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Abstract: In childhood, retinoblastoma (RB) is the most common primary tumor in the eye. Long
term therapeutic management with etoposide of this life-threatening condition may have diminishing
effectiveness since RB cells can develop cytostatic resistance to this drug. To determine whether
changes in receptor-mediated control of Ca?* signaling are associated with resistance development,
fluorescence calcium imaging, semi-quantitative RI-qPCR analyses, and trypan blue dye exclusion
staining patterns are compared in WERI-ETOR (etoposide-insensitive) and WERI-Rb1 (etoposide-
sensitive) cells. The cannabinoid receptor agonist 1 (CNR1) WIN55,212-2 (40 uM), or the transient
receptor potential melastatin 8 (TRPMS8) agonist icilin (40 uM) elicit similar large Ca®* transients
in both cell line types. On the other hand, NGF (100 ng/mL) induces larger rises in WERI-ETOR
cells than in WERI-Rb1 cells, and its lethality is larger in WERI-Rb1 cells than in WERI-ETOR cells.
NGF and WIN55,212-2 induced additive Ca%* transients in both cell types. However, following
pretreatment with both NGF and WINb5,212-2, TRPM8 gene expression declines and icilin-induced
Ca®* transients are completely blocked only in WERI-ETOR cells. Furthermore, CNR1 gene expression
levels are larger in WERI-ETOR cells than those in WERI-Rb1 cells. Therefore, the development of
etoposide insensitivity may be associated with rises in CNR1 gene expression, which in turn suppress
TRPMS8 gene expression through crosstalk.

Keywords: retinoblastoma; chemotherapy resistance; transient receptor potential channel vanilloid
1; transient receptor potential channel melastatin 8; etoposide; nerve growth factor; cannabinoid
receptor 1; Ca?* signaling

1. Introduction

Retinoblastoma (RB) was described as early as 1597 by Pieter Pawius [1]. It can be a life-
threatening condition that is the most common primary intraocular tumor in childhood [2,3].
This disease arises from malignant cells that form in the tissues of the retina. Therapeutic
management can have variable success due to differences in sensitivity to etoposide, which
affects cell survival and tumor progression. However, the mechanisms that account for
variations in etoposide sensitivity and long-term survival are not well understood. Despite
this limitation, novel procedures are now employed which improve survival [4-6]. In
Europe and in the US, advanced diagnosis and therapy have reduced mortality to 5% [7].
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However, in less developed countries the survival rates remain lower because they have
limited access to this novel lifesaving technology. Therefore, novel procedures are still
needed to improve therapeutic management of RB-induced cancer progression.

The transient receptor potential melastatin 8 (TRPMS8) channel is also known as the
cold or menthol receptor, and it is a member of the TRP superfamily. Even though there
is no TRPMS expression in the retina, RB cells express such activity [8-10]. Therefore,
TRPMS is suggested as a molecular biomarker and therapeutic target for developing
selective cancer treatment, since this channel is functional in etoposide-sensitive cancerous
tumor types [11,12]. For example, TRPMS8 channels regulate neurotensin secretion in
neuroendocrine tumor cells [13]). In addition, TRPMS is involved in calcium regulation
in ocular tumors, such as uveal melanoma [14] and RB cells [8,9,15]. The commonality
between TRPMS8 expression modulation and progression of many diverse types of cancer
accounts for the increasing efforts to assess the effectiveness of using TRPMS as a drug
target for cancer therapy [12].

Cannabinoids are used to treat many diseases [16]. Cannabinoid receptor subtypes
1 (CB1) and CB 2 (CB2) are widely expressed in the human endocrine, gastrointestinal,
immune, and nervous systems [17-19]. CB1 receptors are G protein-coupled receptors
(GPCRs) [19] and they mediate control of TRP subtype activity through crosstalk (GPCR-
TRP axis) [20]. Cannabinoids have been proposed for use in cancer therapeutics [21-23].
Compared to CB2, CB1 is mainly localized in the human anterior eye and retina, as well
as in the trabecular meshwork, and their different expressions in combination with TRPV
channels imply a potential role of these CB targets in primary and recurrent pterygia [24-27].
Notably, functional CB1 expression interacts with TRPs through crosstalk in RB cells [8].

Nerve growth factor (NGF) is a neurotrophic factor whose levels are almost four
times higher in patients with RB compared to the control group [28]. NGF is, therefore,
thought to be involved in tumor signaling pathways, as RB cells mediate a larger response
to neurotrophins [29]. RB cells that are sensitive to chemotherapy express TrkA, which
is an NGF receptor for NGF [30]. NGF deficiency may trigger spontaneous regression of
chemotherapeutic-sensitive RB cells, whereas aggressive RB cells have defective apoptotic
machinery, which enables them to evade apoptosis and confers resistance to etoposide
treatment [31]. Furthermore, there is also a close relationship in other tissues between
tropomyosin receptor kinase A (TrkA) and other TRP channel subtypes [32] and CB1 [33].

TRPA1 gene expression is downregulated in etoposide-resistant WERI-ETOR cells
relative to its expression in the etoposide-sensitive WERI-Rb1 counterpart whereas TRPV1,
TRPMS, and CB1 gene expression is present in both cell lines [8,9]. Notably, the capsaicin-
and heat-induced Ca?* increase caused by TRPV1 activation is prompt in the WERI-ETOR
etoposide-resistant cells but somewhat delayed in the WERI-Rb1 etoposide-sensitive coun-
terpart [8].

In the current study, we determined if Ca?* signaling mediates crosstalk between CB1,
TRP, and NGF receptors, since such an interaction may modulate RB cell viability and
survival. Accordingly, their individual and combined roles in modulating RB cell survival
are evaluated based on determining if there is an association between the effects of CB1
activation on NGF and TRPMS8 gene expression levels, induced Ca®* signaling, and RB
cell survival.

2. Results
2.1. NGF Upregulates CB1 Gene Expression in WERI-ETOR Cells

NGF is a classical activator of the MAPK signaling pathway in RB cells [34]. We
performed RT-qPCR analyses to determine if this signaling pathway includes changes
in TRPMS8, NGF, and CNR1 mRNA expression patterns that are different in etoposide-
sensitive WERI-Rb1 than those in etoposide-resistant WERI-ETOR cells. Figure 1 shows
the individual effects of NGF on the TRPMS8, NGF, and CNR1 expression levels in these
cell lines. The results are separated into different panel pairs for the two cell types in
which the mRNA expression level under control conditions (CO, control) was compared
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to the level in the presence of NGF (100 ng/mL), i.e., (1) TRPMS8 a—d; (2), NGF e-h, and
(3) CB1 (CNRT1) i-l in Figure 1. The TRPM8 mRNA level was downregulated in WERI-
ETOR cells compared to WERI-Rb1 cells irrespective of NGF treatment (CO: 0.192-fold;
*#* p < 0.001; NGF: 0.269-fold; ** p = 0.001; Figure 1a,d). Similar TRPM8 mRNA expression
levels were evident in NGF treated cells compared to the respective control group in both
cell lines (WERI-Rb1: 0.878-fold; p = 0.328; WERI-ETOR: 1.229-fold; p = 0.088, Figure 1b,c).
Figure 1e-h shows the NGF mRNA expression levels in both cell lines with and without
NGF treatment. (Figure le-h). The NGF mRNA expression level was significantly lower in
WERI-ETOR cells than in WERI-Rb1 cells with or without NGF treatment (CO: 0.384-fold;
*** p < 0.001; NGF: 0.426-fold; ** p < 0.01; Figure 1e,h). On the other hand, NGF mRNA
expression levels were similar in non-treated and NGF-treated WERI-Rb1 cells and WERI-
ETOR cells (WERI-Rb1 NGF: 0.762-fold; p = 0.065; WERI-ETOR NGF: 0.893-fold; p = 0.21;
Figure 1f,g).
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Figure 1. Relative mRNA expression levels of TRPM8, NGF, and CB1 (CNR1) in WERI-ETOR and
WERI-Rb1 cells with NGF (100 ng/mL) and without NGF treatment (CO = control; n = 5-6, * p < 0.05,
** p <0.01, ** p < 0.001). (a—d) The TRPM8 mRNA level is significantly downregulated in WERI-
ETOR cells compared to WERI-Rb1 cells, irrespective of NGF treatment. (e-h) NGF elicits the same
expression pattern. (i-1) Also, CNR1 is significantly lower expressed in WERI-ETOR cells compared to
WERI-Rb1 cells. Notably, NGF treatment leads to a significant upregulation of the CNR1 expression
level in WERI-ETOR cells.

CNR1I mRNA expression levels are significantly reduced in NGF and non-treated
WERI-ETOR cells compared to those in WERI-Rb1 cells (CO: 0.132-fold, *** p < 0.001; NGF:
0.212-fold; ** p < 0.01; Figure 1i,1). However, the CNR1 expression level was significantly
upregulated in NGF-treated WERI-ETOR cells compared to that in non-treated WERI-
ETOR cells (1.32-fold; ** p < 0.01; Figure 1k). On the other hand, the CNR1 mRNA level
was significantly downregulated in NGF-treated WERI-Rb1 cells compared to non-treated
WERI-Rb1 cells (0.789-fold; * p = 0.03; Figure 1j). Overall, TRPM8, NGF, and CNR1 gene
expression levels were significantly lower in WERI-ETOR cells than in WERI-Rb1 cells
irrespective of the NGF treatment. Interestingly, CNRT mRNA expression was significantly
upregulated in the NGF-treated WERI-ETOR cells compared to that in non-treated WERI-
ETOR cells.

