and cellular growth, migration and proliferation [2,4].

1.2. Piezo and Cancer

Piezo mechanoreceptors were found in several tissues and neoplasms, but their function is not
fully understood [2]. Mechanical stimuli may influence cancer biology affecting both neoplastic cells
and their environment, by altering cell migration, proliferation, matrix remodeling and metastatic
behavior [10]. In addition, Piezo channels have specific agonists (Yoda I) and antagonists (GsMTx4)
that allow a precise study of this promising target [11].

Both Piezol and Piezo2 have diminished expression in lung neoplasms with respect to benign
lung tissue, and a correlation was found between elevated Piezo mRNA expression and improved
survival of non-small cell lung carcinoma [12]. An opposite behaviour was found in urinary bladder
and colonic human and murine neoplasms [13,14]. In gliomas Piezol expression is increased in
poorer prognosis neoplasms [15,16]. Moreover, increased Piezol expression was observed in
metastatic colon carcinoma [17], prostate carcinoma [18] and oral squamous carcinoma [19].

One of the first known function of Piezo channels was cellular adhesion though integrin
activation [8], and this may explain why carcinomas, less cohesive and stationary than benign tissue,
have shown in some occasions diminished Piezo expression, and higher grade carcinomas (generally
even less cohesive and indifferent to pressure made by surrounding cells and tissue) have much less
expression [12]. The increased expression described in aggressive vesical neoplasms [13], high grade
gliomas [15,16] and others may be more complex to explain; in this regard it has been suggested that
Piezo2 accelerates the cell cycle though activation of Akt/mTOR, enhancing the growth of the
neoplasm [18].

In any case, both Piezol and Piezo2 have a potential role both as oncoprotein and tumour
suppressor protein [11]. When dealing with a tactile related protein such this, it’s unknown if tumor’s
physical perceptions can change its fate. In this line, recent research shows that Piezo1 agonist Yodal
is able to reduce macropinocytosis to impair cell nutrition [20].

1.3. Piezo and Mammary Gland Carcinoma

The presence of Piezo2 channel has already been noted in normal breast [21]. This antigen is
present in epithelial cells and, although there was described tethering of Piezo channels to the cell’s
actin cytoskeleton, there is no morphological evidence of coexpression between Piezo and actin
([6,22] supplementary material).

In any case, current evidence suggests that Piezo2 is not limited to nervous tissue, and probably
has a wider function, like Piezol. In this regard, it has demonstrated expression at least in vascular
structures and the different epithelial glandular components; a role of Piezo2 channels has been
proposed in the milk-flow induced response to duct shear and dilation though the gland, similarly
to Piezol [21].

In breast carcinoma, Piezol and Piezo2 were studied in various different cell lines, with positive
expression in all of them [22-24]. However, opposing results regarding Piezol and Piezo2 role in
breast cancer exists in the literature [22,23,25]. The first study, employing cell lines of normal breast
and breast cancer, found increased Piezol expression in tumor cells compared with normal cells [23].
The second study indicated that Piezo2 expression is reduced in malignant cells, showing lesser
expression as more undifferentiated is the tumor [22]. Moreover, the most recent study, focused in
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triple negative breast cancer, found similar results to the Piezol study, as elevated PIEZO2 mRNA
expression was correlated with worse prognosis and lung metastases, finding no significant relation
with hormone-positive carcinomas [25]. With the last interpretation [25], Piezo2 might be a biomarker
of worse prognosis, but with the previous interpretation would be a biomarker of better prognosis
[22] . So, discordance exists in the bibliography regarding the prognostic relevance given to Piezo2
channels.

To clarify these apparently opposing effects and check the clinical relevance of Piezo2 channels
in breast cancer, we retrospectively chose a consecutive cohort of breast cancer patients undergoing
surgery with a clinical follow of 5 years. Piezo2 immunohistochemistry was performed in the cohort
similar to the commonly performed Progesterone and Estrogen receptors. The study included the
relationship between Piezo2 expression and several clinical and histological features, including the
Nottingham score and the St. Gallen molecular phenotype classification [26-28].

2. Materials and Methods

2.1. Patients

A total of 125 consecutive patients undergoing surgery for breast carcinoma, treated between
2012 and 2013 in a single center were collected (Table 1). It mostly included patients with ductal
adenocarcinoma, but other diagnoses were not excluded. 114 patients had invasive carcinoma and 11
patients had in situ carcinoma. Three (1 ductal in situ and 2 invasive ductal adenocarcinoma) samples
were deemed invalid, because of insufficient material in the remaining paraffin block. The margins
were complete in all the tumors, with no evidence of neoplastic remnants. If a patient presented two
synchronous tumors, the highest grade one was considered. A total of 63 patients had lymph node
metastases at diagnosis.

Table 1. Histology and stage of the cases.

Histology Number Percent TNM Stage Number Percent
Ductal 105 84% pTis 8 6.4%
Lobulillar 9 7.2% pTla 2 1.6%
Mucinous 4 3.2% pT1b 18 14.4%
Tubulolobular 2 1.6% pTlc 62 49.6%
Ductal / Lobulillar 1 0.8% p12 31 24.8%
Ductal + Tubular 1 0.8% pT3 2 1.6%
Medullary 1 0.8% pT4 1 0.8%
Micropapillary 1 0.8%
Solid papillary 1 0.8%

The histologic grade, according to the Nottingham classification, was available in a total of 109
invasive cases. According with this classification, a score of 1 to 3 was assigned to the different
categories including pleomorphism, tubule formation and mitosis. These were added to obtain the
grades (grade 1 with a score of 3-5; grade 2 with a score 6-7; grade 3 with a score 8-9). This information

is quantified in Table 2.
Table 2. Nottingham grade and histologic features.

