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Background: Canonical transient receptor potential channels play a crucial role in cancer cell proliferation. While
TRPC6 subtype detection in submandibular glands and the relevance of some TRPC channels in this gland have
been shown in animal models, its histological detection in human lacrimal and submandibular glands, as well as
related tumors, lacks systematic study. Studying TRPC6 in humans could lead to new therapeutic options. This
research aimed to immunohistochemically detect TRPC6 in human samples of physiological lacrimal and sub-
mandibular glands and of adenoid cystic carcinoma and mucoepidermoid carcinoma.

Methods: Seven fixed body donors and samples of six cancer patients were examined. The ten tissue samples
collected from the submandibular and lacrimal glands were then processed into histological slides and stained
with hematoxylin-eosin. Tumor samples were provided as sections. TRPC6 presence was determined by immu-
nohistochemistry, which was performed by indirect detection with a primary TRPC6 antibody, a secondary HRP-
conjugated antibody and the chromogen diaminobenzidine.

Results: Results confirm TRPC6 expression in all ten physiological gland samples: all samples showed a immu-
nohistochemical signal with varying intensity. No significant gender-specific differences could be observed.
TRPC6 was detected in four of six submandibular adenoid cystic carcinoma and the mucoepidermoid carcinoma
samples, especially in tumor cells’ cytoplasma and nuclei. Excretory ducts consistently showed TRPC6. Mucous
tubules, their nuclei and the nuclei of adipocytes generally showed no signal while serous acini and their nuclei
showed a weak TRPC6 signal.

Conclusion: The discovery of TRPC6 in glandular tissue indicates a role in salivary gland function and calcium
homeostasis is a basis for further research into its significance for tumor development in adenoid cystic carci-
noma and mucoepidermoid carcinoma of salivary glands. TRPC6 could be used as a target for treatment of these
tumors. However, the correlation between TRPC6 and submandibular and lacrimal gland diseases requires
further exploration.

1. Introduction

The transient receptor potential (TRP) ion channels are a superfamily
of 28 membrane-bound, non-selective, calcium-permeable cation
channels found in mammals. TRP channels play an increasingly
important role in a variety of cellular functions, and dysfunction of these
channels could potentially cause disease. As such, these channels are a
major component in the intracellular Ca®" homeostasis [34]. Similar to

TRPC3 and TRPC7, TRPC6 is a diacylglycerol (DAG)-sensitive TRPC
channel [25]. While existing data on the presence and function of the
TRPC6 channel in the submandibular gland are based on animal models
[9], there is no data regarding the existence of TRPC6 or even TRPC in
the lacrimal gland. Similarly, there is no evidence of TRPC and subtype
C6 expression in submandibular adenoid cystic carcinoma (ACC) and
mucoepidermoid carcinoma (MEC).

It is suspected that certain channel subtypes, in particular TRPC6,
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may be present in human submandibular and lacrimal glands. The role
of some TRPCs in salivary gland cells and salivary secretion has been
described [2,3,6,7,9,15,16,18,26,28—30], but there are no systematic
descriptions on the localization and role of TRPC6 in human exocrine
glands such as the submandibular gland and lacrimal gland. This work is
therefore important and contributes to future research on TRPC6. As
TRPC6 channels are promising targets which can be pharmacologically
manipulated [8], identifying their physiological expression may have
clinical importance.

It has also been shown that TRPC channels such as subtype C6 are
expressed in human tumors. Indeed, it was observed that TRPC6 shows a
stronger expression in tumor tissues than in the corresponding normal
tissues [20]. TRPC6 could play an important role in the development of
human hepatocellular carcinoma (HCC) [21]. TRPC6 has also been
shown to be overexpressed in breast cancer tumor tissues [24], as well as
in benign prostatic space-occupying lesions and malignant human
prostate cancer [40,42]. In squamous cell carcinoma (SCC) of the
esophagus, the expression of TRPC6 is also significantly higher than in
normal tissue. In addition, inhibition of TRPC6 suppressed the growth of
SCC cells both in vitro and in rodents [20,38]. A similar phenomenon
has been observed in renal cell carcinoma [39]. In glioblastoma (GBM),
TRPC6 was found to affect various properties of GBM, including tumor
growth, cellular survival, invasiveness and angiogenesis, thus inhibition
of TRPC6 is associated with a reduction in glioma growth, invasion and
angiogenesis [17]. In the lung, the TRPC6-mediated increase in intra-
cellular Ca®* by promoting cell cycle progression stimulates cell pro-
liferation of non-small cell lung cancer (NSCLC) [41]. TRPC6 has been
shown to be expressed in cervical cancer cell lines. TRPC6 could be a
new target for the prevention and treatment of cervical cancer [8]. The
influence of TRP channels on ACC and MEC tumors of the submandib-
ular gland and whether they are present at all in these tumors has not
been investigated. Whether TRPC6 is present in tumors of the salivary
glands, in particular the submandibular gland, is not yet clear.

The main focus of this study was the immunohistochemical detection
of TRPC6 channels in healthy human submandibular and lacrimal
glands as well as in malignant tumors of the submandibular gland, ACC
and MEC. The following objectives were studied: Is TRPC6 detectable in
healthy human submandibular and lacrimal gland tissue by immuno-
histochemical staining? Are there differences in protein detection be-
tween histological structures (e.g. ducts, terminal glands)? Does gender
influence the detection of TRPC6 in glandular tissue? Is TRPC6 detect-
able in human submandibular gland tumors such as ACC and MEC by
immunohistochemical staining? Are there differences in protein detec-
tion between histological structures (e.g. ducts, terminals) and tumor
lesions (e.g. tumor cell nuclei)? Are there differences in protein detec-
tion between healthy and tumorous glandular tissue? In the present
study, human exocrine gland tissue samples of submandibular and
lacrimal glands were obtained from cadavers from the Institute for
Anatomy and Cell Biology of the Saarland University, as well as human
submandibular tumor samples from the Institute of Pathology of the
Saarland University Hospital. All samples were examined using immu-
nohistochemistry (IHC) to determine the presence of TRPC6 in these
tissues.