2.2. Analysis of Cell Viability of WERI-Rb1 Cells

To determine the effect of 100 ng/mL NGEF for 5 days on cell death, the trypan blue
dye exclusion assay evaluated changes in RB cell density. Figure 2a—d shows typical
microscopic images containing dead and living WERI-Rb1 cells as well as WERI-ETOR
cells. The living cells are regularly in excess and approximately equally distributed (light
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dots under the conditions shown in Figure 2a—d). After 5 days of exposure to 100 ng/mL
NGEF, NGF increased the proportion of dead WERI-Rb1 cells (Figure 2c).
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Figure 2. Microscopic images of trypan blue staining of RB cells. The microscopic images (scale
bar 100 um) show dead cells (dark dots), which were marked with red arrows and the living
cells (light dots) with yellow arrows. (a) WERI-RBI1 cells after 5 days of cell cultivation without
NGF application (control group). (b) WERI-ETOR after 5 days of cell cultivation without NGF
application (control group). (c) Same group as shown in (a) but after 5 days of incubation with
100 ng/mL NGF. (d) Same group as shown in (b) but after 5 days of incubation with 100 ng/mL NGFE.
(e) Comparison of NGF-induced lethality in in WERI-Rb1 and in WERI-ETOR cells. The numbers in
brackets indicate the number of measurements. The number of viable (in blue) and dead cells (in
red) of etoposide-sensitive (WERI-Rb1) and etoposide-resistant (WERI-ETOP) is shown in the Y-axis.
RB cell cultures with and without NGF treatment. Cells are incubated with 100 ng/mL NGEF, and
cell number is determined after 5 days. Untreated cells (without NGF) served as controls. Declines
in cell viability are larger in NGF-treated WERI-Rb1 cells than in WERI-ETOR cells. NGF enhances
etoposide-induced cytotoxicity more in WERI-Rb1 cells than in WERI-ETOR cells. *** p < 0.001; were
considered statistical significance between groups.

Figure 2e compares the number of dead and live cells in WERI-Rb1 and WERI-ETOR
cells. A significantly larger number of dead cells were present in NGF-treated WERI-Rb1
cells (45 + 4; n = 17) than in the untreated WERI-Rb1 cells (24 + 3; n = 9; ** p < 0.001)
(Figure 2e).

2.3. Comparison of Blunting Effects of AMTB on TRPMS8 Activation in WERI-Rb1 and
WERI-ETOR Cells

The effects of NGF-induced rises in TRPMS activity in the two different cell lines are
compared. This assessment entails comparing the inhibitory effects of TRPMS8 blocker
AMTB [35,36] on rises in TRPMS activity. In the WERI-Rb1 cells, NGF (100 ng/mL)
increased the £340 nm/f380 nm fluorescence ratio from 0.09998 + 0. 0.00012 at t = 200 s
(n =38) to 0.10780 £ 0.00070 at t = 600 s (1 = 38; *** p < 0.001; paired tested) (Figure 3a,b). The
rise that occurred in WERI-ETOR cells was slightly higher (n = 38—40; p < 0.001; unpaired
tested). In these cells, NGF increased the fluorescence ratio from 0.10050 £+ 0.00039 at
t=200s (n = 40) to 0.11520 £ 0.00096 at t = 600 s (1 = 40; *** p < 0.001; paired tested)
(Figure 3c,d).

Notably, this effect could be suppressed at the same level by AMTB in both cell lines
(WERI-Rb1: 0.1047 & 0.0004 at t = 600 s (n = 29); WERI-ETOR cells: 0.1045 =+ 0.0002 (n = 28;
p > 0.05; unpaired tested) (Figure 3e-h). Taken together, NGF led to a significantly larger
rise in intracellular CaZ* in WERI-ETOR cells than in the WERI-Rb1 cells, and AMTB
partially suppressed this effect to the same level in both cell lines.
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Figure 3. AMTB blunts NGF-induced increases in intracellular Ca?*. (a) The time-dependent changes
are shown as relative intracellular Ca* levels in fura-2/ AM-loaded WERI-Rb1 cells. Data are shown
as mean + SEM. n indicates the number of cells examined in this set of experiments. The dashed line
shows the baseline value (0.1). Arrows indicate the application of NGF (100 ng/mL). NGF induces
an increase in Ca?* influx in WERI-Rb1 cells (n = 38; filled circles), whereas the fluorescence ratio is
invariant in the control cells (n = 11; open circles). (b) Single data at 200 s (control) versus 600 s. NGF
increases the fluorescence ratio in each measurement (1 = 38; *** p < 0.001; paired tested). (c) Same
experiment as explained in panel (a) but with WERI-ETOR cells (filled circles; # = 40) and a control
base line (open circles; n = 25). The NGF-induced increase in the £340 nm /{380 nm fluorescence
ratio was at higher levels compared to the WERI-Rb1 cells (n = 38—40; *** p < 0.001; paired tested).
(d) Same diagram as shown in panel (b) but with WERI-ETOR cells also showing an increase in
the fluorescence by NGF (n = 40; *** p < 0.001; paired tested), but at higher levels compared to the
WERI-Rb1 cells (1 = 38—-40; *** p < 0.001; unpaired tested). (e-h) Same experiments as shown in panels
(a—d) but in the presence of 20 uM AMTB (n = 28-29).

2.4. NGF- and WIN55,212-2-Induced TRPMS8 Activation Only Occurs in WERI-ETOR Cells

In the combined presence of the CB1 agonist WIN55,212-2 (40 uM) and NGF (100 ng/mL),
icilin induced a robust increase in the fluorescence ratio from 0.10230 =+ 0.00115 at t =200 s
(n=39) to 0.15850 £ 0.00762 at t = 600 s (n = 39; *** p < 0.001; paired tested) in the WERI-Rb1
cells (Figure 4a,b). In contrast, this response to icilin was completely abolished in WERI-
ETOR cells. Specifically, icilin (40 pM) instead even slightly decreased the fluorescence
ratio from 0.10330 4 0.00060 at t =200 s (1 = 39) to 0.09666 + 0.0004763 at t = 600 s (n = 57;
*** p < 0.001; paired tested) in WERI-ETOR cells (Figure 4c,d). Taken together, crosstalk
between CB1 and NGF activation of TRPMS8 only occurs in WERI-Rb1 cells.