Nottingham grade Frequency Percent Tubule formation = Frequency Percent

Grade 1 32 29.4% Score 1 8 7.3%

Grade 2 43 39.5% Score 2 20 18.4%

Grade 3 34 31.2% Score 3 81 74.3%
Pleomorphism Frequency Percent Mitoses Frequency Percent

Score 1 13 11.9% Score 1 66 60.6%

Score 2 68 62.4% Score 2 26 23.9%

Score 3 28 25.7% Score 1 17 15.6%
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Immunohistochemistry was available in most neoplasms (Table 3) and the St. Gallen subtypes
were determined according to the immunohistochemical profile regarding hormone receptors, Her2
and Ki67 proliferation index (Table 4).

Table 3. Immunohistochemistry of breast carcinoma.

Estrogen receptors Frequency Percent Progesterone receptors Frequency Percent
Positive 106 84.8% Positive 85 68%
Negative 19 15.2% Negative 45 32%

Hormonal receptors Frequency Percent Her2 Frequency Percent
Positive 108 84.4% Positive 36 29%
Negative 17 13.6% Negative 88 71%

The follow-up of the patients was, at least, 5 years after diagnosis. Possible clinical events were
related with clinical progression of the neoplasm (relapse, metastases...).

Table 4. St. Gallen classification.

St. Gallen Classification Frequency Percent
Luminal A 69 55.2%
Luminal B Her2-negative 15 12%
Luminal B Her2-positive 24 19.2%
Her2+ non luminal 11 8.8%
Basal like 6 4.8%

2.2. Immunohistochemical Assay

The immunohistochemistry was individually performed over the same paraffin block initially
selected for immunohistochemistry at diagnosis, generally including neoplastic and benign breast
tissue. A tissue microarray was considered, but finally avoided in order to identify possible
differences of expression.

Deparaffinized and rehydrated 5 pm sections were processed for detection of Piezol and Piezo2
using the EnVision antibody complex detection kit (Dako®, Copenhagen, Denmark) following the
supplier’s instructions. Briefly, endogenous peroxidase activity was inhibited (3% H2O2 for 15 min),
and non-specific binding was blocked (10% bovine serum albumin for 20 min). Sections were then
incubated overnight at 4 °C with the primary antibody. The antibody against Piezo2 was polyclonal
raised in rabbit (Sigma-Aldrich®, Madrid, Spain), and recognizes the following amino acid sequence:
FEDENKAAVRIMAGDNVEICMNLDAASFSQHNP (manufacturer’s notice); it was used diluted to
1:200. Subsequently, the sections were incubated with anti-rabbit EnVision system-labelled polymer
(Dako®, Copenhagen, Denmark) for 30 min. Finally, the slides were washed with buffer solution,
and the immunoreaction was visualized with diaminobenzidine as a chromogen, washed,
dehydrated, and mounted with Entellan (Merck®, Dramstadt, Germany). To ascertain structural
details, the sections were counterstained with Mayer’s haematoxylin.

Quantification of the immunohistochemical expression of Piezo channels was performed
according to Allred score, commonly used in evaluating breast hormonal receptors [26,29]. This score
assesses intensity of stain (0-3 points: negative, +, ++ or +++) and the proportion of positive neoplastic
cells (0-5 points: negative, <1%, 1-10%, 11-33%, 34-66%, >66%). Both components are added for a total
of 0-8 points. Two different pathologists independently examined all the samples and reached a
consensus afterwards. Images of the immunohistochemical results were taken with a Nikon Eclipse
Ci microscope paired with a Nikon DS-Ri2 camera and employing Nikon NIS Elements software
(Nikon®, Tokio, Japan).

2.3. Data Analysis

The statistical analysis was performed using the Stata package (2013; StataCorp, College Station,
Texas, USA). Categorical variables are reported as percentages. Normally distributed continuous
variables are summarized using means with standard deviations. Non-normally distributed
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continuous variables are reported as medians and interquartile ranges. The Pearson x2 test and Fisher
exact tests were used to assess differences between categorical values as warranted. Interrater
agreement was assessed using Cohen's kappa. The kappa result was interpreted as follows: 0-0.20
indicate no agreement, 0.21-0.39 a minimal agreement, 0.40-0.59 a weak agreement, 0.60-0.79 a
moderate agreement, 0.80-0.90 a strong agreement and any value above 0.90 an almost perfect
agreement [30].

3. Results

3.1. Immunohistochemistry

Available normal breast tissue usually showed intense, generally scattered, Piezo2 expression in
glandular cells (Figs 1a-c). On the other side, results in neoplastic tissue were commonly slightly less
intense, and the expression was commonly homogeneous in either proliferative conditions (Fig. 1d)
and neoplasms (Figs. 1e,f).
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Figure 1. Piezo2 expression in non neoplastic conditions. In most tubules, Piezo 2 expression is
positive in part of the ductal epitelial cells (a). Acini are also partially positive (b). Benign acini
sometimes demonstrate intense expression in few of the cells (c). Benign hyperplastic regions tend to
be more homogeneous in intensity (d). In situ (e) and invasive carcinoma (f) are usually uniformly
positive (ca in images e and f), contrasting with the scattered positive cells in normal ducts (du in
image e) and acini (ac in image f). Scale bar 100 pm (a,e,f), 50 um (b,d), 25 um (c).