2. Methods

Seven nitrite pickling salt-ethanol-polyethylene glycol-400 (NEP)
fixed body donors from the Anatomical Institute of Saarland University
were examined (gender: 3 females 43 %; age [years]: median 84, range
16; postmortem interval to fixation [d]: median 1, range 3). Ten tissue
samples were taken autonomously from submandibular and lacrimal
glands using forceps and a scalpel. The collected samples were then
processed in several steps into histological slides and first stained with
hematoxylin-eosin, then using Immunohistochemistry (IHC). In addi-
tion, six tumor samples were included in this study (gender: 1 female
17 %; age [years]: median 63, range 24; Institute of Pathology of the

Pathology - Research and Practice 261 (2024) 155483

Saarland University Hospital). This study has been approved by the
Standing Ethics Committee of the Medical Association of Saarland,
Saarbriicken, Germany (Approval no. 163/20 for samples from the
Institute of Anatomy and approval no. 130/21 for samples obtained
from the Institute of Pathology, Saarland University, Homburg,
Germany).

Six submandibular and four lacrimal gland samples were excised in a
standard procedure but obesity, atrophy glands, cachexia etc. were a
challenge. Servello et al. have previously described the sample pro-
cessing used in this study [37]. Briefly, the collected samples were fixed
and then embedded in paraffin for microtome cutting, resulting in 7 um
thin sections. Samples underwent initial hematoxylin and eosin (H&E)
staining to determine the morphology and integrity of the gland tissue, a
prerequisite for IHC. The protocol for immunohistochemical staining
has also already been described in detail in previous studies [1,37]. The
first step was removal of paraffin. Initially sections required a long
deparaffinization phase. This led to poorer results in terms of reduced
accessibility to the TRPC6 channels, making it difficult for the primary
antibody to bind to them. This phenomenon probably explains apartially
reduced signal strength and intensity of the brown staining in some
areas of the investigated samples. It could be microscopically detected
when the slides were immersed in xylene 3 times for only 5 min ac-
cording to an existing staining protocol for deparaffinization. To over-
come this issue, the samples were subsequently immersed in each time
freshly prepared xylene 3 times for 8 minutes for dewaxing. Next, the
samples on histological slides underwent antigen retrieval using citrate
buffer solution in a heated incubator, then an incubation with the pri-
mary 1:50 diluted TRPC6 antibody (Alomone Labs; Cat. No. ACC-017).
Instead of TRPC6 antibody, negative controls were incubated with
serum of untreated rabbits (Institute of Medical Biochemistry and Mo-
lecular Biology, Saarland University, Homburg, Germany) in each
staining cycle. The samples were then subjected to another incubation
using 1:500 diluted horseradish peroxidase-conjugated goat anti-rabbit
antibodies (Invitrogen; Thermo Fisher Scientific, Inc.; Cat. No. A10547;
1:500) as secondary antibodies. Added chromogen, diaminobenzidine
(Vector Laboratories, Inc.; Cat. No. SK-4103), appeared as a brown color
following the HRP substrate catalyzed reaction. In this case, the incu-
bation time with the DAB substrate was 11 minutes, which was deter-
mined under a light microscope. The samples were then counterstained
with hematoxylin-eosin. A total of 16 tissue samples from 13 donors
were immunohistochemically analyzed in this study. Results were
assessed microscopically with samples graded according to staining in-
tensity: Strong, Moderate, Weak and Negative. IHC-stained specimens
were evaluated histologically by two blinded examiners using a light
microscope (x10, x20, or x40 magnification).

3. Results

Immunohistochemical signals were detected in all 10 healthy sam-
ples tested and in four of six tumor samples tested (67 %), although with
varying intensity. Of 16 total samples, specific staining was therefore
observed in 14 samples, about 88 % of the cases. A grading scheme
distinguished different histological gland structures such as serous acini,
mucous tubules and excretory ducts. In tumors, in addition to the cell
structures listed above, the tumor tissue as a whole and more specifically
the tumor cells were examined.

3.1. Results of exocrine gland structures and gender

3.1.1. Submandibular gland

out of 6 samples, 3 samples showed a strong signal in IHC, especially
in the excretory ducts, 3 samples (50 %) showed only a moderate signal,
also in the excretory ducts and serous acini. Weak signals were found in
all samples (100 %), in the excretory ducts and serous acini. The nuclei
of the adipocytes, the mucous tubules and their nuclei, and the nuclei of
the serous acini showed no signal. Regarding gender, among the female



C. Carl et al.

samples, 1 (33 %) showed a moderate signal in IHC and 2 (67 %) showed
a weak signal. In contrast, all 3 male samples showed only a weak signal
(Fig. 1, submandibular gland).

3.1.2. Lacrimal gland

out of 4 samples, 1 sample (25 %) showed a strong signal in [HC,
particularly in the nuclei of the serous acini. Weak signals were seen in
all samples, in the excretory ducts and in the serous acini. The nuclei of
the adipocytes, the serous acini and their nuclei mostly showed no
signal. Both female samples were classified as having a medium signal
by IHC, while a weak signal was observed in 1 of the male samples and a
medium signal in the other (Fig. 2, lacrimal gland).

In conclusion, IHC analysis revealed a signal for TRPC6 in all
exocrine glands examined, this confirms the detection of TRPC6 in
human exocrine gland tissue.