2.5. CB1 and NGF Mediates TRPMS8 Activation through Crosstalk Only in WERI-ETOR

The possibility was evaluated that NGF and CB1 activation induce rises in TRPM8
activity through crosstalk. Accordingly, the effects of NGF on the fluorescence ratio in the
presence of either AMTB or WIN55,212-2 or the effect of their combined presence were
determined (NGF-group) (Figure 5a). Furthermore, the effects of icilin on the fluorescence
ratio in the presence of either NGF or WIN55,212-2 or the effect of their combined pres-
ence are shown in Figure 5b (icilin group). An initial statistical analysis revealed that
blockage of TRPMS activation with AMTB (20 uM) partially suppressed the NGF-induced
rise in Ca?* influx in both cell lines to the same level (n = 28-29; p > 0.05) (Figure 5a).
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There were no significant differences between the rises in intracellular Ca?* level induced
by the shown conditions in the two different cell lines. NGF fully blocked the icilin-
induced Ca?* increase in both cell lines (Figure 5b). In WERI-Rb1 cells, the fluorescence
ratio without NGF at 600 s was 0.1132 + 0.00091 (n = 26), whereas NGF decreased it to
0.1013 = 0.00029 (1 = 20; *# p < 0.001; unpaired tested). Similarly, NGF suppressed the
ratio rise from 0.1122 + 0.00058 (1 = 34) to 0.09955 + 0.00016 (1 = 37; *# p < 0.001; un-
paired tested) (Figure 5b) in WERI-ETOR cells. On the other hand, WIN55,212-2 (40 uM)
preincubation reversed the effect of NGF on the fluorescence ratio, since WIN55,212-2
induced a huge rise in both cell lines (Figure S1). Despite this large rise in both cell types,
it was lower in WERI-ETOR (f340/£380 = 0.2141 + 0.004090; n = 57) than in WERI-Rb1
cells. (f340/£380 = 0.2562 + 0.013030; n = 23; *# p < 0.001; unpaired tested) (Figure 5a).
Without NGF, WIN55,212-2 increased the fluorescence ratio in both cell lines to the same
level, which is higher than that of NGF (WERI-Rb1: £340/£380 = 0.13340 + 0.00186; n = 54;
*** p < 0.001; WERI-ETOR: £340/£380 = 0.13220 £ 0.00237; n = 61; *** p < 0.001, all paired
tested, Figure S1). A similar effect occurred with icilin, which was smaller than that of
either NGF or WIN55,212-2. The most significant difference was that in the presence of
NGF and WINb5,212-2, icilin failed to induce a rise in the fluorescence ratio in WERI-ETOR
cells. This difference in sensitivity to icilin exposure is evident, since icilin induced a rise
in the fluorescence ratio in WERI-Rb1 cells (WERI-Rb1: £340/£380 = 0.1585 + 0.007618;
n = 39; WERI-ETOR: 340/£380 = 0.09666 =+ 0.000476; n = 57; #* p < 0.001; unpaired
tested, Figures 4 and 5b).
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Figure 4. Crosstalk mediating NGF and CB1-induced TRPMS activation: (a) Fluorescence ratio data
ta are represented as mean + SEM. n indicates the number of cells in this set of experiments. The
dashed line represents the baseline value (0.1). Arrows indicate the application of icilin (40 uM) in
the presence of 40 pM WIN55,212-2 and 100 ng/mL NGF. Icilin induces an increase in Ca?* influx
in WERI-Rb1 cells (n = 39; filled circles). (b) Single data at 200 s (control) versus 600 s (icilin in
the presence of WIN55,212-2 and NGF) show that the 340 nm /{380 nm fluorescence ratio only
rises in WERI-Rb1 cells (n = 39; *** p < 0.001). (c) Same experiment as explained in panel (a) but
with WERI-ETOR cells (filled circles; n = 57). The icilin-induced rise is absent in WERI-ETOR cells.
(d) Same conditions as those in panel (b); unlike with WERI-Rb1 cells, icilin fails to induce rises in
intracellular Ca?* that are induced under the same conditions in WERI-ETOR cells.
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NGEF (green bar) increased the fluorescence ratios in both cell lines, but in WERI-ETOR cells these
rises stabilize at higher levels (n = 38—40; it p < 0.001) than in WERI-Rb1 cells, which 20 uM
AMTB suppresses in both cell lines (n = 28-29; Hith p < 0.01) (blue bars). WIN55,212-2 (40 uM)
induces a diminished response in both cell lines in WERI-ETOR (n = 23-57; i p <0.001) (red bars).
(b) The individual effects are described of icilin on these different responses are shown in panel
A, where 40 puM icilin increased the fluorescence ratio in both cell lines (1 = 26-34; bright blue
bars), which 100 ng/mL NGF suppressed (n = 20-37; both ### 1 < 0.01, violet bars). With NGF and
WINB5,212-2, the icilin-induced Ca?* influx is only visible in WERI-Rb1 cells but is absent in WERI-
ETOR cells (n = 39-57; ## p < 0.01; pink bars). *** p < 0.001; were considered statistical significance
between groups.

3. Discussion
3.1. Main Results

This study focuses on determining if differences in etoposide sensitivity in RB cells
are associated with changes in crosstalk-mediated control by NGF and CNR1 of TRPMS8
activation in etoposide-insensitive WERI-ETOR and etoposide-sensitive WERI-Rb1 cells.
The TRPMS8 and CNR1 levels of gene expression and magnitudes of Ca?* transients are
both smaller in WERI-ETOR cells than in WERI-Rb1 cells irrespective of NGF-treatment. In
addition, CNR1 mRNA expression is upregulated in the NGF-treated WERI-ETOR cells.
NGF-induced lethality is higher in WERI-Rb1 cells than in WERI-ETOR cells (Figure 2).
Furthermore, the NGF-induced Ca?* transients are larger in WERI-ETOR than those in
the WERI-Rb1 cells and inhibition of TRPMS activation by AMTB partially blunts NGF-
induced rises in intracellular Ca?* influx in both cell lines. Sensitivity of RB cells to
etoposide lethality is dependent on the ability of NGF and CB1 to medjiate icilin-induced
activation of TRPMS. Icilin only induces a Ca®* increase in the presence of NGF and
WINS55,212-2 in WERI-Rb1 cells, whereas this rise is completely suppressed in WERI-ETOR
cells (Figures 4 and 5b). Moreover, NGF augmented a large WIN55,212-induced increase
in Ca?* influx. Their combined effect is larger in WERI-Rb1 cells than in WERI-ETOR cells
(Figure 5a). The absence of TRPMS responsiveness to icilin in the presence of NGF and
WINS55,212 in WERI-ETOR cells suggests that TRPMS8 upregulation may be a therapeutic
strategy to mitigate declines in etoposide sensitivity.

3.2. Roles of TRPMS8, NGF, and CB1 Gene Expression in WERI-Rb1 and WERI-ETOR Cells

TRPMS expression was verified based on its previous description in different isolated
RB tissues [8]. The TRPMS8 gene expression level may be a factor that affects RB cell
sensitivity to etoposide since its expression is lower in etoposide-insensitive WERI-ETOR
cells than in the etoposide-sensitive counterpart [8,9]. Another observation supporting
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an association between TRPMS8 functionality and etoposide sensitivity is that in other
cytostatic-sensitive tumor cells, TRPMS remains overexpressed in prostate cancer cells [37].
Furthermore, increases in TRPMS8 gene expression are associated with rises in etoposide
sensitivity during tumor progression in other studies. On the other hand, a lower TRPM$§
gene expression is generally a characteristic feature of cytostatic-resistant cells, such as
WERI-ETOR cells, in contrast to WERI-Rb1 cells where TRPMS8 PCR signals are more
evident [8]. Consequently, TRPMS activation is proposed to act as a potential antitumor
target, as reviewed in the literature [37].

In a comparative mRNA distribution profile of the human TRPM channel family,
TRPMS8 mRNA expression level is higher in the prostate and liver [38]. Notably, an increase
in TRPMS8 expression was observed in neuroendocrine tumor cells, and this rise was
associated with an increased release of neurotensin [13]. This association parallels findings
in WERI-Rb1 cells, where the TRPM8 mRNA expression was clearly detectable, in contrast
to various RB tissues of unknown etoposide sensitivity, where it was less detectable [8].
Moreover, in WERI-ETOR cells, both NGF and TRPMS expression are downregulated, even
after NGF treatment (Figure 1d,h). This suggests potential alterations in NGF signaling in
WERI-ETOR cells, considering that the pathogenesis of human proliferative diseases, such
as prostate cancer, is similarly mediated by NGF signaling [39]. However, the signaling
pathways whereby NGF and CNR1 modulate TRPMS8 function and control of etoposide
sensitivity require future clarification.

3.3. Roles of NGF in Controlling Cell Viability and Calcium Regulation

NGF-treatment of the etoposide-sensitive (i.e., normal) WERI-Rb1 cells is associated
with increases in RB lethality whereas this is not the case in the etoposide-resistant cells.
This difference helps to explain why NGF treatment is less cytotoxic in etoposide-resistant
cells. NGF plays a crucial role in cell survival and apoptosis in neuronal cells due to its
binding to tropomyosin receptor kinase A (TrkA) and to 75-kDa NGF receptor (NGFR)
(p75NTR) [40]. Wu et al. compared growth rates in two different tumor cell lines. They
found that a high growth rate is correlated with a low apoptotic rate and a high resistance
to anoikis [41]. The lower NGF gene expression in WERI-ETOR than in the WERI-Rb1 cells
(Figure 1le) may be associated with a higher apoptotic rate when the WERI-Rb1 cells are
treated with NGF compared to non-treated controls (Figure 2a—d). In contrast, there was a
lower apoptotic rate regardless of whether or not the WERI-ETOR cells were treated with
NGEF (Figure 2e). However, this finding contradicts with the higher levels of intracellular
Ca?* in WERI-ETOR cells following supplementation with NGF even though excessive
Ca?* influx can lead to apoptosis (calcium-apoptosis link) [42] (Figure 3). Higher levels of
intracellular Ca?* cells could also be registered after the addition of Asc in WERI-ETOR cells
compared to WERI-Rb1 cells [9]. However, treatment of both cell lines with Asc decreased
the cell density of both cell lines corresponding to increased lethality. This was not the case
with NGF in WERI-ETOR cells in this study with a lower lethality (Figure 2e), indicating
that NGF has a different mode of action than Asc. Regarding the NGF phenomenon, the
complexity may be due to the CB1 gene expression patterns shown in Figure 1, as they
are different compared to those of TRPMS8 and NGF. Whereas the CBI mRNA level is
slightly downregulated in NGF-treated WERI-Rb1 cells, the CBI mRNA expression level
was upregulated in WERI-ETOR cells (Figure 1j,k). Since NGF is associated with TRPV1-
induced Ca2* influx and CB1 activation increases intracellular calcium via TRPV1 [32,33,43],
one possible explanation may be that there is a link between NGF and the CB1 receptor-
mediated Ca?* influx through TRPMS. This Ca?* influx is at higher levels in WERI-ETOR
cells compared to WERI-Rb1 cells after addition of NGF (Figure 3).