Neoplastic tissue was evaluated by two pathologists (Fig. 2). A 90.5% agreement was observed
between both in the first examination, with a Cohen'’s kappa of 0.59 (95% CI 0.30-0.87) (Suppl. Mat.).
An assessment of conflictive cases showed most divergent opinions were related with the
interpretation of background staining.
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Figure 2. Piezo2 expression in neoplastic conditions. Images illustrating the different scores applied
into the neoplastic cells: Negative (a), 1+ (b), 2+ (c, d) and 3+ (e, f). Sometimes, additional features were
noted, like perineurial invasion (pn in b) or remnants of benign mammary tissue inside the neoplasm
(du in e). Scale bar 50 um (a,b,c,e,f), 25 um (d).

The majority of cases were positive for Piezo2, with variable pattern and intensity, being the
score 8 the most frequent category, with intense and either complete or nearly complete expression
in the neoplasm (Table 5).

Table 5. Piezo2 expression in infiltrating carcinoma.

Cells expressing <1% (1) 1-10% (2)  11-33% (3) 34-66% (4)  >66% (5)
Low expression (1) 1 2 9 14 17
Medium expression (2) 0 0 6 6 17
Intense expression (3) 0 0 0 3 36

Percentage of Piezo2 expressing tumor cells is depicted in the columns. The intensity of the expression is
depicted in the rows. The score granted in specified between parentheses.

In addition, a particular staining pattern was observed when the epithelial cells showed intense
secretory activity (luminal or apical “snouts”, usual in apocrine-type secretion). This activity was
accompanied sometimes by intense Piezo2 expression, both in benign (Figs. 3a,b) and malignant
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tissue (Fig. 3c). However, when normal mammary gland tissue was noted as “apocrine” and snouts
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Figure 3. Piezo2 luminal expression pattern. When mammary secretion is apparent in the form of
apical “snouts”, Piezo2 expression is intense in this region of the cell cytoplasm (a,b). When the
neoplastic tissue maintains good differentiation and snouts are recognizable, Piezo2 expression is also
highlighted in the luminal region of the cell (c). Areas of defined apocrine metaplasia are mostly
negative with Piezo2 (d). Scale bar 50 um (a,c,d), 25 um (b).

3.2. Data Analysis

Immunohistochemical results indicate that benign breast tissue demonstrated greater intensity
of staining for Piezo2 than neoplastic tissue, with a median of 2 for neoplastic breast tissue and a
median of 3 for normal mammary glands (Table 6). With non-parametric tests, the group of neoplastic
tissue presented greater values (p=0.004). Only three cases had apocrine metaplasia in normal
mammary glands, all of them with an intensity of 1 for Piezo2.

Table 6. Piezo?2 intensity in normal breast and cancer.

Normal gland Cancer
Value Frequency Percent Value Frequency Percent
Score 0 1 1.6% Score 0 5 8.2%
Score 1 16 26.2% Score 1 22 36.1%
Score 2 12 19.7% Score 2 18 29.5%
Score 3 32 52.5% Score 3 16 26.2%

Fisher’s exact revealed no significant correlation between Piezo2 expression and survival,
tumor’s histology, stage, tubule formation, pleomorphism, mitoses, infiltration or lymph node
invasion. No relationship was either observed between Piezo2 and Estrogen Receptors, Progesterone
Receptors or Her2.

In contrast, a clear relation was identified between Piezo2 expression and Ki67, with p-values
under 0.05, with higher Piezo2 expression in proliferative tumors. This finding was significant
categorizing Ki67 in two categories (>20% and <20%) and in three categories (=30%, >5% and <30%,
and <5%). In the first case, the Fisher’s exact was 0,01 and in the second one, it was 0,02. The
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relationship was confirmed when the expression of Piezo2 was divided in two categories (<2 and >2),
also categorizing Ki67 in the previous two categories (p = 0.01). Results are summarized in Figure 4.
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Figure 4. Piezo2 expression in relation to Ki67 proliferation index. Left diagram illustrates all the
cases, with Ki67 proliferation index illustrated in the vertical axis and global Allred score for Piezo2
is illustrated in the horizontal axis. Right diagram illustrates only the infiltrative cases, with Ki67 in
the vertical axis and the Piezo2 intensity score in the horizontal one.

A similar relationship was found regarding perineurial invasion, with a Fisher’s exact test’s p
value of 0,01 (Figure 5). The number of cases noted as positive for perineurial infiltration was 15 and
the number without it was 97.

Perineural: No

Perineural: Yes —

Figure 5. Piezo2 expression in relation to perineurial infiltration. The global Allred score for Piezo2 is
illustrated in the horizontal axis.

