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Abstract: Calcium is the most abundant element in the human body. Its role is essential in physiological
and biochemical processes such as signal transduction from outside to inside the cell between the
cells of an organ, as well as the release of neurotransmitters from neurons, muscle contraction,
fertilization, bone building, and blood clotting. As a result, intra- and extracellular calcium levels are
tightly regulated by the body. The liver is the most specialized organ of the body, as its functions,
carried out by hepatocytes, are strongly governed by calcium ions. In this work, we analyze the
role of calcium in human hepatoma (HCC) cell lines harboring a wild type form of the Epidermal
Growth Factor Receptor (EGFR), particularly its role in proliferation and in EGFR downmodulation.
Our results highlight that calcium is involved in the proliferative capability of HCC cells, as its
subtraction is responsible for EGFR degradation by proteasome machinery and, as a consequence,
for EGFR intracellular signaling downregulation. However, calcium-regulated EGFR signaling is cell
line-dependent. In cells responding weakly to the epidermal growth factor (EGF), calcium seems to
have an opposite effect on EGFR internalization/degradation mechanisms. These results suggest that
besides EGFR, calcium could be a new therapeutic target in HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy in adults and the
third most common cause of cancer death worldwide [1,2]. It is rarely detected early and is often fatal
within a few months of diagnosis. Among the risk factors for the disease are hepatitis C and B virus
infection, alcoholic liver disease, liver cirrhosis, tobacco smoking, and obesity [3]. Until now, surgery
has played a central role in the treatment of liver cancer. However, HCC recurrence after surgical
treatment is frequent and the long-term prognosis of patients with HCC is generally poor.

The disease has a complex molecular pathogenesis in which several signaling pathways could be
involved [4–6]. In particular, various studies have demonstrated that growth factors, acting in part
through intracellular calcium ([Ca2+]i) release [7] play a pivotal role, and their signaling pathways are
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known targets for therapeutic approaches [4–6]. Although its multistep development, multifactoriality,
heterogeneity, and the interactions between integrins and extracellular matrix proteins make the correct
tumor subclasses difficult to classify and stage, changes at molecular level can often be observed in
HCC versus non-tumoral liver tissue.

HCC cells encode for several RTKs, including the epidermal growth factor (EGF) receptor
(EGFR). Its functions involve glucose and lipid metabolism [8,9], liver fibrosis [10], regeneration [11],
as well as hepatocellular carcinogenesis [11–13]. EGFR was first discovered in 1959 as a cell
proliferation-promoting factor and was soon ascribed a proto-oncogene function. Besides activating
EGFR mutations (EGFRm+) that are sufficient to induce multi-drug resistance (MDR), one of the
most frequently observed alterations is the overexpression of wild type EGFR, as well as EGF
oversecretion [14–16]. Some mutations also allow the receptor to escape downregulation by
endocytosis [17].

Due to its key role in oncogenesis, EGFR-targeted therapies have been developed. The first class of
therapy includes humanized monoclonal antibodies against the EGFR extracellular domain designed
to block ligand binding [18]. The second class includes tyrosine kinase inhibitors (TKIs) that are ATP
mimetics that can bind to the receptor’s kinase pocket preventing signal transduction [19]. Approved
TKIs include Erlotinib, Gefitinib, and Lapatinib. Overexpression of EGFR has been observed in around
40% to 70% of HCC [20–23]. The efficacy of EGFR antagonists against HCC has been demonstrated
in cancer cell lines and animal models. Gefitinib can inhibit growth and intrahepatic metastasis of
implanted murine HCC [24–26]. Gefitinib has been evaluated in the treatment of patients with lung
cancer and other tumors [26–29] and is able to reduce the onset of HCC tumors on cirrhosis via
inhibiting the EGFR pathway [26]. Moreover, it inhibits cell growth in all human liver cancer cell
lines [30], inducing apoptosis and cell cycle arrest [24].