3.4. Mechanism of Interaction between NGF and the CB1-TRPMS8 Axis

Even though RB cells are non-excitable tumor cells, it is still possible that TRPM8
may exhibit some voltage-sensitive activity [44]. If this exists, a membrane voltage change
resulting from modulation of other voltage-dependent channel activity, such as voltage-
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dependent sodium channels that are also expressed in RB cells, may in turn affect TRPM8
channel activity (Figure 6) [44-47]. Yapa et al. suggested that some effects of the TRPMS8
antagonist, AMTB, may stem from an interaction with other membrane receptors. Our
results shown in Figure 5a are consistent with the notion that the effect of AMTB includes
suppression of voltage changes that activate TRPMS [35]. Another possibility for TRPM8
activation in tumor cells could be via the body’s own hormones, as has already been
observed in uveal melanomas in connection with vascular endothelial growth factor (VEGF)
and TRPMS (thyronamine) [48]. Thyronamines, such as 3-T1AM, can specifically activate
TRPMS [49,50] (Figure 6). Therefore, the mechanisms of interactions between TRPMS8 and
CB1 (CB1-TRPMS axis) are complex.
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Figure 6. Hypothetical model that accounts for how interactions between NGF, CB1, and TRPMS8
modulate rises in Ca?* influx and the development of etoposide sensitivity. This hypothetical scheme
proposes how CB1 and TrkA /p75NRT receptor-linked signaling pathways induce increases in Ca?*
influx by activating TRPMS in etoposide-sensitive WERI-Rb1 cells whereas TRPMS8-induced Ca%t
influx is blocked in WERI-ETOR cells (Figure 5b, pink bars). The gray dashed line highlights the
different signaling pathways between TrkA and p75NRT. Ca?* channels, such as TRPs of the TRPMS
subtype (menthol receptor), can be selectively activated by moderate cooling (<~25-28 °C) [51] or
pharmacologically by icilin [52] or by thyronamines, such as 3T AM [49], and blocked by AMTB [48],
which may also suppress Na* channels in RB cells [46]. NGF binds to the tropomyosin receptor
kinase A (TrkA) with high affinity [53] and to p75 neurotrophin receptor (p75NTR) with low affinity.
P75NTR s linked to downstream pathways that modulate the balance between neuronal survival
and neuronal death. When WIN55,212-2 activates CB1 in WERI-Rb1 cells, icilin-induced TRPMS8
activation leads to an increase in intracellular Ca®* (1[Ca2*];]) (Figure 4a). Notably, the opposite is
the case in WERI-ETOR cells ({[Ca®*];]) (Figure 4c).

A noteworthy finding of this study is that NGF and WIN55,212-2 pretreatment solely
blocked subsequent TRPMS activation induced by icilin in the etoposide-resistant WERI-
ETOR cells (Figures 4 and 5b, pink bar). Accordingly, we compared the effects of changing
the order of presentation of NGF and WIN55,212-2 on icilin-induced activation of TRPMS in
two different groups (Figure 5). On the one hand, the effect was evaluated of first applying
NGEF (Figure 5a) (NGF-group) with that induced by icilin in the two different cell types
(Figure 5b) (icilin group).

In the icilin-group, the results shown in Figure 4 indicate that there are differences be-
tween WERI-Rb1 and WERI-ETOR cells. On the other hand, applying NGF first (Figure 5a)
resulted in a larger Ca®* influx in WERI-ETOR (Figure 5a, green bars), in the presence of
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WIND55,212-2 (CB1 activation) in WERI-Rb1. This difference is also apparent in the WERI-
ETOR cells, but at a significantly lower level (Figure 5a, red bars). One explanation for
this difference could be that NGF triggers a suppression of intracellular Ca?* when CB1 is
activated only in WERI-ETOR cells since there is no difference in the WIN55,212-2-induced
Ca?* influx between WERI-Rb1 and WERI-ETOR cells (Figure S1). On the other hand,
treatment with NGF alone led to more dead cells in WERI-Rb1 cells compared to that of
WERI-ETOR cells, which are more resilient (Figure 2e). Interestingly, the NGF-induced Ca?*
increase was at higher levels in WERI-ETOR without WIN55,212-2 pretreatment (Figure 5a,
green bars). This larger Ca?* influx is due to plasma membrane TRPMS channel activation,
since NGF does not influence Ca?* regulation in Ca®* free conditions in both WERI-Rb1
and WERI-ETOR cells (Figure S2).

It is conceivable that both the CB1 functional activity and its gene expression level
affect its crosstalk with TRPM8 and NGF. Such communication modulates Ca2* influx by
acting as a possible fine-tuning switch that suppresses the Ca?* overload and, thus, cell
survival. Possibly, such modulation may also affect the development of the etoposide
resistance in WERI-ETOR cells. Genetically, CB1 mRNA expression levels in NGF-treated
WERI-ETOR cells are clearly upregulated (Figure 1k). A higher CB1 receptor density may,
therefore, downregulate Ca* influx via TRPMS in the presence of NGF and WIN55,212-2 in
WERI-ETOR cells. The identity of possible NGF-induced Ca?* signal transduction pathways
that trigger via CB1 stimulation increases in TRPMS activity may be more complex, as
shown in the model in Figure 6. Overall, the lower Ca?* levels in WERI-ETOR cells are
only observed when NGF is applied in combination with WIN55,212-2 by WIN55,212-2
or by applying both WIN55,212-2 and icilin (Figure 4). Accordingly, this may potentially
endow WERI-ETOR cells with a greater chance of survival than normal WERI-Rb1 cells
since a possible Ca?* overload may induce apoptosis which is possibly suppressed by the
described downregulation of Ca* channels [42]. A deeper understanding of the signaling
pathways constituting the GPCR-TRP axis [20], such as that involving NGF interaction
with the CB1-TRPMS axis, may facilitate the development of more selective and effective
therapies to trip attainment of Ca?* overload and apoptosis in cytostatic-resistant cells,
such as the WERI-ETOR cells.

3.5. Limitations of This Study

There are some factors that limit our interpretation of the physiological relevance of
this study. On the one hand, some technical limitations reduce the precise calcium imaging
measurements. We encountered a relatively large number of variations in both scatter
signal-noise ratios, which is evident in the results shown in Figure S2. This variability is
mostly due to weak fluorescence signals, which may be due to differences in fura-2/AM
dye loading. Unusually, linearly large rises in fluorescence signals were discarded from the
analysis, as they may be due to the presence of poorly functional or dying cells in which
calcium homeostasis is disrupted. Since the RB cells are floating cultures, adhesion to the
coverslip was also limited even when they were well coated with polylysine. The very
compact RB cells can also easily slip away from the region of interest, which can lead to
measurement inaccuracies. To circumvent this problem, the number of replicates or the
number of cells interrogated was increased. The bleaching effects (e.g., due to excessive
dyeing) could be alternatively compensated by drift correction using TIDA software V. 5.25
(HEKA Electronic, Lamprecht/Pfalz, Germany).

In addition to the technical limitations, it is necessary to bear in mind that data
extrapolation from the in vitro to the in vivo condition may be compromised. On the
other hand, the WERI-RbI cell line exhibited a phenotype that is consistent with malignant
cells. Namely, they are capable of indefinite growth, tumorigenicity, and the tendency to
deviate from the normal diploid karyotype [54]. In addition, neuroblastic differentiation
potential of WERI-Rbl cells may not be maintained in an organ culture system [55]. Another
limitation involves usage of icilin as a TRPMS8 agonist. Although it could be shown in a
study by McKemy about cold- and menthol-sensitive receptors (CMR1) that icilin possesses
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about 2.5-fold greater efficacy and nearly 200-fold more potency than menthol [56], it can
also stimulate TRPA1 and the (delta subunit of) human epithelial sodium channel [57,58].
Nevertheless, icilin was frequently used as a relatively selective TRPMS8 agonist in other
types of tumor cells [13,48].

3.6. Clinical Relevance and Outlook

Many diverse mechanisms have been proposed to account for how tumor cells de-
velop drug resistance to certain cytostatic drugs. Such differences are ascribable to tumor
cell phenotypic heterogeneity. The model based on the current study is consistent with
another study in which it was proposed that cannabinoid receptors and TRPs cooperate
in controlling the development of multidrug resistance [59]. Despite such insight, further
research is needed to better delineate improved therapeutic management procedures of
cancer. This endeavor depends on implementing the usage of small molecules [60-62] or
monoclonal antibodies [63-65], to improve both the therapy and management of cytostatic
drug-resistant tumor cells.

3.7. Conclusions

This study describes interactions between NGF and CB1 that modulate control of
TRPMS activation and, in turn, regulate etoposide sensitivity in RB cells. Differences were
probed between WERI-Rb1 etoposide-sensitive tumor cells and their etoposide-resistant
WERI-ETOR counterparts. In the presence of NGF and WIN55,212-2, icilin only failed to
induce TRPMS activation in etoposide-resistant WERI-ETOR cells (Figures 4 and 5b). This
difference suggests that there is an association between changes in TRPMS8 expression levels
and etoposide sensitivity. Nevertheless, the involvement of TRPMS in mediating the control
of etoposide sensitivity is still unclear. This uncertainty exists because a disconnect exists
between the magnitudes of NGF-induced rises in Ca?* influx in WERI-ETOR cells and
the larger cytotoxicity of etoposide in WERI-Rb1 cells. From the literature, it is generally
known that calcium overload is toxic for the cell and that it is associated with an increase
in apoptosis [43] and, thus, a poorer cell survival. Although large WIN55,212-2-induced
Ca?* influxes were observed in both cell lines, the Ca2* influxes were at lower levels in the
presence of NGF only in WERI-ETOR cells (Figure 5a, red bars). This was not the case in
WERI-Rb1 cells, in which a higher probability of Ca?* overload above a certain threshold
increases the probability of inducing apoptosis.