4. Discussion

In our experiment, most patients were positive for Piezo2, which is in accordance with the
literature [22]. The experiment also demonstrated more intense expression of Piezo2 in benign breast
tissue than in neoplastic tissue. The apparent contradiction with the previous report for Piezol
suggesting its correlation with neoplastic aggressive phenotypes, might be partly explained by a
limited representativeness of the MCF-7 breast cancer cellular line employed in the older study
[23,31], but other studies have produced similar results, indicating association between PIEZO1 and
poor prognosis [32,33], probably by the induction of a compression-enhanced invasive phenotype
and matrix degradation of cancer cells through Piezol channels [34,35]. Moreover, this MCF-7 line
was also employed in the first study of Piezo2 expression with opposite results to Piezol regarding
the prognostic significance [22]. Although both Piezo channels have high homology, their functional
response is different [35], and for this reason Piezol determines poor prognosis in the MCF-7 line
while Piezo2 determined the opposite results in the same cellular line [22,23].

Although we found stronger Piezo2 expression in benign breast tissue, we also detected a
tendency of more Piezo2 expression in the more proliferative neoplasms. This may be the key point
to explain the apparent discordance mentioned in the introduction regarding the different studies
employing cellular lines to study Piezo2 expression [22]. With this interpretation, Piezo2 would have
diminished expression in carcinomas, but its expression would be enhanced in highly proliferative
carcinomas, measured by the Ki67 immunostaining, in line with the findings of Katsuta et al. [25].
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Ki67 is a nuclear protein, characteristically expressed in proliferating vertebrate cells. This
marker reacts with cells that are not in GO phase of the cell cycle, and is commonly used in clinical
cancer histopathology to assess the proliferation index [36-38]. For example, Ki67 proliferation index
is determinant in GIST [39] and neuroendocrine tumors [40,41]. Moreover, it is a valuable prognostic
factor in other tumors like gliomas [42], lymphoma [43], sarcomas [44], melanoma [45] or carcinomas
[46-48].

Regarding breast carcinoma, although inconsistencies have been described between elevated
Ki67 index and high mitosis accounts [37,49], Ki67 remains as a strong prognostic factor and is closely
linked with mitotic count [50,51]. It has been described as the most powerful IHC prognostic indicator
of early breast cancer in univariate analyses, probably due by its correlation of tumor grade [52].
Furthermore, mitosis and Ki67 relationship in breast varies dynamically, and the mentioned
inconsistencies were related to certain cancer subtypes [53]. An explanation of this behavior may be
the parallel relationship existing between the immune response against cancer cells and the actual
proliferation of neoplastic cells, both requiring the existence of Ki67 [38]. Piezol also has been
described to affect the immune response, by the enhancement of myeloid-derived suppressor cells in
cancer and infectious disease, inhibiting immune responses and, thus, promoting cancer proliferation
[54].

Although mitosis are one of the three items included in the Nottingham histological grading
system, Ki67 has a predictive role and has even been suggested as a criterion to select the therapy in
some breast carcinomas [55]; in addition Ki67 evaluation is critical, according to St. Gallen Consensus,
differentiating Luminal A and Luminal B molecular subtypes [37]. We have found a significant
relationship between Piezo2 expression and the Ki67 proliferation index, considering Ki67 under two
or three categories. The categorization of Ki67 under two categories was employed by many authors
and is associated with the St. Gallen breast cancer categories and overall survival [56,57]. Although
the cut-point selection ranges from 15% to 20%, in the practice Ki67% is generally reported in 5%
intervals so, actually, breakpoints of >15% and >20% are the same in the clinical practice and are
coherent with the St. Gallen Consensus. The categorization of Ki67 under three categories is probably
the best option for early breast cancer, as long as renders more predictive value to the extreme
categories <5% and >30% [37,50,55]. For this reason, two Ki67 categorizations were employed, in the
statistical analysis, both of them being significant. In any case, uncertainty remains surrounding the
selection of relevant cut-off points for Ki67 [37].

The main limitations in the present study are the sample size and, particularly, the tuning of the
immunohistochemistry for Piezo2. Although our group has experience regarding this
immunohistochemical technique, the background staining prevented a high concordance between
observers. In any case, certain variability in the scoring by histopathologists appears when different
individuals make interpretations over a slide [37]. Moreover, no specific threshold has been
established for this technique. For this reason, this can be only considered a preliminary study. Other
consideration to be made is related with the retrospective nature of the investigation, but we think
that this approach was necessary to find some preliminary results that may guide a subsequent
prospective study.

5. Conclusions

This is the first study assessing Piezo2 expression in breast carcinoma employing clinical data of
a cohort of patients. Including the above-mentioned limitations, normal breast showed enhanced
Piezo2 expression than neoplastic tissue. On the other hand, a significant positive relation was
demonstrated between Piezo2 expression, elevated Ki67 proliferation index and perineurial invasion.
Moreover, there is a morphological shift from the single cell expression of benign tissue to a more
generalized expression in neoplasms.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Expression of Piezo2 and Actin in mammary gland tissue; Table S1: Statistical
charts.


https://doi.org/10.20944/preprints202405.0540.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2024 doi:10.20944/preprints202405.0540.v1

10

Author Contributions: Conceptualization, J.F., Y.G.-M. and O.G.-S.; methodology, A.R.-F., Y.G.-M. and F.].G.-
A; software, F.J.G.-A. and ].F,; validation, ].F., F.].G.-A. and O.G.-S; formal analysis, A.R.-F., M.A.G.-M. and ].F;
investigation, Y.G.-M., $.M.-G. and R.S.-B.; resources, J.F. and A .R.-F.; data curation, F.].G.-A. and J.F.; writing—
original draft preparation, R.M-S.; writing —review and editing, ].F. and F.].G.-A ; visualization, ].F.; supervision,
O.G.-S. and ].F.; project administration, J.F.; funding acquisition, J.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Gerencia Regional de Salud de Castilla y Leon, grant number GRS
2164/A/2020.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of
Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of Complejo Asistencial
Universitario de Salamanca (protocol code PI 2020 10 598, of November 17t 2020).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the study over
archive material.