However, due to the fact that after a good initial response to first-generation TKIs, non–small
cell lung cancer (NSCLC) patients with EGFR-activating mutations (in particular T790M) ultimately
undergo disease progression, it has been necessary to develop a novel, irreversible EGFR TKI that
features selectivity against sensitizing and T790M-resistant mutant forms versus wild-type forms of
EGFR. AZD9291 is a mono-anilino-pyrimidine compound that covalently binds with Cys797 in EGFR,
inhibiting cell proliferation in vitro and inducing tumor regression in vivo in xenograft models [31–33].

For EGFR activation to occur, ligand binding, EGFR transphosphorylation of various tyrosine
residues on the intracellular C-terminal tail, and its dimerization are crucial events. The large number
of signaling pathways include the ERK MAPK, PI3K-AKT, SRC, PLC-1-PKC, JNK, and JAK-STAT
pathways. InsP3-mediated Ca2+ mobilization is triggered by the binding of growth factors to receptor
tyrosine kinases (RTKs). Once growth factors bind to their specific receptor, membrane-associated PLC
is activated. In particular, immediately after EGF binding to EGFR, PLCγ become activated and thus
able to hydrolyze the plasma membrane as well as nuclear PIP2, to generate InsP3 and Ca2+ release
both into the cytoplasm and into the nucleoplasm [34,35].

Calcium waves spread between hepatocytes through gap junctions [36,37] to allow intralobular
cell-cell synchronization. In hepatocytes, calcium oscillations are induced by EGFR activation, and
in turn, calcium signals control distinct physiological hepatic processes such as bile secretion [38],
glucose metabolism [39–41], cell proliferation [42,43], progression of the cell cycle [44–48], liver
regeneration [49–51], and apoptosis [52–54]. Moreover, the importance of calcium as an EGF mediator
in hepatic cells is underlined by the fact that Ca2+ signaling is regulated differently in the nucleus and
cytosol, providing a mechanism for the independent regulation of Ca2+-dependent processes in these
cellular compartments [55].

In accordance with the multiple hepatic functions of calcium, dysregulation of calcium signaling
is a hallmark of both acute and chronic liver diseases. In particular, increased cytosolic amounts
of calcium can have an impact on the anabolic/catabolic balance of the cell, while perturbations of
mitochondrial calcium account for cell life or death through apoptosis [56]. The liver is a highly
specialized organ whose cells maintain constant communication to achieve the correct performance
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of the whole organ function. Thus, spatial and temporal calcium waves should be considered at
subcellular, cellular, and tissue level. In this context, calcium modulation is an emerging strategy in the
treatment of various acute and chronic liver insults.

The goal of this work has been to devise an alternative hepatocellular carcinoma treatment that
can sustain the approved TKIs therapy and at the same time reduce TKIs dosage and hence side effects.
A new strategy for hepatocarcinoma treatment could be to split these two processes, EGFR activation
and calcium wave, that are so tightly coupled.

2. Results

2.1. EGFR Sequencing

Sequencing of EGFR in HUH-7, HUH-6, Hep3B, and HepG2 cell lines demonstrated that EGFR
was expressed in the wild form in all the HCC cell lines tested.

2.2. EGFR Signaling and Its Inhibition

EGFR expression and phosphorylation were tested by western blot following stimulation with
EGF (100 ng/mL) for 30 min in the presence and in the absence of FBS. EGF induced pERK and pAKT
upregulation in all the cell lines analyzed, as expected. However, HUH-6 cells seemed to be less
sensitive to EGF than the other cell lines analyzed (Figure 1; Figure S1).
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Figure 1. (A) Western blot analysis of EGFR pathway activation in HepG2, HUH-7, HUH-6, and Hep3B
cell lines. (B) Densitometric analysis calculated by image lab software of the western blot shown
in Figure 1A; numbers in the abscissa refer to the corresponding lane in panel A. p value < 0.05 (*);
p value < 0.01 (**); p value < 0.001 (***); p value < 0.0001 (****).
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To better understand the IC50 effect of Gefitinib (GEF) and AZD9291 (AZ) EGFR inhibitors (listed
in Table 1) in signaling, starved cells were treated for 3 h with GEF IC50 or AZ IC50 and DMSO as
control. GEF or AZ treatment switched off EGFR, ERK, and AKT phosphorylations in all cell lines
analyzed. EGF was not able to rescue AKT and ERK phosphorylation following GEF or AZ EGFR
inhibition (Figure 2; Figure S2).