4. Materials and Methods
4.1. Materials

Cell culture medium and other cell culture supplements were purchased from Biochrom
AG (Berlin, Germany) or GIBCO Invitrogen (Karlsruhe, Germany). All reagents (e.g., trypan
blue T8154) were purchased from Sigma-Aldrich (Diesenhofen, Germany) unless otherwise
specified. Recombinant Human 3-NGF was purchased from Biogems company (Westlake
Village, CA, USA). Icilin, AM251, and WIN55,212-2 were purchased from Cayman Chemi-
cal Company (Ann Arbor, MI, USA). For calcium imaging, the fluorescent dye fura-2/AM
was purchased from PromoCell GmbH (Heidelberg, Germany).

4.2. Cell Culture

Etoposide-sensitive and -resistant WERI-Rb1 cell lines were used for the measurements.
The cell lines were kindly provided by Stephan et al. (Essen, Germany). Furthermore, an
established cultivation was carried out. Both cell lines were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), and 100 IU/mL penicillin/streptomycin
was added for antibacterial protection. Cells were cultured in an incubator at 37 °C, 80%
humidity, and 5% CO,. For the measurements, the cells were seeded on 12 multiple cell cul-
ture plates. Cells were coated with Pol-L-lysine on the coverslips and fixed accordingly for
measurements. All measurements were performed in a period of 48-72 h after preparation.
Medium exchange took place in the cell culture three times per week.
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4.3. Cell Viabilty

For each cell line, a control experiment was performed without the drug. The experi-
ment was scheduled for five days. Then, 100 ng/mL NGF was added to the cells on the
first day to check for a possible effect of NGF on cell proliferation or apoptosis. On the third
day, 1 mL of fresh RPMI medium was added to the cells. On the fifth day, the proliferation
and apoptosis measurements were performed. For more accurate counting of dead cells,
0.4% trypan blue dye was used. A Neubauer counting chamber (A. Hartenstein GmbH,
Wiirzburg, Germany) was used to perform the measurements to calculate the live and
dead cells.

4.4. mRNA Purification, cDNA Synthesis, and RT-qPCR Analyses

For mRNA isolation, etoposide-sensitive WERI-Rb1 cells and etoposide-resistant
WERI-ETOR cells were cultured and frozen in liquid nitrogen as described previously [9,15].
Total RNA extraction was conducted using the Gene Elute Mammalian Total RNA Miniprep
Kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s guidelines. The
purity and concentration of the RNA were assessed using a BioSpectrometer (Eppendorf,
Hamburg, Germany).

For cDNA synthesis, 1 ug of RNA was reverse-transcribed utilizing the First Strand
c¢DNA Synthesis Kit with random hexamer primers (Thermo Fisher Scientific, Breda,
The Netherlands).

RT-qPCR analyses were conducted utilizing the FastStart Essential DNA Green Master
Mix in a Light Cycler 96 instrument (Roche Applied Science, Mannheim, Germany). The
reaction conditions were as follows. First, an initial pre-incubation step at 95 °C for 10 min
was carried out, followed by 45 cycles of amplification with the following parameters:
10sat 95 °C,30s at 60 °C, and 10 s at 72 °C. Additionally, melting curve analyses were
performed with the following settings: 10 s at 95 °C, 60 s at 65 °C, and 1 s at 97 °C. Finally, a
cooling step at 37 °C for 30 s was included. Primer pairs for RT-qPCR were designed using
the ProbeFinder Assay Design Center (Roche Applied Science; see Table 1). The primer
efficiency of each primer pair was determined based on a cDNA dilution series ranging
from 5 ng to 125 ng. The RT-qPCR data are expressed as the median + quartile range, with
the maximum and minimum values included. Statistical analysis was performed using the
pairwise fixed reallocation and randomization test (REST 2009 released Qiagen, [66]).

4.5. Fluorescence Calcium Imaging

WERI-RDb1 cells grown on coverslips were preincubated with 1 uM fura-2/AM (1 mM
stock solution) at 37 °C for 20—40 min. After the incubation period, coverslips containing
the cells were thoroughly rinsed with a Ringer-like (control) solution (RLS) containing
(in mM): 150 NaCl, 6 CsCl, 1 MgCl,, 1.5 CaCl,, 10 D-glucose, and 10 HEPES (pH ~ 7.4;
osmolarity ~ 316 mosmol/L). Coverslips were placed into a bath chamber and immediately
rinsed with 1.5 mL of RLS under a fluorescence microscope (Olympus BX50WI; Olympus
Europa Holding GmbH, 20097 Hamburg, Germany) equipped with a Omikron V. 1.0
software-controlled high-powered fluorescence LED light source (LED-Hub by Omikron,
Rodgau-Dudenhoven, Germany), a high-resolution digital camera (Olympus XM10), and a
peristaltic pump P-1 (Pharmacia, London, UK) connected to the bath chamber in a dark
room at room temperature (RT) (~23 °C). Single cells were selected and designated as
regions of interest (ROIs) using the cellSens Dimension V. 1.16 software, and excited by
alternating illumination at 340 and 380 nm in 5 s intervals through a software-controlled
interface (Olympus U-RTC, cellSens Dimension V. 1.16). Fluorescence fura-2 emission was
recorded at 510 nm (120 frames per experiment for a total experimental time of 10 min).
The fluorescence ratio £340 nm/£380 nm of the two wavelength-traces correlates directly
with the changes in intracellular Ca?* level ([Ca%*];) as described by Grynkiewicz et al. [67].
Fluorescence ratios were calculated with cellSens software and normalized (control set to
0.1), drift corrected (if applicable), and averaged (with SEM error bars) using the TIDA V.
5.25 software for Windows (HEKA Electronic, Lamprecht/Pfalz, Germany). The results are



Int. J. Mol. Sci. 2024, 25,1733

13 of 17

depicted as mean traces of £340 nm/f380 nm ratio & SEM with n-values indicative of the
number of measured cells per data point. Drug effects were evaluated following a ~30 min
pre-incubation time. Drug stock solutions were prepared with DMSO and diluted in RLS
so that the final DMSO concentration was below 0.1%. At this concentration, it was not per
se cytotoxic for ocular cells [68,69].

Table 1. Primer pairs used for RT-qPCR analyses. To assess the mRNA expression levels of CNR1,
NGF, and TRPMS, the expression of the housekeeping genes -Actin (ACTB) and S18 (RBPS18) was
analyzed for normalization and relative quantification. Each gene’s primer sequence and the expected
amplicon size are provided. Abbreviations: bp = base pairs, for = forward, rev = reverse.

. GenBank
. Product Size .
Primer Sequence (bp) Accession Number/
p Reference
ACTB CCAACCGCGAGAAGATGA
For o7 NM_001101.3;
ACTB [15]
Rev CCAGAGGCGTACAGGGATAG
CNR1 CTGCAGAGCTCTCCGTAGTC
For 15 NM_016083.6;
this stud
Cé\gfll GGGGGCAATCCCTTCGC Y
NGF GAGCGCAGCGAGTTTTGG
For NM_002506.3;
NGE 127 this study
Rov TGGCCAGGATAGAAAGCTGC
RPS18 CTTCCACAGGAGGCCTACAC
For % NM_022551.2;
RPS18 [9,15]
Rov CGCAAAATATGCTGGAACTTT
TRPM8 GGTCCTGTACTCGCTGGTCT
For . NM_024080;
9
TII{{Z 1‘\,48 CACCCCATTTACGTACCACTG Pl

4.6. Statistical Data Analyses

Paired data were probed for normality according to the Kolmogorov—Smirnov test,
and the Student’s t-test assessed statistical significance of paired data if they passed nor-
mality. Alternatively, the Wilcoxon matched pairs test was instead used if they failed
normality. Likewise, statistical significance was determined for unpaired data using Stu-
dent’s t-test if they passed normality or by Mann-Whitney U test if they failed normality
testing. Probabilities of p < 0.05 (indicated by asterisks for paired data (*) and hash tags
(#) for unpaired data) were considered significant. Statistical tests were performed, and
diagrams were created using SigmaPlot version 12.5 for Windows (Systat Software, Inc.,
Point Richmond, CA, USA) as well as GraphPad Prism software version 5.00 for Windows
(LaJolla, CA, USA). The number of replicates is shown in each case in brackets, near the
traces or bars. All values are given as means =+ standard error of the mean (SEM) (error
bars in both directions).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/1jms25031733 /s1.


https://www.mdpi.com/article/10.3390/ijms25031733/s1
https://www.mdpi.com/article/10.3390/ijms25031733/s1

Int. J. Mol. Sci. 2024, 25,1733 14 of 17

Author Contributions: S.L., ].R. and S.M. designed the study, analyzed the data, and wrote and edited
the manuscript. S.L. performed calcium measurements and plot analyses together with S.M. S.L.
performed cell viability experiments and plot analyses. ]J.R. and A.Y. performed RT-qPCR experiments
and analyses. A.L. prepared cells for RT-qPCR. S.L., J.R., A.Y. and S.M. created diagrams. S.M. created
the schematic representation. P.S.R. and J.O. contributed with their expertise on cellular physiology,
TRP channel research and molecular biology, discussed data and their interpretation, and helped edit
the manuscript. V.K. contributed with his expertise in the medical context (R) and helped edit the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: We are grateful for grant support (KinderAugenKrebsStiftung KAKS2019118f-UKL to V.K.).
S.M. was supported by German Research Foundation (DFG) (ME 1706/18-1) for a TRP channel-
related research project. Parts of the photometry setup were partially funded by Sonnenfeld-Stiftung
(Berlin, Germany) (5.M.). Open Access funding was enabled and organized by Projekt DEAL.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy limitations.