3.2. Results of submandibular glands cancer

3.2.1. ACC

out of 5 samples, 1 sample (20 %) showed a strong signal in IHC,
especially in the excretory ducts and a weak signal in the nuclei of the
serous acini. There was no signal in the other glandular structures in this
donor, as well as in adipocyte nuclei. However, the other donor samples

Fig. 1. Submandibular gland, IHC analysis with the primary antibody against
TRPC6 and DAB staining at 10x magnification.(A) Staining: all excretory ducts
show a brownish color (see arrows), as well as the serous acini, whereas the
nuclei of the fat cells, the mucous tubules and their nuclei (see star), and the
nuclei of the serous acini showed no signal. A background signal characterized
by a slight brownish coloration in the lipid droplet of some fat cells (green
arrows). (B) Corresponding negative control (serum from a non-immunized
rabbit). The excretory ducts are not labelled with brown color (arrows).
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(b)

=
Fig. 2. Lacrimal gland, IHC analysis with the primary antibody against TRPC6
and DAB staining at 10x magnification.(A) Staining: all excretory ducts show a
brownish color (see arrows), whereas the nuclei of the fat cells, the serous acini
and their nuclei (see star) mostly showed no signal.(B) Corresponding negative
control (serum from a non-immunized rabbit). The excretory ducts are not
labelled with brown color (see arrows).

(4 out of 5) showed none of the typical glandular structures, i.e. no
signal, because they were completely infiltrated with tumor tissue.
Regarding the tumor tissue, IHC staining was found in 4 of the 5 samples
(80 %), the signal was moderate in 3 samples and weak in 1 sample. The
strongest signal intensity was found in the nuclei of the tumor cells in 3
samples (60 %). The cytoplasm of the tumor cells of the same samples
showed a moderate signal. 1 sample generally showed no staining
(Fig. 3A-C, ACQ).

3.2.2. MEC

only 1 sample was provided and therefore investigated. Only the
nuclei of the adipocytes shown as the only representatives of the typical
parts of a submandibular gland and did not generate a signal. The tumor
tissue in general was classified as having a strong signal, as were the
nuclei of the tumor cells. The cytoplasm of the tumor cells was consid-
ered to have a moderate signal (Fig. 3D, MEC)

In conclusion, a signal for TRPC6 was detected by IHC in 4 of the 6
submandibular gland tumors (67 %) examined, both ACC and MEC. This
confirms the detection of TRPC6 in human parotid gland tumors as
described in literature. Based on these results, it can be assumed that the
tumor tissue, in particular the cell nuclei of the tumor cells, show the
strongest or best staining results. The reason for a lack of signal in one
sample compared to another sample of the same tumor type may be due
to tumor diversity.
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Fig. 3. ACC (A-C) and MEC (D), IHC analysis with the primary antibody against TRPC6 and DAB staining at 10x magnification.(A) Staining: tumor tissue shows a
brownish color, especially the nuclei of the tumor cells (see arrows). Their cytoplasm also shows color. The nuclei of the fat cells show a slight coloring. All other
structures are absent.(B) Staining: all excretory ducts show a brownish color, as well as the nuclei of the tumor cells (arrow). The nuclei of the serous acini show color.
The serous acini and the fat cells and their nuclei showed no coloring. All other structures are absent.(C) Staining: the tumor tissue (see left-hand side arrow),
especially the nuclei of the tumor cells (see right-hand side arrow) show a brownish color, as well as their cytoplasm. All other structures are absent.(D) Staining: the
tumor tissue, especially the nuclei of the tumor cells (arrows) show a brownish color, as well as their cytoplasm. Fat cells showed no signal.

3.3. Healthy vs. tumorous

The structures with the strongest signal intensity in the IHC were the
excretory ducts in the healthy glands and in the ACC (this structure is
missing in the MEC). Next was the tumor tissue with the cytoplasm and
nuclei of the tumor cells, which were also strongly stained, especially in
the MEC. Weaker signals were found in the serous acini of healthy
glands, especially in the submandibular gland, and in the nuclei of these
cells, especially in the ACC. The mucous tubules and their nuclei
generally showed no signal or were absent. Adipocyte nuclei generally
showed no signal (Fig. 4).
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Fig. 4. Box plot illustrating the distribution of IHC staining signal intensities
across four different tissue types: submandibular gland (SMG), lacrimal gland
(LG), adenoid cystic carcinoma (ACC), and mucoepidermoid carcinoma (MEC).
The y-axis represents the staining signal intensity by number: O=missing
structure, 1=no signal, 2=weak signal, 3=moderate signal and 4=strong signal.
A Mann-Whitney U test was performed to determine whether there were dif-
ferences in staining signal between these four groups. The distributions differed
between the groups (with p < 0.05).

Again, the most intensely stained tissue structures overall, are the
excretory ducts, especially in the tumors. In the tumors, this is followed
by the nuclei of the tumor cells, the tumor tissue in general, and then the
cytoplasm of the tumor cells. Finally, the nuclei of the serous acini were
faintly stained. In healthy glands, the excretory ducts showed the
strongest signal, followed by the serous acini and their nuclei. Differ-
ences in TRPC6 detection between samples with malignant changes of
the submandibular gland and healthy submandibular tissue could
therefore be demonstrated by IHC (Fig. 5).

4. Discussion

In this study, we were able to demonstrate for the first time the
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Fig. 5. Box plot illustrating the distribution of IHC staining signal intensities
between healthy and tumor tissue samples. The y-axis represents the staining
signal intensity by number: O=missing structure, 1=no signal, 2=weak signal,
3=moderate signal and 4=strong signal. A Mann-Whitney U test was performed
to compare staining signal in healthy and tumor samples. The ranks of the
tumor groups were higher in comparison to healthy groups (p < 0.05).
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presence of the TRPC6 protein in human healthy submandibular and
lacrimal gland tissues as well as in submandibular adenoid cystic and
mucoepidermoid carcinoma tissue on selected histologic structures, to
the best of our knowledge. Differences in glandular distribution of
TRPC6 expression were observed in the present study. The small number
of samples is a weakness of this study. Ten tissue samples were taken
from the submandibular and lacrimal glands of seven fixed body donors
from the Institute of Anatomy. An important limitation of our study may
be the limited age range, as the mean age of the examined cadavers at
the time of death was 87 years. Therefore, no statement can be made
about the occurrence of TRPC6 in physiological glandular tissue of the
submandibular and lacrimal glands of young people. The distribution of
TRPC6 could change with the aging process of the cells and thereby also
of the organs. The donors all arrived at the institute on the day of their
death, apart from donor 7, who arrived 3 days after his death. 4 of the 7
donors were fixed the next day, one the same day, one 3 days later and
one even 4 days later. These postmortem differences also show a limi-
tation of the method. Unfortunately, it was not possible to detect pre-
existing diseases that potentially show a negative effect on the glan-
dular tissue in any way. This further limits the significance of the results,
even though no morphological abnormalities could be detected in the
overview staining. Furthermore, only two tumors were represented:
ACC and MEC. Therefore, no statement could be made about the
occurrence of TRPC6 in other human salivary gland tumors. 6 tumor
samples from 6 patients from the Department of Otorhinolaryngology,
Head and Neck Surgery and the Institute of Pathology were examined.
The mean donor age at biopsy was 64 years. This cohort is significantly
younger than the body donor group at the Institute of Anatomy. The
youngest patient was 53 years old, so no statement can be made about
the occurrence of TRPC6 in ACC and MEC in younger people.