Table 1. GEF and AZ IC50 in HCC cell lines after three days incubation.

Cell Line GEF (µM) AZ (µM)

HepG2 >25 4.7 ± 0.2
HUH-7 17.7 ± 1.6 5.0 ± 0.1
HUH-6 23.9 ± 0.3 4.5 ± 0.1
Hep3B 22.6 ± 0.07 7.9 ± 0.2
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Figure 2. (A) Western blot analysis of HepG2, HUH-7, HUH-6, and Hep3B starved cell lines treated
with GEF IC50 or AZ IC50 (as indicated in Table 1) (DMSO as control) for 3 h before stimulation with
100 ng/mL of EGF for 30 min. Panel (B) shows the densitometric analysis calculated by image lab
software of the western blot shown in Figure 1A; numbers in the abscissa refer to the corresponding
lane in panel A. p value < 0.05 (*); p value < 0.01 (**); p value < 0.001 (***).

Moreover, as observed in Figure 3, both drugs (GEF and AZ) blocked the activated EGFR signaling,
after as little as 30 min of incubation, in all the cell lines analyzed, even though the EGFR phosphorylated
form was still present. Unlike in the other cells, in HUH-6 cells both GEF and AZ had already reduced
the EGFR phosphorylation within 30 min, but the downstream pathways were only weakly affected as
compared to the other cell lines.
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Figure 3. Western blot panels of HepG2, HUH-7, HUH-6, and Hep3B starved cell lines stimulated with
100 ng/mL of EGF for 30 min before and during treatment with GEF or AZ IC50 (as indicated in Table 1)
(DMSO as control). Treatments were performed for 30 min, 3 h and 6 h.

As described in literature, 3 or 6 h later, EGF-stimulated cells (DMSO lane in Figure 3) undergo
EGFR internalization and lysosomal degradation (a phenomenon called “EGF-dependent EGFR
degradation”, as indicated by the total EGFR (EGFR TOT) level reduction) [57–63]. The same was not
observed in the HUH-6 cell line that showed an even more robust EGFR phosphorylation until 6 h,
followed by no reduction of EGFR levels.

At 3 and 6 h, EGF-stimulated cells treated with EGFR inhibitors showed a reduced
internalization/degradation of the receptor compared to untreated cells, with a consequent stabilization
of the receptor in its inactive form [60,64,65], once again except for the HUH-6 cell line. It may be
speculated that the internalization/degradation mechanism in the HUH-6 cell line is different from that
observed in the other cell lines (Figure 3; Figure S3A,B).

In HepG2 and HUH-6 cell lines EGFR trafficking seems to be less evident than in HUH-7 and
Hep3B cells. Moreover, it is noteworthy that treatment with GEF in Hep3B cells leads to a rescue of
pAKT within 3 to 6 h, as seen in Figure 3 (see also Figure 2).

As expected, following EGFR signaling switch-off by GEF or AZ, the proliferation of all the cell
lines analyzed was negatively affected by both drugs (Figure 4).

In conclusion, both AZ and GEF act on the same pathways downstream of EGFR (pAKT and
pERK) and both of them are able to switch off already activated EGFR pathways, as may be expected
in the in vivo context.