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

References

1.  Coste, B.; Xiao, B.; Santos, J.S.; Syeda, R.; Grand], ].; Spencer, K.S.; Kim, S.E.; Schmidt, M.; Mathur, ].; Dubin,
A.E.; Montal, M.; Patapoutian, A. Piezo proteins are pore-forming subunits of mechanically activated
channels. Nature 2012, 483, 176-81. doi: 10.1038/nature10812

2. Wu, ]; Lewis, A.H.; Grandl, J. Touch, tension, and transduction — the function and regulation of Piezo ion
channels. Trends Biochem Sci 2017, 42, 57-71. doi: 10.1016/j.tibs.2016.09.004

3. Olson, W.; Dong, P.; Fleming, M.; Luo, W. The specification and wiring of mammalian cutaneous low-
threshold mechanoreceptors. Wiley Interdiscip Rev Dev Biol 2016, 5, 389-404. doi: 10.1002/wdev.229

4.  Bagriantsev, S.N.; Gracheva, E.O.; Gallagher, P.G. Piezo proteins: regulators of mechanosensation and
other cellular processes. | Biol Chem 2014, 289, 31673-81. doi: 10.1074/jbc.R114.612697

5. Gaub, B.M.; Miiller, D. Mechanical stimulation of Piezo1 receptors depends on extracellular matrix proteins
and directionality of force. Nano Lett 2017, 17, 2064-72. doi: 10.1021/acs.nanolett.7b00177

6.  Pardo-Pastor, C.; Rubio-Moscardo, F.; Vogel-Gonzalez, M.; Serra, S.A.; Afthinos, A.; Mrkonyjic, S.; Destaing,
O.; Abenza, J.F.; Fernandez-Fernandez, ] M.; Trepat, X.; Albiges-Rizo, C.; Konstantopoulos, K.; Valverde,
M.A. Piezo2 channel regulates RhoA and actin cytoskeleton to promote cell mechanobiological responses.
Proc Natl Acad Sci U S A 2018, 115, 1925-30. doi: 10.1073/pnas.1718177115

7. Wang, J; Jiang, J.; Yang, X.; Zhou, G.; Wang, L.; Xiao, B. Tethering Piezo channels to the actin cytoskeleton
for mechanogating via the cadherin-B-catenin mechanotransduction complex. Cell Rep 2022, 38, 110342. doi:
10.1016/j.celrep.2022.110342

8. McHugh, B.J,; Buttery, R,; Lad, Y.; Banks, S.; Haslett, C.; Sethi, T. Integrin activation by Fam38A uses a
novel mechanism of R-Ras targeting to the endoplasmic reticulum. J Cell Sci 2010, 123, 51-61. doi:
10.1242/jcs.056424

9.  Garcia-Mesa, Y.; Garcia-Piqueras, J.; Garcia, B.; Feito, J.; Cabo, R.; Cobo, J.; Vega, ]J.A.; Garcia-Suarez, O.
Merkel cells and Meissner’s corpuscles in human digital skin display Piezo2 immunoreactivity. ] Anat 2017,
231, 978-89. doi: 10.1111/joa.12688

10. Pethd, Z.; Najder, K.; Bulk, E.; Schwab, A. Mechanosensitive ion channels push cancer progression. Cell
Calcium 2019, 80, 79-90. doi: 10.1016/j.ceca.2019.03.007

11.  De Felice, D.; Alaimo, A. Mechanosensitive Piezo channels in cancer: focus on altered calcium signaling in
cancer cells and in tumor progression. Cancers (Basel) 2020, 12, 1780. doi: 10.3390/cancers12071780

12.  Huang, Z.; Sun, Z.; Zhang, X.; Niu, K.; Wang, Y.; Zheng, ].; Li, H.; Liu, Y. Loss of stretch-activated channels,
Piezo’s, accelerates non-small cell lung cancer progression and cell migration. Biosci Rep 2019, 39,
BSR20181679. doi: 10.1042/BSR20181679

13. Etem, E.O.; Ceylan, G.G,; Ozaydin, S.; Ceylan, C.; Ozercan, 1; Kuloglu, T. The increased expression of
Piezol and Piezo2 ion channels in human and mouse bladder carcinoma. Adv Clin Exp Med 2018, 27, 1025-
31. doi: 10.17219/acem/71080

14. Shang, H.; Xu, A.; Yan, H.; Xu, D.; Zhang, J.; Fang, X. PIEZO2 prometes cell proliferation and metastasis in
colon carcinoma through the SLIT2/ROBO1/VEGFC pathway. Adv Clin Exp Med 2023, 32, 763-76. doi:
10.17219/acem/157515

15. Qu, S; Li, S.; Hu, Z. Upregulation of Piezol is a novel prognostic indicator in glioma patients. Cancer Manag
Res 2020, 12, 3527-36. doi: 10.2147/CMAR.S251776


https://doi.org/10.20944/preprints202405.0540.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2024 doi:10.20944/preprints202405.0540.v1