The antibody used is a rabbit polyclonal antibody. This antibody
targets different binding sites of the target antigen and is therefore not
specific for a particular binding site. This non-specific binding can lead
to false results, such as non-specific background staining. An advantage
of such polyclonal antibodies is that they are less sensitive to external
influences such as pH changes. It was developed for the detection of
TRPC6 from mouse, rat and human samples.

To create a standardized immunohistochemical staining protocol, it
was necessary to find the correct antibody dilution for the experiment.
Several antibody dilutions were tested. The 1:100 dilution of the pri-
mary antibody in the existing protocol proved to be too diluted for the
selected tissue. This resulted in negative or questionable negative
staining despite the presence of the desired TRPC6. After several trials,
the 1:50 dilution proved to be suitable for human glands, in particular
the submandibular salivary gland and the lacrimal gland.

When counterstaining immunohistochemical sections with distilled
water, Ehrlich’s hematoxylin, and rinsing with running tap water, a very
short immersion time of 1 s in hematoxylin followed by rinsing with
distilled water for 2-3 s before rinsing with tap water was chosen. In
early attempts, longer hematoxylin staining without additional rinsing
resulted in an overlapping of the brown staining, which could be mis-
interpreted as a false negative staining result in the evaluation. TRPC6
mRNA expression in humans was first determined by reverse
transcription-polymerase chain reaction (RT-PCR): The protein was
uniformly expressed throughout the CNS and peripheral tissues, with the
highest levels measured in the placenta and lung. The only exocrine
glands to be examined were the pancreas and the prostate gland [36].
The presence and role of TRPC6 channels in the human submandibular
gland are still unclear. The TRPC1 subtype has been the subject of more
extensive study. Trpl is thought to be involved in the mechanism of
calcium influx into human submandibular gland cells, as demonstrated
in cell culture. Trpl was also found in the plasma membrane of the
acinar and ductal cells of the rat submandibular gland, where this
mechanism of calcium influx is thought to take place [30]. For this
purpose, TRPC1 forms a complex with caveolin-1 in the plasma mem-
brane of human submandibular cells and MDCK cells to remain in the
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plasma membrane and allow calcium to enter the cells [14]. TRPC3 was
localized in the apical parts of the ducts and acini in cell cultures of
MDCK and rodent submandibular glands. On the other hand, TRPC1 was
localized basolateral and TRPC6 was detected basolateral and apical [9].
TRPC1 plays a critical role in store-operated calcium entry (SOCE) and
secretion in both salivary and pancreatic acinar cells. In addition, Orail
and STIM1 have been identified as key components of SOCE that are
required for TRPC1 function [3-5,7,12,30,33]. In rodents, immuno-
histochemistry has shown that TRPC3 plays a role in Ca2+ reabsorption
from saliva by activating apical Ca2+-sensitive receptors in the sub-
mandibular gland. This reabsorption in the duct may contribute to the
regulation of salivary flow, which is a critical factor in sialolithiasis [10].
So far, the influence of TRP channels on the human lacrimal gland re-
mains unclear. The expression of TRPC, especially subtype C6, has not
been extensively studied in the lacrimal gland. The expression of TRPV1
mRNA by quantitative RT-PCR (qQRT-PCR) and TRPV1 protein by IHC
was investigated in rabbit and human eyes: mRNA and protein were
found in the secretory cells of the rabbit lacrimal gland. Thus, TRPV1 is
expressed in cells that are particularly active in Ca2+ exchange and in
cells with significant water transport activity. Since TRPV1 is a Ca2+
channel, it is likely to play a role in the regulation of water and Ca2+
balance in ocular tissues [31]. The TRPM3 channel is considered an
important candidate for the development and function of the lacrimal
gland, and its investigation was performed by qRT-PCR in rodents at
different developmental stages and by IHC. The expression of TRPM3 in
this gland is age-dependent and localized in the apical membrane of the
glandular epithelium [27]. In 2018, researchers reported a functional
interaction between the TRPV4 protein and ANO1 in acinar cells iso-
lated from murine submandibular and lacrimal gland. TRPV4 interacts
with IP3 receptors and ANO1 to regulate the muscarinic signaling
pathway that mediates salivation and lacrimation [19]. Whether TRPC6
channels are also associated with human glandular cancer has been
demonstrated by its involvement in the proliferation of prostate cancer
cells, also on a molecular level through RT-PCR and Western blot [40]. A
comparison of TRPC6 expression in benign versus malignant human
glandular tissue has been performed in breast cancer [24], prostate
cancer [42], oesophageal cancer [20], and kidney cancer [39], also
using immunohistochemistry similar to our work. In addition to this
method, Western Blot and RT-PCR were often performed. TRPC6 is
highly expressed in SCC and plays an important role in cell proliferation
and cell cycle, and inhibition of TRPC6 in human SCC cells suppresses
their proliferation and leads to blockade of the G2/M phase [20]. The
influence of TRP channels on ACC and MEC tumors of the submandib-
ular gland, and whether they are present at all in these tumors, has not
yet been investigated. In this study, we were able to show that the
TRPC6 protein is mainly localized in the ducts of the submandibular
gland, the lacrimal gland, and in the ACC and MEC of the submandibular
gland. It has also been detected in the serous acini and their nuclei.
TRPC6 is also highly expressed in tumor tissue, particularly in the nuclei
and cytoplasm of tumor cells. Our immunohistochemical analysis of
paraffin sections showed that TRPC6 expression was significantly asso-
ciated with glandular tissue invasion in ACC and MEC. In each gland
section of the submandibular and lacrimal gland and in most tumor
sections, various cells showed moderate to strong brown staining,
especially the excretory ducts, serous acinar cells, the nuclei of the se-
rous acinar cells, the cytoplasm of the tumor cells as well as their nuclei.
The mucous acini, their nuclei and the nuclei of the adipocytes were not
stained in any specimen, i.e. no TRPC6 protein could be detected in
these structures. However, two tumor sections showed no staining at all.
The reason for the lack of signal in one sample compared to another
sample of the same tumor type may be due to tumor diversity. This refers
to the diversity of tumor cells within a tumor or between tumors of the
same type in different patients [35]. There can also be great tumor di-
versity within a single tumor type, such as ACC in this case. This is
referred to as intra-tumor heterogeneity [22]. This diversity can occur at
different levels, for example at the cellular level, as different types of
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cancer cells can be present within a tumor. Also at the genetic level:
genetic diversity within a tumor can be attributed to small errors in DNA
replication. These errors add up over the billions of cell divisions
required to form a clinically detectable tumor and can lead to significant
genetic diversity within the tumor [22]. A tumor can contain tumor stem
cells, which have the ability to self-replicate and form a tumor, as well as
differentiated cancer cells that perform specialized functions [32]. The
tumor environment, which includes surrounding tissue, immune cells
and blood vessels, can also be highly diverse. The composition and ac-
tivity of this microenvironment can influence tumor diversity. Thus,
biopsies of a small tumor area may not lead to a representative char-
acterization of the genetic, epigenetic and/or phenotypic variations in
the entire tumor [11,23]. Therefore, it seems interesting to investigate
protein detection in ACC and MEC in a larger number of patients and to
examine multiple sections of the same biopsy. In addition, only one MEC
could be stained and examined. Since this is a rare tumor of the sub-
mandibular gland, only one specimen was available for this work. It
would be useful to study protein detection in this tumor in a larger
number of cases. The results of this study suggest that we were able to
detect the TRPC6 protein immunohistochemically in human exocrine
glands, such as the lacrimal and submandibular glands, as well as in two
submandibular gland tumors, adenoid cystic carcinoma and mucoepi-
dermoid carcinoma. The presence of TRPC6 in the submandibular gland
has been demonstrated in animal models by other research groups [9].
Further studies on the presence of TRPC6 in these tissues with a larger
number of cases are needed to deepen and confirm our results.