However, AZ activity was stronger than GEF activity even at lower concentrations, both in
signaling and in proliferation assays, as indicated also by their IC50 values in Table 1.
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2.3. EGFR Signaling and Calcium Chelators

Preliminary proliferation assays carried out on these HCC cell lines in the presence of EGF added
to the serum-free medium showed an unexpected regulation of cell growth. Results suggested two
possibilities: besides EGF, the component responsible could be produced by cells, and released into the
culture medium (with a paracrine and antiproliferative activity), or might be already present in the
culture medium and consumed over time (with a pro-proliferative activity). One of these last factors
was calcium. Therefore, it was hypothesized that calcium ions could be actively involved in regulating
EGFR-dependent HCC cells growth.

In order to investigate this hypothesis, HUH-7 and HUH-6 cell line proliferation was measured in
starved cells (0% FBS), treated or not with EGF, in the presence of 2 mM EDTA solution as calcium
chelator (Figure 5). 24 h of EDTA treatment negatively affected cell number in both cell lines within 72 h.
On the contrary, 0.5% DMSO tended to increase the number of cells, mostly when added with EGF.

As widely acknowledged in literature, DMSO can induce transient water pores in cell membranes,
increasing permeability, thus Ca2+ can easily flow through these pores from the medium to the
cytosol [66–69].
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Figure 5. Starved HUH-7 (A) and HUH-6 (B) cell lines (T0) were left untreated (0% FBS as CTR) or
treated with 100 ng/mL EGF, 2 mM EDTA, 0.5% DMSO or combined compounds (as indicated in
the graphs) for 24 h. After 24 h of treatment, medium was replaced and cells were maintained in
culture for a further 48 h in serum-free medium (0% FBS) with or without EGF, on the basis of the
previous treatment. The proliferative capability of the cells was evaluated after a total time of 72 h.
p value < 0.05 (*).

The EDTA effect was observed also at molecular level by western blot on HUH-7 cells treated or
not with 2 mM EDTA for 6 and 24 h (Figure 6; Figure S4). Proliferative inhibition was confirmed also by
a Cyclin D1 reduction, especially within 24 h of EDTA treatment. Following calcium subtraction EGF
addition did not rescue pERK nor Cyclin D1 levels as early as 6 h, even though the pEGFR level was
still high, suggesting that calcium is necessary for EGFR signaling propagation. Notably, within 6 h
EDTA was able to induce a sustained EGFR downmodulation as compared to EGF alone. After 24 h,
EGF-dependent EGFR degradation was almost complete even without EDTA.

The effect of EDTA on pAKT 24 h later was impressive. AKT phosphorylation dramatically
increased, probably to counteract the EDTA-triggered apoptotic stimulus (Figure 6A). DMSO was also
used as positive control. As expected, 24 h of 0.5% DMSO treatment upregulated pERK and increased
the Cyclin D1 levels more than EGF alone, indicating that intracellular free Ca2+ acts through the ERK
pathway (Figure 6B).
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Figure 6. Starved HUH-7 cells (T0) were left untreated (/) (0% FBS as CTR) or treated with 100 ng/mL
EGF, 2 mM EDTA, 0.5% DMSO, or combined compounds (as indicated in the figures). The cell signaling
cascade was analyzed by western blot after 6 h (A,B) and 24 h (B).

These results indicated that calcium ions are involved in the proliferative capability of HCC cell
lines, as well as in EGFR degradation (calcium subtraction induced EGFR degradation within 6 h in an
activated system).