11

16. Zhou, W,; Liu, X,; van Wijnbergen, ].W.M.; Yuan, L.; Liu, Y.; Zhang, C.; Jia, W. Identification of Piezol as a
potential prognostic marker in gliomas. Sci Rep 2020, 10, 16121. doi: 10.1038/s41598-020-72886-8

17. Sun, Y.; Li, M,; Liu, G.; Zhang, X.; Zhi, L.; Zhao, J.; Wang, G. The function of Piezol in colon cancer
metastasis and its potential regulatory mechanism. | Cancer Res Clin Oncol 2020, 146, 1139-52. doi:
10.1007/s00432-020-03179-w

18. Han, Y.; Liu, C; Zhang, D.; Men, H.; Huo, L.; Geng, Q.; Wang, S.; Gao, Y.; Zhang, W.; Zhang, Y.; Jia, Z.
Mechanosensitive ion channel Piezol promotes prostate cancer development though the activation of the
Akt/mTOR pathway and acceleration of cell cycle. Int ] Oncol 2019, 55, 629-44. doi: 10.3892/ij0.2019.4839

19. Hasegawa, K;; Fujii, S.; Matsumoto, S.; Tajiri, Y.; Kikucho, A.; Kiyoshima, T. YAP signaling induces Piezol
to promote oral squamous cell carcinoma cell proliferation. ] Pathol 2021, 253, 80-93. doi: 10.1002/path.5553

20. Kuriyama, M.; Hirose, H.; Masuda, T.; Shudou, M.; Arafiles, ].V.V.; Imanishi, M.; Maekawa, M.; Hara, Y;
Futaki, S. Piezol activation using Yodal inhibits macropinocytosis in A431 human epidermoid carcinoma
cells. Sci Rep 2022, 12, 6322. doi: 10.1038/s41598-022-10153-8

21. Gutiérrez-Villanueva, M.; Garcia-Mesa, Y.; Garcia-Piqueras, ].; Cobo, R.; Garcia-Sudrez, O.; Vega, J.A.;
Feito, J. The sensory innervation of the human nipple. Ann Anat 2020, 229, 151456. doi:
10.1016/j.aanat.2019.151456

22. Lou, W, Liu, J; Ding, B, Jin, L; Xu, L.; Li, X;; Chen, J.; Fan, W. Five miRNAs-mediated Piezo2
downregulation, accompanied with activation of Hedgehog signaling pathway, predicts poor prognosis of
breast cancer. Aging (Albany NY) 2019, 11, 2628-52. doi: 10.18632/aging.101934

23. Li, C; Rezania, S.; Kammerer, S.; Sokolowski, A.; Devaney, T.; Gorischek, A.; Jahn, S.; Hackl, H.; Groschner,
K.; Windpassinger, C.; Malle, E.; Bauernhofer, T.; Schreibmayer, W. Piezol forms mechanosensitive ion
channels in the human MCE-7 breast cancer cell line. Sci Rep 2015, 5, 8364. doi: 10.1038/srep08364

24. Qi, L; Zhang, Q. Tan, Y.; Lam, K.H,; Zheng, H.; Qian, M. Non-contact high-frequency ultrasound
microbeam stimulation: a novel finding and potential causes of cell responses. IEEE Trans Biomed Eng 2020,
67,1071-82. doi: 10.1109/TBME.2019.2929008

25. Katsuta, E.; Takabe, K.; Vujcic, M.; Gottlieb, P.A.; Dai, T.; Mercado-Perez, A.; Beyder, A.; Wang, Q.;
Opyrchal, M. Mechano-sensing cannel PIEZO2 enhances invasive phenotype in triple-negative breast
cancer. Int | Mol Sci 2022, 23, 9909. doi: 10.3390/ijms23179909

26. Rakha, E.A.; El-Sayed, M.E.; Lee, A.H.S.; Elston, C.W.; Grainge, M.].; Hodi, Z.; Blamey, R.W.; Ellis, 1.O.
Prognostic significance of Nottingham histologic grade in invasive breast carcinoma. | Clin Oncol 2008, 26,
3153-8. doi: 10.1200/JC0O.2007.15.5986

27. Vasconcelos, I.; Hussainzada, A.; Berger, S.; Fietze, E.; Linke, ].; Siedentopf, F.; Schoenegg, W. The St. Gallen
surrogate classification for breast cancer subtypes successfully predicts tumor presenting features, nodal
involvement, recurrence patterns and disease free survival. Breast 2016, 29, 181-5. doi:
10.1016/j.breast.2016.07.016

28. Takahashi, H.; Oshi, M.; Asaoka, M.; Yan, L.; Endo, I.; Takabe, K. Molecular biological features of
Nottingham histological grade 3 breast cancers. Ann Surg Oncol 2020, 27, 4475-85. doi: 10.1245/510434-020-
08608-1

29. g, LR,; Stojanovic, N.M.; Radulovic, N.S.; Zivkovic, V.V.; Randjelovic, P.J.; Petrovic, A.S.; Bozic, M.; Ilic,
R.S. The quantitative ER immunohistochemical analysis in breast cancer: detecting the 3+0,4+0, and 5 +
0 Allred score cases. Medicina (Kaunas) 2019, 55, 461. doi: 10.3390/medicina55080461.