Nevertheless, the functional role of TRPC6 in the lacrimal gland and
its diseases needs to be further investigated. It would also be useful to
study and compare healthy and pathological lacrimal gland tissue,
similar to our work on the submandibular gland. There may be differ-
ences in expression between the two groups. Diseases of the lacrimal
gland that could be of interest are inflammation of the gland (dacryoa-
denitis) and tumors of both benign and malignant origin, although the
latter are extremely rare. In addition to this work, it would be interesting
to detect TRPC6 in other exocrine glands, especially in salivary glands.
Examples would be the parotid gland or the sublingual gland. Moreover,
the expression of other TRPC channels in the tissues examined should be
sought in order to expand our knowledge of TRPC channels in lacrimal
and salivary glands. TRPC6 is used as a therapeutic target in many
diseases, via inhibitory, modulating or agonistic drugs [13]. Therefore,
it is likely that TRPC6 could also be used as a target in the therapy of
ACC and MEC. TRPC6 shows broad expression in both tumor and
healthy tissues. Potential side effects must be carefully considered when
using TRPC6 as a target for cancer therapy. Since TRPC6 is also
expressed in neurons, smooth muscle cells, cardiac muscle cells and
kidney cells, there is a potential risk that inhibiting TRPC6 activity in
these cells could disrupt their normal function. A thorough investigation
of the potential side effects of TRPC6 inhibitors on healthy tissues and
organs is therefore of great importance [20]. A future challenge in the
development of TRPC6 inhibitors is to achieve a targeted effect on ACC
and MEC tumor cells without causing unwanted side effects on healthy
tissues. Furthermore, TRPC6 in humans, similar to TRPC3 in rodents,
might play a role in Ca2* reabsorption from saliva in the salivary glands,
and thus in the regulation of salivary flow and the formation of salivary
stones. It could also serve as a target molecule for the treatment of sia-
lolithiasis. The salivary glands can be affected by a variety of diseases in
addition to tumors and salivary stones, such as inflammation (sialo
adenitis), hypertrophy (sialon adenosis) or hyposalivation (xerostomia)
as a result of previous diseases or medication. Therefore, the function,
significance and role of the TRPC6 protein in the salivary glands, in
particular in the submandibular gland, in healthy physiological sub-
mandibular tissue and in pathological submandibular tissue should be
investigated in more detail. This may lead to new therapies using TRPC6
as a target molecule.

Pathology - Research and Practice 261 (2024) 155483

Author statement

We have included one more of the clinicians as author, Bernhard
Schick, Head of ENT-clinic.
All authors have read and approved the manuscript.

CRediT authorship contribution statement

Mathias Wagner: Supervision, Resources. Céline Carl: Writing —
original draft, Methodology. Thomas Tschernig: Supervision, Concep-
tualization. Maximilian Linxweiler: Writing — review & editing,
Resources.

Declaration of Competing Interest

The authors declare that they have no competing interests.

Acknowledgements

The authors thank the team of the body donation program at the
Saarland University for support. The authors also wish to sincerely thank
those who donated their bodies to teaching and research.