Acknowledgments: We thank Petra Temming, Alexander Schramm, and Harald Stephan (University
of Duisburg-Essen, Essen, Germany) for providing the etoposide-sensitive and -resistant WERI-Rb1
cell lines. Kindly, Andreas Faissner (Department of Cell Morphology and Molecular Neurobiology,
Faculty of Biology and Biotechnology, Ruhr University Bochum) supported this study. Finally, we
thank May Amer, Stephanie Chun, and Sandra Lata for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Kivela, T.; Polkunen, M.L. Pieter Pauw’s tumor oculorum: Reappraisal of the presumed first description of retinoblastoma in
1597. Arch. Ophthalmol. 2003, 121, 881-886. [CrossRef]

2. Mattosinho, C.C.S.; Moura, A.; Oigman, G.; Ferman, S.E.; Grigorovski, N. Time to diagnosis of retinoblastoma in Latin America:
A systematic review. Pediatr. Hematol. Oncol. 2019, 36, 55-72. [CrossRef]

3. Albert, D.M. Historic review of retinoblastoma. Ophthalmology 1987, 94, 654—-662. [CrossRef]

4. Fabian, I.D.; Onadim, Z.; Karaa, E.; Duncan, C.; Chowdhury, T.; Scheimberg, I.; Ohnuma, S.I.; Reddy, M.A.; Sagoo, M.S. The
management of retinoblastoma. Oncogene 2018, 37, 1551-1560. [CrossRef]

5. ElHamichi, S.; Acon, D.; Kon Graversen, V.; Gold, A.S.; Berrocal, A.M.; Murray, T.G. Persistent Retinal Detachment in Retinoblas-
toma: The Challenges. J. Ophthalmol. 2020, 2020, 1486757. [CrossRef]

6. Pekacka, A. The Role of Intraarterial Chemotherapy in the Management of Retinoblastoma. J. Ophthalmol. 2020, 2020, 3638410.
[CrossRef]

7. Traine, P.G.; Schedler, K.J.; Rodrigues, E.B. Clinical Presentation and Genetic Paradigm of Diffuse Infiltrating Retinoblastoma: A
Review. Ocul. Oncol. Pathol. 2016, 2, 128-132. [CrossRef]

8. Mergler, S.; Cheng, Y.; Skosyrski, S.; Garreis, E.; Pietrzak, P.; Kociok, N.; Dwarakanath, A.; Reinach, P.S.; Kakkassery, V. Altered
calcium regulation by thermosensitive transient receptor potential channels in etoposide-resistant WERI-Rb1 retinoblastoma cells.
Exp. Eye Res. 2012, 94, 157-173. [CrossRef]

9. Oronowicz, J.; Reinhard, J.; Reinach, P.S.; Ludwiczak, S.; Luo, H.; Omar Ba Salem, M.H.; Kraemer, M.M.; Biebermann, H.;
Kakkassery, V.; Mergler, S. Ascorbate-induced oxidative stress mediates TRP channel activation and cytotoxicity in human
etoposide-sensitive and -resistant retinoblastoma cells. Lab. Investig. 2021, 101, 70-88. [CrossRef]

10. Krizaj, D.; Cordeiro, S.; Strauss, O. Retinal TRP channels: Cell-type-specific regulators of retinal homeostasis and multimodal
integration. Prog. Retin. Eye Res. 2023, 92, 101114. [CrossRef]

11.  Yee, N.S. Roles of TRPMS8 Ion Channels in Cancer: Proliferation, Survival, and Invasion. Cancers 2015, 7, 2134-2146. [CrossRef]

12. Ochoa, S.V,; Casas, Z.; Albarracin, S.L.; Sutachan, ].J.; Torres, Y.P. Therapeutic potential of TRPMS8 channels in cancer treatment.
Front. Pharmacol. 2023, 14, 1098448. [CrossRef] [PubMed]

13.  Mergler, S.; Strowski, M.Z.; Kaiser, S.; Plath, T.; Giesecke, Y.; Neumann, M.; Hosokawa, H.; Kobayashi, S.; Langrehr, ].; Neuhaus, P;
et al. Transient receptor potential channel TRPMS agonists stimulate calcium influx and neurotensin secretion in neuroendocrine
tumor cells. Neuroendocrinology 2007, 85, 81-92. [CrossRef] [PubMed]

14. Mergler, S.; Derckx, R.; Reinach, P.S.; Garreis, F.; Bohm, A.; Schmelzer, L.; Skosyrski, S.; Ramesh, N.; Abdelmessih, S.; Polat, O.K,;

et al. Calcium regulation by temperature-sensitive transient receptor potential channels in human uveal melanoma cells. Cell
Signal 2014, 26, 56-69. [CrossRef] [PubMed]


https://doi.org/10.1001/archopht.121.6.881
https://doi.org/10.1080/08880018.2019.1605432
https://doi.org/10.1016/S0161-6420(87)33407-4
https://doi.org/10.1038/s41388-017-0050-x
https://doi.org/10.1155/2020/1486757
https://doi.org/10.1155/2020/3638410
https://doi.org/10.1159/000441528
https://doi.org/10.1016/j.exer.2011.12.002
https://doi.org/10.1038/s41374-020-00485-2
https://doi.org/10.1016/j.preteyeres.2022.101114
https://doi.org/10.3390/cancers7040882
https://doi.org/10.3389/fphar.2023.1098448
https://www.ncbi.nlm.nih.gov/pubmed/37033630
https://doi.org/10.1159/000101693
https://www.ncbi.nlm.nih.gov/pubmed/17426390
https://doi.org/10.1016/j.cellsig.2013.09.017
https://www.ncbi.nlm.nih.gov/pubmed/24084605

Int. J. Mol. Sci. 2024, 25,1733 15 of 17

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Reinhard, J.; Wagner, N.; Kramer, M.M.; Jarocki, M.; Joachim, S.C.; Dick, H.B.; Faissner, A.; Kakkassery, V. Expression Changes
and Impact of the Extracellular Matrix on Etoposide Resistant Human Retinoblastoma Cell Lines. Int. . Mol. Sci. 2020, 21, 4322.
[CrossRef]

Skaper, S.D.; Di Marzo, V. Endocannabinoids in nervous system health and disease: The big picture in a nutshell. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 2012, 367, 3193-3200. [CrossRef]

Braile, M.; Marcella, S.; Marone, G.; Galdiero, M.R.; Varricchi, G.; Loffredo, S. The Interplay between the Immune and the
Endocannabinoid Systems in Cancer. Cells 2021, 10, 1282. [CrossRef]

Li, X;; Shen, L.; Hua, T.; Liu, Z.]. Structural and Functional Insights into Cannabinoid Receptors. Trends Pharmacol. Sci. 2020, 41,
665—677. [CrossRef]

Leo, L.M.; Abood, M.E. CB1 Cannabinoid Receptor Signaling and Biased Signaling. Molecules 2021, 26, 5413. [CrossRef]
Veldhuis, N.A.; Poole, D.P,; Grace, M.; McIntyre, P.; Bunnett, N.W. The G protein-coupled receptor-transient receptor potential
channel axis: Molecular insights for targeting disorders of sensation and inflammation. Pharmacol. Rev. 2015, 67, 36-73. [CrossRef]
Caffarel, M.M.; Andradas, C.; Perez-Gomez, E.; Guzman, M.; Sanchez, C. Cannabinoids: A new hope for breast cancer therapy?
Cancer Treat. Rev. 2012, 38, 911-918. [CrossRef]

Bifulco, M.; Di Marzo, V. Targeting the endocannabinoid system in cancer therapy: A call for further research. Nat. Med. 2002, §,
547-550. [CrossRef]

Grimaldi, C.; Capasso, A. The endocannabinoid system in the cancer therapy: An overview. Curr. Med. Chem. 2011, 18, 1575-1583.
[CrossRef]

Straiker, A.].; Maguire, G.; Mackie, K.; Lindsey, J. Localization of cannabinoid CB1 receptors in the human anterior eye and retina.
Investig. Ophthalmol. Vis. Sci. 1999, 40, 2442-2448.