30. McHugh, M.L. Interrater reliability: the kappa statistic. Biochem: Med (Zagreb) 2012, 22, 276-282. doi:
10.11613/BM.2012.031

31. Qu, Y. Han, B,; Yu. Y; Yao, W.; Bose, S.; Karlan, B.Y.; Giuliano, A.E.; Cui, X. Evaluation of MCF10A as a
reliable model for normal human mammary epithelial cells. PLoS One 2015, 10, e0131285. doi:
10.1371/journal.pone.0131285

32. Xu, H; Chen, Z; Li, C. The prognostic value of Piezol in breast cancer patients vith various
clinicopathological features. Anticancer Drugs 2021, 32, 448-55. doi: 10.1097/CAD.0000000000001049

33. Chen, X.; Chen, ]J. miR-10b-5p-mediated upregulation of PIEZO1 predicts poor prognosis and links to
purine metabolism in breast cancer. Genomics 2022, 114, 110351. doi: 10.1016/j.ygeno.2022.110351

34. Luo, M,; Cai, G,; Ho, KK.Y,; Wen, K.; Tong, Z,; Deng, L.; Liu, A.P. Compression enhances invasive
phenotype and matrix degradation of breast cancer cells via Piezol activation. BMC Mol Cell Biol 2022, 23,
1. doi: 10.1186/s12860-021-00401-6

35. Karska, J.; Kowalski, S.; Saczko, J.; Moisescu, M.G.; Kulbacka, J. Mechanosensitive ion channels and their
role in cancer cells. Membranes (Basel) 2023, 13, 167. doi: 10.3390/membranes13020167

36. Gerdes, ].; Lemke, H.; Baisch, H.; Wacker, HH.; Schwab, U.; Stein, H. Cell cycle analysis of a cell
proliferation-associated human nuclear antigen defined by the monoclonal antibody ki-67. | Immunol 1984,
133, 1710-5. doi: 10.4049/jimmunol.133.4.1710


https://doi.org/10.20944/preprints202405.0540.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2024 doi:10.20944/preprints202405.0540.v1

12

37. Davey, M.G.; Hynes, 5.0.; Kerin, M.].; Miller, N.; Lowery, A.]. Ki-67 as a prognostic biomarker in invasive
breast cancer. Cancers (Basel) 2021, 13, 4455. doi: 10.3390/cancers13174455

38. Mrouj, K.; Andrés-Sanchez, N.; Dubra, G.; Singh, P.; Sobecki, M.; Chahar, D.; Al Ghoul, E.; Aznar, A.B.;
Prieto, S.; Pirot, N.; Bernex, F.; Bordignon, B.; Hassen-Khodja, C.; Villalba, M.; Krasinska, L.; Fisher, D. Ki-
67 regulates global gene expression and promotes sequential stages of carcinogénesis. Proc Natl Acad Sci
USA 2021, 118, €2026507118. doi: 10.1073/pnas.2026507118

39. Zhang, H.; Liu, Q. Prognostic indicators for gastrointestinal stromal tumors: A review. Transl Oncol 2020,
13, 100812. doi: 10.1016/j.tranon.2020.100812.

40. Couvelard, A.; Cazes, A.; Cros, J. Updates in histopathological classification and tissue biomarkers of
digestive neuroendocrine neoplasms: What the clinician should know. Best Pract Res Clin Endocrinol Metab
2023, 37, 101795. doi: 10.1016/j.beem.2023.101795

41. Weaver, ].M.].; Hubner, R.A.; Valle, ] W.; McNamara, M.G. Selection of chemotherapy in advanced poorly
differentiated extra-pulmonary neuroendocrine carcinoma. Cancers (Basel) 2023, 15, 4951. doi:
10.3390/cancers15204951

42. Chen, W.-]; He, D.-S,; Tang, R.-X,; Ren, F.-H.; Chen, G. Ki-67 is a valuable prognostic factor in gliomas:
evidence from a systematic review and meta-analysis. Asian Pac | Cancer Prev 2015, 16, 411-20. doi:
10.7314/apjcp.2015.16.2.411

43. He, X,; Chen, Z; Fu, T.; Jin, X; Yu, T.; Liang, Y.; Zhao, X.; Huang, L. Ki-67 is a valuable prognostic predictor
of lymphoma but its utility varies in lymphoma subtypes: evidence from a systematic meta-analysis. BMC
Cancer 2014, 14, 153. doi: 10.1186/1471-2407-14-153

44. Choong PF, Akerman M, Willén H, Andersson C, Gustafson P, Baldetorp B, Ferné M, Alvegard T, Rydholm
A. Prognostic value of Ki-67 expression in 182 soft tissue sarcomas. Proliferation—a marker of metastasis?
APMIS 1994, 102, 915-24. doi: 10.1111/j.1699-0463.1994.tb05253.x

45. Ladstein, R.G.; Bachmann, I.M.; Straume, O.; Akslen, L.A. Ki-67 expresssion is superior to mitotic count
and novel proliferation markers PHH3, MCM4 and mitosin as a prognostic factor in thick cutaneous
melanoma. BMC Cancer 2010, 10, 140. doi: 10.1186/1471-2407-10-140

46. Mahadevappa, A.; Krishna, SM.; Vimala, M.G. Diagnostic and prognostic significance of Ki-67
immunohistochemical expression in surface epitelial ovarian carcinoma. | Clin Diagn Res 2017, 11, EC08-
EC12. doi: 10.7860/JCDR/2017/24350.9381