References

[1] J. Abdinghoff, D. Servello, T. Jacobs, A. Beckmann, T. Tschernig, Evaluation of the
presence of TRPC6 channels in human vessels: a pilot study using
immunohistochemistry, Biomed. Rep. 16 (5) (2022), https://doi.org/10.3892/
BR.2022.1525.

[2] Ambudkar, I.S. (2000). Regulation of Calcium in Salivary Gland Secretion. Http://
Dx.D0i.0Org/10.1177/10454411000110010301, 11(1), 4-25. https://doi.org/
10.1177/10454411000110010301.

[3] LS. Ambudkar, Ca2-+ signaling microdomains:platforms for the assembly
andregulation of TRPC channels, Trends Pharmacol. Sci. 27 (1) (2006) 25-32,
https://doi.org/10.1016/J.TIPS.2005.11.008.

[4] 1.S. Ambudkar, TRPC1: a core component of store-operated calcium channels,
Biochem. Soc. Trans. 35 (Pt 1) (2007) 96-100, https://doi.org/10.1042/
BST0350096.

[5] 1.S. Ambudkar, Polarization of calcium signaling and fluid secretion in salivary
gland cells, Curr. Med. Chem. 19 (34) (2012) 5774-5781.

[6] LS. Ambudkar, Ca?* signaling and regulation of fluid secretion in salivary gland
acinar cells, Cell Calcium 55 (6) (2014) 297-305, https://doi.org/10.1016/J.
CECA.2014.02.009.

[7] LS. Ambudkar, H.L. Ong, X. Liu, B. Bandyopadhyay, K.T. Cheng, TRPC1: the link
between functionally distinct store-operated calcium channels, Cell Calcium 42 (2)
(2007) 213-223, https://doi.org/10.1016/J.CECA.2007.01.013.

[8] L. ping Bai, Y. li Chen, A. Zheng, Pharmacological targeting transient receptor
potential canonical channel 6 modulates biological behaviors for cervical cancer
HeLa and SiHA cell, Cancer Cell Int. 22 (1) (2022) 1-10, https://doi.org/10.1186/
$12935-022-02556-4/FIGURES/9.

[9] B.C. Bandyopadhyay, W.D. Swaim, X. Liu, R.S. Redman, R.L. Patterson, I.

S. Ambudkar, Apical localization of a functional TRPC3/TRPC6-Ca2+-signaling
complex in polarized epithelial cells: role in apical Ca2+ influx, J. Biol. Chem. 280
(13) (2005) 12908-12916, https://doi.org/10.1074/JBC.M410013200.

[10] B.C. Bandyopadhyay, W.D. Swaim, A. Sarkar, X. Liu, I.S. Ambudkar, Extracellular
Ca2+ sensing in salivary ductal cells, J. Biol. Chem. 287 (36) (2012) 30305,
https://doi.org/10.1074/JBC.M112.394122.

[11] P.L.Bedard, A.R. Hansen, M.J. Ratain, L.L. Siu, Tumour heterogeneity in the clinic,
Nature 501 (7467) (2013) 355, https://doi.org/10.1038/NATURE12627.

[12] L. Birnbaumer, The TRPC class of ion channels: a critical review of their roles in
slow, sustained increases in intracellular Ca(2+) concentrations, Annu. Rev.
Pharmacol. Toxicol. 49 (2009) 395-426, https://doi.org/10.1146/ANNUREV.
PHARMTOX.48.113006.094928.

[13] R.S. Bon, D.J. Beech, In pursuit of small molecule chemistry for calcium-permeable
non-selective TRPC channels — mirage or pot of gold? Br. J. Pharmacol. 170 (3)
(2013) 459-474, https://doi.org/10.1111/BPH.12274.

[14] S. ching W. Brazer, B.B. Singh, X. Liu, W. Swaim, L.S. Ambudkar, Caveolin-1
contributes to assembly of store-operated Ca2+ influx channels by regulating
plasma membrane localization of TRPC1, J. Biol. Chem. 278 (29) (2003)
27208-27215, https://doi.org/10.1074/JBC.M301118200.

[15] K.T. Cheng, X. Liu, H.L. Ong, W. Swaim, I.S. Ambudkar, Local Ca2+ Entry Via
Orail regulates plasma membrane recruitment of TRPC1 and controls cytosolic
Ca2+ signals required for specific cell functions, PLOS Biol. 9 (3) (2011)
1001025, https://doi.org/10.1371/JOURNAL.PBIO.1001025.

[16] K.T. Cheng, H.L. Ong, X. Liu, I.S. Ambudkar, Contribution and regulation of TRPC
channels in store-operated Ca2 + entry, Curr. Top. Membr. 71 (2013) 149-179,
https://doi.org/10.1016/B978-0-12-407870-3.00007-X.


https://doi.org/10.3892/BR.2022.1525
https://doi.org/10.3892/BR.2022.1525
https://doi.org/10.1016/J.TIPS.2005.11.008
https://doi.org/10.1042/BST0350096
https://doi.org/10.1042/BST0350096
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref4
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref4
https://doi.org/10.1016/J.CECA.2014.02.009
https://doi.org/10.1016/J.CECA.2014.02.009
https://doi.org/10.1016/J.CECA.2007.01.013
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref7
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref7
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref7
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref7
https://doi.org/10.1074/JBC.M410013200
https://doi.org/10.1074/JBC.M112.394122
https://doi.org/10.1038/NATURE12627
https://doi.org/10.1146/ANNUREV.PHARMTOX.48.113006.094928
https://doi.org/10.1146/ANNUREV.PHARMTOX.48.113006.094928
https://doi.org/10.1111/BPH.12274
https://doi.org/10.1074/JBC.M301118200
https://doi.org/10.1371/JOURNAL.PBIO.1001025
https://doi.org/10.1016/B978-0-12-407870-3.00007-X

C. Carl et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

G. Chinigo, H. Castel, O. Chever, D. Gkika, TRP channels in brain tumors, Front.
Cell Dev. Biol. 9 (2021), https://doi.org/10.3389/FCELL.2021.617801.