Assimakopoulou, M.; Pagoulatos, D.; Nterma, P.; Pharmakakis, N. Inmunolocalization of cannabinoid receptor type 1 and CB2
cannabinoid receptors, and transient receptor potential vanilloid channels in pterygium. Mol. Med. Rep. 2017, 16, 5285-5293.
[CrossRef] [PubMed]

Stumpff, E; Boxberger, M.; Krauss, A.; Rosenthal, R.; Meissner, S.; Choritz, L.; Wiederholt, M.; Thieme, H. Stimulation of
cannabinoid (CB1) and prostanoid (EP2) receptors opens BKCa channels and relaxes ocular trabecular meshwork. Exp. Eye Res.
2005, 80, 697-708. [CrossRef] [PubMed]

Yang, Y.; Yang, H.; Wang, Z.; Varadaraj, K.; Kumari, S.S.; Mergler, S.; Okada, Y.; Saika, S.; Kingsley, P.J.; Marnett, L.].; et al.
Cannabinoid receptor 1 suppresses transient receptor potential vanilloid 1-induced inflammatory responses to corneal injury. Cell
Signal 2013, 25, 501-511. [CrossRef] [PubMed]

Cheng, Y.; Zheng, S.; Pan, C.T.; Yuan, M.; Chang, L.; Yao, Y.; Zhao, M.; Liang, ]. Analysis of aqueous humor concentrations of
cytokines in retinoblastoma. PLoS ONE 2017, 12, e0177337. [CrossRef] [PubMed]

Wagner, N.; Wagner, K.D.; Sefton, M.; Rodriguez-Tebar, A.; Grantyn, R. An abnormal response of retinoblastoma cells (Y-79) to
neurotrophins. Investig. Ophthalmol. Vis. Sci. 2000, 41, 1932-1939.

Ho, R.; Eggert, A.; Hishiki, T.; Minturn, J.E.; Ikegaki, N.; Foster, P.; Camoratto, A.M.; Evans, A.E.; Brodeur, G.M. Resistance to
chemotherapy mediated by TrkB in neuroblastomas. Cancer Res. 2002, 62, 6462-6466.

Li, Y.; Nakagawara, A. Apoptotic cell death in neuroblastoma. Cells 2013, 2, 432-459. [CrossRef]

McDowell, T.S.; Wang, Z.Y.; Singh, R.; Bjorling, D. CB1 cannabinoid receptor agonist prevents NGF-induced sensitization of
TRPV1 in sensory neurons. Neurosci. Lett. 2013, 551, 34-38. [CrossRef] [PubMed]

Wang, Z.Y.; McDowell, T.; Wang, P; Alvarez, R.; Gomez, T.; Bjorling, D.E. Activation of CB1 inhibits NGF-induced sensitization of
TRPV1 in adult mouse afferent neurons. Neuroscience 2014, 277, 679-689. [CrossRef] [PubMed]

Al-Ghazzawi, K.; Wessolly, M.; Dalbah, S.; Ketteler, P.; Kiefer, T.; Bechrakis, N.; Leyla, J.; Ting, S.; Biewald, E.; Mairinger, FE.D. PDGF,
NGEF, and EGF as main contributors to tumorigenesis in high-risk retinoblastoma. Front. Oncol. 2023, 13, 1144951. [CrossRef]
[PubMed]

Yapa, K,; Deuis, J.; Peters, A.A.; Kenny, P.A.; Roberts-Thomson, S.J.; Vetter, I.; Monteith, G.R. Assessment of the TRPMS inhibitor
AMTB in breast cancer cells and its identification as an inhibitor of voltage gated sodium channels. Life Sci. 2018, 198, 128-135.
[CrossRef] [PubMed]

Lashinger, E.S.; Steiginga, M.S.; Hieble, ].P.; Leon, L.A.; Gardner, S.D.; Nagilla, R.; Davenport, E.A.; Hoffman, B.E.; Laping, N.J.;
Su, X. AMTB, a TRPMS channel blocker: Evidence in rats for activity in overactive bladder and painful bladder syndrome. Am. J.
Physiol. Renal Physiol. 2008, 295, F803-F810. [CrossRef]

Grolez, G.P,; Chinigo, G.; Barras, A.; Hammadi, M.; Noyer, L.; Kondratska, K.; Bulk, E.; Oullier, T.; Marionneau-Lambot, S.; Le
Mee, M,; et al. TRPMS as an Anti-Tumoral Target in Prostate Cancer Growth and Metastasis Dissemination. Int. . Mol. Sci. 2022,
23, 6672. [CrossRef]

Fonfria, E.; Murdock, PR.; Cusdin, ES.; Benham, C.D.; Kelsell, R.E.; McNulty, S. Tissue distribution profiles of the human TRPM
cation channel family. J. Recept. Signal Transduct. Res. 2006, 26, 159-178. [CrossRef]

Di Donato, M.; Giovannelli, P.; Migliaccio, A.; Castoria, G. The nerve growth factor-delivered signals in prostate cancer and its
associated microenvironment: When the dialogue replaces the monologue. Cell Biosci. 2023, 13, 60. [CrossRef]

Kuner, P; Hertel, C. NGF induces apoptosis in a human neuroblastoma cell line expressing the neurotrophin receptor p75NTR.
J. Neurosci. Res. 1998, 54, 465-474. [CrossRef]


https://doi.org/10.3390/ijms21124322
https://doi.org/10.1098/rstb.2012.0313
https://doi.org/10.3390/cells10061282
https://doi.org/10.1016/j.tips.2020.06.010
https://doi.org/10.3390/molecules26175413
https://doi.org/10.1124/pr.114.009555
https://doi.org/10.1016/j.ctrv.2012.06.005
https://doi.org/10.1038/nm0602-547
https://doi.org/10.2174/092986711795471374
https://doi.org/10.3892/mmr.2017.7246
https://www.ncbi.nlm.nih.gov/pubmed/28849159
https://doi.org/10.1016/j.exer.2004.12.003
https://www.ncbi.nlm.nih.gov/pubmed/15862177
https://doi.org/10.1016/j.cellsig.2012.10.015
https://www.ncbi.nlm.nih.gov/pubmed/23142606
https://doi.org/10.1371/journal.pone.0177337
https://www.ncbi.nlm.nih.gov/pubmed/28486560
https://doi.org/10.3390/cells2020432
https://doi.org/10.1016/j.neulet.2013.06.066
https://www.ncbi.nlm.nih.gov/pubmed/23850608
https://doi.org/10.1016/j.neuroscience.2014.07.041
https://www.ncbi.nlm.nih.gov/pubmed/25088915
https://doi.org/10.3389/fonc.2023.1144951
https://www.ncbi.nlm.nih.gov/pubmed/37965463
https://doi.org/10.1016/j.lfs.2018.02.030
https://www.ncbi.nlm.nih.gov/pubmed/29496495
https://doi.org/10.1152/ajprenal.90269.2008
https://doi.org/10.3390/ijms23126672
https://doi.org/10.1080/10799890600637506
https://doi.org/10.1186/s13578-023-01008-4
https://doi.org/10.1002/(SICI)1097-4547(19981115)54:4%3C465::AID-JNR4%3E3.0.CO;2-T

Int. J. Mol. Sci. 2024, 25,1733 16 of 17

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

Wu, R,; Li, K;; Yuan, M.; Luo, K.Q. Nerve growth factor receptor increases the tumor growth and metastatic potential of
triple-negative breast cancer cells. Oncogene 2021, 40, 2165-2181. [CrossRef] [PubMed]

Orrenius, S.; Zhivotovsky, B.; Nicotera, P. Regulation of cell death: The calcium-apoptosis link. Nat. Rev. Mol. Cell Biol. 2003, 4,
552-565. [CrossRef]

Lauckner, J.E.; Hille, B.; Mackie, K. The cannabinoid agonist WIN55,212-2 increases intracellular calcium via CB1 receptor
coupling to Gq/11 G proteins. Proc. Natl. Acad. Sci. USA 2005, 102, 19144-19149. [CrossRef] [PubMed]

Voets, T.; Droogmans, G.; Wissenbach, U.; Janssens, A.; Flockerzi, V.; Nilius, B. The principle of temperature-dependent gating in
cold- and heat-sensitive TRP channels. Nature 2004, 430, 748-754. [CrossRef]

Nilius, B.; Talavera, K.; Owsianik, G.; Prenen, J.; Droogmans, G.; Voets, T. Gating of TRP channels: A voltage connection?
J. Physiol. 2005, 567, 35—-44. [CrossRef]

del Pilar Gomez, M.; Waloga, G.; Nasi, E. Electrical properties of Y-79 cells, a multipotent line of human retinoblastoma.
J. Neurophysiol. 1993, 70, 1476-1486. [CrossRef]

del Pilar Gomez, M.; Waloga, G.; Nasi, E. Induction of voltage-dependent sodium channels by in vitro differentiation of human
retinoblastoma cells. . Neurophysiol. 1993, 70, 1487-1496. [CrossRef] [PubMed]

Walcher, L.; Budde, C.; Bohm, A ; Reinach, P.S.; Dhandapani, P; Ljubojevic, N.; Schweiger, M.W.; von der Waydbrink, H.; Reimers,
I; Kohrle, J.; et al. TRPMS8 Activation via 3-Iodothyronamine Blunts VEGF-Induced Transactivation of TRPV1 in Human Uveal
Melanoma Cells. Front. Pharmacol. 2018, 9, 1234. [CrossRef]