47. Li, Y. Yue, L,; Li, Y,; Zhang, Q.; Liang, X. Prognostic value of Ki-67 in nasopharyngeal carcinoma: a meta-
analysis. Biosci Rep 2021, 41, BSR20203334. doi: 10.1042/BSR20203334

48. Liu, R; Ren, T,; Li, J; Wang, N.; Xu, L.; Guo, Q.; Zhang, H.; Ma, J. The por prognosis of lacrimal gland
adenocarcinoma: a clinical study and literature review. | Cancer Res Clin Oncol 2024, 150, 26. doi:
10.1007/s00432-023-05510-7

49. Rossi, L.; Laas, E.; Mallon, P.; Vincent-Salomon, A.; Guinebretiere, ].-M.; Lerebours, F.; Rouzier, R.; Pierga,
J.-Y.;Reyal, F. Prognostic impact of discrepant Ki67 and mitotic index on hormone receptor-positive, HER2-
negative breast carcinoma. Br ] Cancer 2015, 113, 996-1002. doi: 10.1038/bjc.2015.239

50. Azambuja, E. de; Cardoso, F.; de Castro, Jr G.; Colozza, M.; Mano, M.S.; Durbecq, V.; Sotiriou, C,;
Larsimont, D.; Piccart-Gebhart, M.].; Paesmans, M. Ki-67 as prognostic marker in early breast cancer: a
meta-analysis of published studies involving 12,155 patients. Br | Cancer 2007, 96, 1504-13. doi:
10.1038/sj.bjc.6603756

51. Alamoodi, M. Factors affecting pathological complete response in locally advanced breast cancer cases
receiving neoadjunvant therapy: A comprehensive literature review. Eur | Breast Health 2023, 20, 8-14. doi:
10.4274/ejbh.galenos.2023.2023-11-2

52. Cuzick, J.; Dowsett, M.; Pineda, S.; Wale, C.; Salter, J.; Quinn, E.; Zabaglo, L.; Mallon, E.; Green, A.R; Ellis,
1.0.; Howell, A.; Buzdar, A.U.; Forbes, ].F. Prognostic value of a combined estrogen receptor, progesterone
receptor, Ki-67, and human epidermal growth factor receptor 2 immunohistochemical score and
comparison with the Genomic Health recurrence score in early breast cancer. | Clin Oncol 2011, 29, 4273-8.
10.1200/JC0O.2010.31.2835

53. Lashen, A.G,; Toss, M.S.; Katayama, A.; Cogna, R.; Mongan, N.P.; Rakha, E.A. Assessment of proliferation
in breast cancer: cell cycle or mitosis? An observational study. Histopathology 2021, 79, 1087-98. doi:
10.1111/his.14542

54. Aykut, B,; Chen, R.; Kim, ].I; Wu, D.; Shadaloey, S.A.A.; Abengozar, R.; Preiss, P.; Saxena, A.; Pushalkar,
S.; Leinwand, J.; Diskin, B.; Wang, W.; Werba, G.; Berman, M.; Lee, S.K.B.; Khodadadi-Jamayran, A.;
Saxena, D.; Coetzee, W.A.; Miller, G. Targeting Piezol unleashes innate immunity against cancer and
infectious disease. Sci Immunol 2020, 5, eabb5168. doi: 10.1126/sciimmunol.abb5168


https://doi.org/10.20944/preprints202405.0540.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2024 d0i:10.20944/preprints202405.0540.v1

13

55. Nielsen, T.O.; Leung, S.C.Y.; Rimm, D.L.; Dodson, A.; Acs, B.; Badve, S.; Denkert, C.; Ellis, M.].; Fineberg,
S.; Flowers, M.; Kreipe, H.H.; Laenkholm, A.-V.; Pan, H.; Penault-Llorca, F.M.; Polley, M.-Y.; Salgado, R.;
Smith, L.E.; Sugie, T.; Bartlett, ] M.S.; McShane, L.M.; Dowsett, M.; Hayes, D.F. Assessment of Ki67 in breast
cancer: Updated recommendations from the International Ki67 in Breast Cancer Working Group. | Natl
Cancer Inst 2021, 113, 808-19. doi: 10.1093/jnci/djaa201

56. Soliman, N.A.; Yussif, S.M. Ki-67 as a prognostic marker according to breast cancer molecular subtype.
Cancer Biol Med 2016, 13, 596-504. doi: 10.20892/j.issn.2095-3941.2016.0066

57.  de Gregorio, A.; Friedl, T.W.P.; Hering, E.; Widschwendter, P.; de Gregorio, N.; Bekes, L; Janni, W.; Dayan,
D.; Huober, ].B. Ki67 as proliferative marker in patients with early breast cancer and its association with
clinicopathological factors. Oncology 2021, 99, 780-9. doi: 10.1159/000517490

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202405.0540.v1

	1. Introduction
	1.1. Piezo channels
	1.2. Piezo and Cancer
	1.3. Piezo and Mammary Gland Carcinoma

	2. Materials and Methods
	2.1. Patients
	2.2. Immunohistochemical Assay
	2.3. Data Analysis

	3. Results
	3.1. Immunohistochemistry
	3.2. Data Analysis

	4. Discussion
	5. Conclusions
	References