B.E. Choi, S. Shin, S. Evans, B.B. Singh, B.C. Bandyopadhyay, Ablation of TRPC3
disrupts Ca2-+ signaling in salivary ductal cells and promotes sialolithiasis, Sci.
Rep. 2023 13:1 13 (1) (2023) 1-13, https://doi.org/10.1038/541598-023-32602-
8.

S. Derouiche, Y. Takayama, M. Murakami, M. Tominaga, TRPV4 heats up ANO1-
dependent exocrine gland fluid secretion, FASEB J. Off. Publ. Fed. Am. Soc. Exp.
Biol. 32 (4) (2018) 1841-1854, https://doi.org/10.1096/FJ.201700954R.

X. Ding, Z. He, Y. Shi, Q. Wang, Y. Wang, Targeting TRPC6 channels in
oesophageal carcinoma growth, Expert Opin. Ther. Targets 14 (5) (2010) 513-527,
https://doi.org/10.1517/14728221003733602.

C. El Boustany, G. Bidaux, A. Enfissi, P. Delcourt, N. Prevarskaya, T. Capiod,
Capacitative calcium entry and transient receptor potential canonical 6 expression
control human hepatoma cell proliferation, Hepatol. 47 (6) (2008) 2068-2077,
https://doi.org/10.1002/HEP.22263.

L. Gay, A.M. Baker, T.A. Graham, Tumour cell heterogeneity, F1000Research 5
(2016), https://doi.org/10.12688/F1000RESEARCH.7210.1.

M. Gerlinger, A.J. Rowan, S. Horswell, J. Larkin, D. Endesfelder, E. Gronroos,

P. Martinez, N. Matthews, A. Stewart, P. Tarpey, 1. Varela, B. Phillimore, S. Begum,
N.Q. McDonald, A. Butler, D. Jones, K. Raine, C. Latimer, C.R. Santos, C. Swanton,
Intratumor heterogeneity and branched evolution revealed by multiregion
sequencing, N. Engl. J. Med. 366 (10) (2012) 883-892, https://doi.org/10.1056/
NEJMOA1113205.

A. Guilbert, I. Dhennin-Duthille, Y.E.L. Hiani, N. Haren, H. Khorsi, H. Sevestre,
A. Ahidouch, H. Ouadid-Ahidouch, Expression of TRPC6 channels in human
epithelial breast cancer cells, BMC Cancer 8 (1) (2008), https://doi.org/10.1186/
1471-2407-8-125.

T. Hofmann, A.G. Obukhov, M. Schaefer, C. Harteneck, T. Gudermann, G. Schultz,
Direct activation of human TRPC6 and TRPC3 channels by diacylglycerol, Nat.
1999 397:6716 397 (6716) (1999) 259-263, https://doi.org/10.1038/16711.
J.H. Hong, Q. Li, M.S. Kim, D.M. Shin, S. Feske, L. Birnbaumer, K.T. Cheng, I.

S. Ambudkar, S. Muallem, Polarized but differential localization and recruitment of
STIM1, Orail and TRPC channels in secretory cells, Traffic 12 (2) (2011) 232-245,
https://doi.org/10.1111/J.1600-0854.2010.01138.X.

A. Kanewska, M. Ito, Y. Karasawa, M. Inada, F. Garreis, F. Paulsen, M. Takeuchi,
Developmental change in the gene expression of transient receptor potential
melastatin channel 3 (TRPM3) in murine lacrimal gland, Ann. Anat. = Anat. Anz.:
Off. Organ Anat. Ges. 231 (2020), https://doi.org/10.1016/J.
AANAT.2020.151551.

K.P. Lee, J.P. Yuan, J.H. Hong, I. So, P.F. Worley, S. Muallem, An endoplasmic
reticulum/plasma membrane junction: STIM1/Orail/TRPCs, FEBS Lett. 584 (10)
(2010) 2022-2027, https://doi.org/10.1016/J.FEBSLET.2009.11.078.

X. Liu, K.T. Cheng, B.C. Bandyopadhyay, B. Pani, A. Dietrich, B.C. Paria, W.

D. Swaim, D. Beech, E. Yildrim, B.B. Singh, L. Birnbaumer, I.S. Ambudkar,
Attenuation of store-operated Ca2+ current impairs salivary gland fluid secretion
in TRPC1(-/-) mice, Proc. Natl. Acad. Sci. 104 (44) (2007) 17542-17547, https://
doi.org/10.1073/PNAS.0701254104/SUPPL _FILE/01254FIG7.JPG.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Pathology - Research and Practice 261 (2024) 155483

X. Liu, W. Wang, B.B. Singh, T. Lockwich, J. Jadlowiec, B. O’Connell, R. Wellner,
M.X. Zhu, L.S. Ambudkar, Trpl, a Candidate protein for the store-operated Ca2+
influx mechanism in salivary gland cells, J. Biol. Chem. 275 (5) (2000) 3403-3411,
https://doi.org/10.1074/JBC.275.5.3403.

M.C. Martinez-Garcia, T. Martinez, C. Paneda, P. Gallego, A.I. Jimenez, J. Merayo,
Differential expression and localization of transient receptor potential vanilloid 1
in rabbit and human eyes, Histol. Histopathol. 28 (11) (2013) 1507-1516, https://
doi.org/10.14670/HH-28.1507.

C.E. Meacham, S.J. Morrison, Tumour heterogeneity and cancer cell plasticity,
Nature 501 (7467) (2013) 328-337, https://doi.org/10.1038/NATURE12624.
J.E. Melvin, D. Yule, T. Shuttleworth, T. Begenisich, Regulation of fluid and
electrolyte secretion in salivary gland acinar cells, Annu. Rev. Physiol. 67 (2005)
445-469, https://doi.org/10.1146/ANNUREV.PHYSIOL.67.041703.084745.