Khajavi, N.; Mergler, S.; Biebermann, H. 3-Iodothyronamine, a Novel Endogenous Modulator of Transient Receptor Potential
Melastatin 8? Front. Endocrinol. 2017, 8, 198. [CrossRef]

Lucius, A.; Khajavi, N.; Reinach, P.S.; Kohrle, J.; Dhandapani, P.; Huimann, P.; Ljubojevic, N.; Grotzinger, C.; Mergler, S. 3-
Iodothyronamine increases transient receptor potential melastatin channel 8 (TRPMS8) activity in immortalized human corneal
epithelial cells. Cell Signal 2016, 28, 136-147. [CrossRef]

Tominaga, M.; Caterina, M.]. Thermosensation and pain. J. Neurobiol. 2004, 61, 3—12. [CrossRef]

Chuang, H.H.; Neuhausser, W.M.; Julius, D. The super-cooling agent icilin reveals a mechanism of coincidence detection by a
temperature-sensitive TRP channel. Neuron 2004, 43, 859-869. [CrossRef]

Garrido, M.P,; Torres, I.; Avila, A.; Chnaiderman, J.; Valenzuela-Valderrama, M.; Aramburo, J.; Orostica, L.; Duran-Jara, E.;
Lobos-Gonzalez, L.; Romero, C. NGF/TRKA Decrease miR-145-5p Levels in Epithelial Ovarian Cancer Cells. Int. ]. Mol. Sci. 2020,
21,7657. [CrossRef]

McFall, R.C.; Sery, TW.; Makadon, M. Characterization of a new continuous cell line derived from a human retinoblastoma.
Cancer Res. 1977, 37, 1003-1010.

Herman, M.M.; Perentes, E.; Katsetos, C.D.; Darcel, F.; Frankfurter, A.; Collins, V.P; Donoso, L.A.; Eng, L.F.; Marangos, PJ.;
Wiechmann, A.F; et al. Neuroblastic differentiation potential of the human retinoblastoma cell lines Y-79 and WERI-Rb1
maintained in an organ culture system. An immunohistochemical, electron microscopic, and biochemical study. Am. J. Pathol.
1989, 134, 115-132. [PubMed]

McKemy, D.D.; Neuhausser, WM.; Julius, D. Identification of a cold receptor reveals a general role for TRP channels in
thermosensation. Nature 2002, 416, 52-58. [CrossRef]

Rawls, S.M.; Gomez, T.; Ding, Z.; Raffa, R.B. Differential behavioral effect of the TRPM8/TRPA1 channel agonist icilin (AG-3-5).
Eur. J. Pharmacol. 2007, 575, 103-104. [CrossRef] [PubMed]

Yamamura, H.; Ugawa, S.; Ueda, T.; Nagao, M.; Shimada, S. Icilin activates the delta-subunit of the human epithelial Na+ channel.
Mol. Pharmacol. 2005, 68, 1142-1147. [CrossRef] [PubMed]

Arnold, J.C.; Hone, P.; Holland, M.L.; Allen, J.D. CB2 and TRPV1 receptors mediate cannabinoid actions on MDR1 expression in
multidrug resistant cells. Pharmacol. Rep. 2012, 64, 751-757. [CrossRef] [PubMed]

Zhong, N.; Zhuang, W.; Huang, Q.; Wang, Q.; Jin, W. Apatinib inhibits the growth of small cell lung cancer via a mechanism
mediated by VEGF, PI3K/ Akt and Ki-67/CD31. ]. Cell Mol. Med. 2021, 25, 10039-10048. [CrossRef]

Bedard, P.L.; Hyman, D.M.; Davids, M.S.; Siu, L.L. Small molecules, big impact: 20 years of targeted therapy in oncology. Lancet
2020, 395, 1078-1088. [CrossRef] [PubMed]

Offringa, R.; Kotzner, L.; Huck, B.; Urbahns, K. The expanding role for small molecules in immuno-oncology. Nat. Rev. Drug
Discov. 2022, 21, 821-840. [CrossRef] [PubMed]

Zahavi, D.; Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies 2020, 9, 34. [CrossRef] [PubMed]

Tsao, L.C.; Force, J.; Hartman, Z.C. Mechanisms of Therapeutic Antitumor Monoclonal Antibodies. Cancer Res. 2021, 81, 4641-4651.
[CrossRef] [PubMed]

Cruz, E.; Kayser, V. Monoclonal antibody therapy of solid tumors: Clinical limitations and novel strategies to enhance treatment
efficacy. Biologics 2019, 13, 33-51. [CrossRef] [PubMed]

Pfaffl, M.W.; Horgan, G.W.; Dempfle, L. Relative expression software tool (REST) for group-wise comparison and statistical
analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002, 30, e36. [CrossRef]

Grynkiewicz, G.; Poenie, M.; Tsien, R.Y. A new generation of Ca®* indicators with greatly improved fluorescence properties.
J. Biol. Chem. 1985, 260, 3440-3450. [CrossRef]


https://doi.org/10.1038/s41388-021-01691-y
https://www.ncbi.nlm.nih.gov/pubmed/33627781
https://doi.org/10.1038/nrm1150
https://doi.org/10.1073/pnas.0509588102
https://www.ncbi.nlm.nih.gov/pubmed/16365309
https://doi.org/10.1038/nature02732
https://doi.org/10.1113/jphysiol.2005.088377
https://doi.org/10.1152/jn.1993.70.4.1476
https://doi.org/10.1152/jn.1993.70.4.1487
https://www.ncbi.nlm.nih.gov/pubmed/8283210
https://doi.org/10.3389/fphar.2018.01234
https://doi.org/10.3389/fendo.2017.00198
https://doi.org/10.1016/j.cellsig.2015.12.005
https://doi.org/10.1002/neu.20079
https://doi.org/10.1016/j.neuron.2004.08.038
https://doi.org/10.3390/ijms21207657
https://www.ncbi.nlm.nih.gov/pubmed/2643884
https://doi.org/10.1038/nature719
https://doi.org/10.1016/j.ejphar.2007.07.060
https://www.ncbi.nlm.nih.gov/pubmed/17765220
https://doi.org/10.1124/mol.104.010850
https://www.ncbi.nlm.nih.gov/pubmed/16033954
https://doi.org/10.1016/S1734-1140(12)70871-X
https://www.ncbi.nlm.nih.gov/pubmed/22814029
https://doi.org/10.1111/jcmm.16926
https://doi.org/10.1016/S0140-6736(20)30164-1
https://www.ncbi.nlm.nih.gov/pubmed/32222192
https://doi.org/10.1038/s41573-022-00538-9
https://www.ncbi.nlm.nih.gov/pubmed/35982333
https://doi.org/10.3390/antib9030034
https://www.ncbi.nlm.nih.gov/pubmed/32698317
https://doi.org/10.1158/0008-5472.CAN-21-1109
https://www.ncbi.nlm.nih.gov/pubmed/34145037
https://doi.org/10.2147/BTT.S166310
https://www.ncbi.nlm.nih.gov/pubmed/31118560
https://doi.org/10.1093/nar/30.9.e36
https://doi.org/10.1016/S0021-9258(19)83641-4

Int. J. Mol. Sci. 2024, 25,1733 17 of 17

68. Demir, A.; Demir, A. In vitro Cytotoxic Effect of Ethanol and Dimethyl Sulfoxide on Various Human Cell Lines. J. Agric. Nat.
2020, 23, 1119-1124. [CrossRef]

69. Moskot, M.; Jakobkiewicz-Banecka, J.; Kloska, A.; Piotrowska, E.; Narajczyk, M.; Gabig-Ciminska, M. The Role of Dimethyl
Sulfoxide (DMSO) in Gene Expression Modulation and Glycosaminoglycan Metabolism in Lysosomal Storage Disorders on an
Example of Mucopolysaccharidosis. Int. ]. Mol. Sci. 2019, 20, 304. [CrossRef] [PubMed]

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/10.18016/ksutarimdoga.vi.702702
https://doi.org/10.3390/ijms20020304
https://www.ncbi.nlm.nih.gov/pubmed/30646511

	Introduction 
	Results 
	NGF Upregulates CB1 Gene Expression in WERI-ETOR Cells 
	Analysis of Cell Viability of WERI-Rb1 Cells 
	Comparison of Blunting Effects of AMTB on TRPM8 Activation in WERI-Rb1 and WERI-ETOR Cells 
	NGF- and WIN55,212-2-Induced TRPM8 Activation Only Occurs in WERI-ETOR Cells 
	CB1 and NGF Mediates TRPM8 Activation through Crosstalk Only in WERI-ETOR 

	Discussion 
	Main Results 
	Roles of TRPM8, NGF, and CB1 Gene Expression in WERI-Rb1 and WERI-ETOR Cells 
	Roles of NGF in Controlling Cell Viability and Calcium Regulation 
	Mechanism of Interaction between NGF and the CB1-TRPM8 Axis 
	Limitations of This Study 
	Clinical Relevance and Outlook 
	Conclusions 

	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Viabilty 
	mRNA Purification, cDNA Synthesis, and RT-qPCR Analyses 
	Fluorescence Calcium Imaging 
	Statistical Data Analyses 

	References