C. Montell, The TRP superfamily of cation channels, Sci. ’S. STKE Signal Transduct.
Knowl. Environ. 2005 (272) (2005) https://doi.org/10.1126/STKE.2722005RE3.
E.A. Mroz, J.W. Rocco, The challenges of tumor genetic diversity, Cancer 123 (6)
(2017) 917-927, https://doi.org/10.1002/CNCR.30430.

A. Riccio, A.D. Medhurst, C. Mattei, R.E. Kelsell, A.R. Calver, A.D. Randall, C.

D. Benham, M.N. Pangalos, mRNA distribution analysis of human TRPC family in
CNS and peripheral tissues, Mol. Brain Res. 109 (1-2) (2002) 95-104, https://doi.
org/10.1016/50169-328X(02)00527-2.

D. Servello, J. Abdinghoff, A. Grissmer, T. Tschernig, Transient receptor potential
channel 6 in human skeletal muscle fibers: investigation in fresh and conserved
tissue samples, Biomed. Rep. 17 (1) (2022), https://doi.org/10.3892/
BR.2022.1543.

Y. Shi, X. Ding, Z.H. He, K.C. Zhou, Q. Wang, Y.Z. Wang, Critical role of TRPC6
channels in G2 phase transition and the development of human oesophageal
cancer, Gut 58 (11) (2009) 1443-1450, https://doi.org/10.1136/
GUT.2009.181735.

J. Song, Y. Wang, X. Li, Y. Shen, M. Yin, Y. Guo, L. Diao, Y. Liu, D. Yue, Critical role
of TRPC6 channels in the development of human renal cell carcinoma, Mol. Biol.
Rep. 40 (8) (2013) 5115-5122, https://doi.org/10.1007/S11033-013-2613-4/
FIGURES/4.

S. Thebault, M. Flourakis, K. Vanoverberghe, F. Vandermoere, M. Roudbaraki,

V. Lehen’kyi, C. Slomianny, B. Beck, P. Mariot, J.L. Bonnal, B. Mauroy, Y. Shuba,
T. Capiod, R. Skryma, N. Prevarskaya, Differential role of transient receptor
potential channels in Ca2+ entry and proliferation of prostate cancer epithelial
cells, Cancer Res. 66 (4) (2006) 2038-2047, https://doi.org/10.1158/0008-5472.
CAN-05-0376.

L.-L. Yang, B.-C. Liu, X.-Y. Lu, Y. Yan, Y.-J. Zhai, Q. Bao, P.W. Doetsch, X. Deng, T.
L. Thai, A.A. Alli, D.C. Eaton, B.-Z. Shen, H.-P. Ma, L.-L. Yang, B.-C. Liu, X.-Y. Lu,
Y. Yan, Y.-J. Zhai, Q. Bao, H.-P. Ma, Inhibition of TRPC6 reduces non-small cell
lung cancer cell proliferation and invasion, Oncotarget 8 (3) (2016) 5123-5134,
https://doi.org/10.18632/ONCOTARGET.14034.

D. Yue, Y. Wang, J.Y. Xiao, P. Wang, C.S. Ren, Expression of TRPC6 in benign and
malignant human prostate tissues, Asian J. Androl. 11 (5) (2009) 541, https://doi.
org/10.1038/AJA.2009.53.


https://doi.org/10.3389/FCELL.2021.617801
https://doi.org/10.1038/s41598-023-32602-8
https://doi.org/10.1038/s41598-023-32602-8
https://doi.org/10.1096/FJ.201700954R
https://doi.org/10.1517/14728221003733602
https://doi.org/10.1002/HEP.22263
https://doi.org/10.12688/F1000RESEARCH.7210.1
https://doi.org/10.1056/NEJMOA1113205
https://doi.org/10.1056/NEJMOA1113205
https://doi.org/10.1186/1471-2407-8-125
https://doi.org/10.1186/1471-2407-8-125
https://doi.org/10.1038/16711
https://doi.org/10.1111/J.1600-0854.2010.01138.X
https://doi.org/10.1016/J.AANAT.2020.151551
https://doi.org/10.1016/J.AANAT.2020.151551
https://doi.org/10.1016/J.FEBSLET.2009.11.078
https://doi.org/10.1073/PNAS.0701254104/SUPPL_FILE/01254FIG7.JPG
https://doi.org/10.1073/PNAS.0701254104/SUPPL_FILE/01254FIG7.JPG
https://doi.org/10.1074/JBC.275.5.3403
https://doi.org/10.14670/HH-28.1507
https://doi.org/10.14670/HH-28.1507
https://doi.org/10.1038/NATURE12624
https://doi.org/10.1146/ANNUREV.PHYSIOL.67.041703.084745
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref33
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref33
https://doi.org/10.1002/CNCR.30430
https://doi.org/10.1016/S0169-328X(02)00527-2
https://doi.org/10.1016/S0169-328X(02)00527-2
https://doi.org/10.3892/BR.2022.1543
https://doi.org/10.3892/BR.2022.1543
https://doi.org/10.1136/GUT.2009.181735
https://doi.org/10.1136/GUT.2009.181735
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref38
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref38
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref38
http://refhub.elsevier.com/S0344-0338(24)00394-7/sbref38
https://doi.org/10.1158/0008-5472.CAN-05-0376
https://doi.org/10.1158/0008-5472.CAN-05-0376
https://doi.org/10.18632/ONCOTARGET.14034
https://doi.org/10.1038/AJA.2009.53
https://doi.org/10.1038/AJA.2009.53

	Immunohistochemical expression of the cation channel TRPC6 in the submandibular and lacrimal gland and in salivary gland tumors
	1 Introduction
	2 Methods
	3 Results
	3.1 Results of exocrine gland structures and gender
	3.1.1 Submandibular gland
	3.1.2 Lacrimal gland

	3.2 Results of submandibular glands cancer
	3.2.1 ACC
	3.2.2 MEC

	3.3 Healthy vs. tumorous

	4 Discussion
	Author statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