To rule out the possible involvement of apoptotic signals triggered by EDTA, we replaced EDTA
with the less toxic EGTA and examined AKT phosphorylation (pAKT) levels at a later time (24 h).
Proteins extracted from cells treated with EDTA were loaded as positive control. Molecular analysis
on pAKT levels excluded any apoptotic effect after 24 h of EGTA treatment (Figure 7C; Figure S5).
Moreover, also in this case the results obtained confirmed the calcium involvement. HUH-7 cells
fate resulted dependent on calcium depending on their starting proliferative status. More in detail,
in actively proliferating cells (10% FBS (48 h)) EGTA treatment reduced proliferation (Figure 7A),
while CaCl2 addition promoted cell proliferation and therefore cell cycle progression. On the contrary,
in non-proliferating cells (serum-free (SF) medium (48 h)), calcium addition halved the number of
viable cells, and as a consequence, EGTA in the presence of calcium rescued the number of viable cells
(Figure 7B).
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Figure 7. HUH-7 not starved (10% FBS (A)) or starved (SF medium (B)) cells were left untreated
(medium as CTR) or treated with 2 mM EGTA for 48 h in the presence or absence of CaCl2. The cell
signaling cascade was analyzed by western blot after 24 h (C). p value < 0.05 (*); p value < 0.01 (**).

On the basis of these results, we tested EGTA treatment in association with the two EGFR inhibitors,
GEF and AZ, at their respective IC50 values. In proliferating cells (whose proliferative capability is
shown by the increased number of viable cells in the CTR medium bar versus the T0 bar), the combined
treatment reduced the proliferative capability of cells using either GEF and AZ (Figure 8A). Conversely,
as expected, in non-proliferating cells (the CTR medium bar and T0 bar displayed no differences) EGTA
combined with either drug led cells to maintain or even slightly increase their proliferative capacity,
reverting the trend observed in proliferating cells (Figure 8B).
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Figure 8. HUH-7 not starved (10% FBS (A)) or starved (SF medium (B)) cells were left untreated
(medium as CTR) or treated with 2 mM EGTA for 48 h in the presence or absence of GEF or AZ.

However, both calcium chelators, EDTA and EGTA, do not only act on calcium ions outside the
cell, but are also able to form complexes with different cations. For these reasons, we focused on
the cell-permeable and specific intracellular Ca2+ chelator BAPTA-AM in order to manipulate the
intracellular Ca2+ free levels.

In the HUH-7 cell line, 6 h of 10 µM BAPTA_AM treatment reduced the EGF-induced Cyclin D1
increase, even though the EGFR phosphorylation was still sufficient.

Moreover, in BAPTA_AM treated cells, after 6 h pAKT was higher than in EDTA treated cells,
but within 24 h, in BAPTA_AM treated cells, it returned to the basal level and was strongly increased
in EDTA samples, indicating that BAPTA_AM does not trigger the apoptotic pathway (Figure 9A,B;
Figure S6A).

It is noteworthy that within 6 h, the combined treatment, BAPTA_AM and EGF, was able to
induce a greater EGFR level reduction than EGF stimulation alone, emphasizing the important role of
calcium ions in EGFR recycling. Thus, calcium subtraction triggered EGFR lysosomal degradation
(Figure 9A,B; Figure S6A).

On the contrary, HUH-6 cells treated with BAPTA_AM and EGF behave differently from what
was observed in HUH-7 cells. In line with what is shown in Figure 3, BAPTA_AM and EGF treatment
increased the levels of EGFR within 6 h, suggesting that calcium is necessary for degradation (instead
of recycling) of the EGFR activated form (Figure 9C; Figure S6B).
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Figure 9. Starved HUH-7 (A,B) and HUH-6 cells (C) (T0) were left untreated (as CTR) or treated with
2 mM EDTA or 10 µM BAPTA_AM with or without 100 ng/mL EGF. The cell signaling cascade was
analyzed by western blot after 6 h and 24 h.

In order to confirm the EGFR degradation through proteasome machinery, the proteasome
machinery inhibitor MG132 was used. The HUH-7 and HepG2 cell lines reduced the EGFR levels 6 h of
EGF stimulation, as seen above. BAPTA_AM further emphasized this result whereas MG132 rescued
the EGFR levels. These results indicate that in both cell lines the EGF-induced EGFR degradation is
reinforced by calcium subtraction after as little as 6 h, and it is triggered by proteasome.

Once again, HUH-6 cells showed the opposite effect. In EGF-stimulated cells, BAPTA_AM
increased the EGFR levels, as if the reduction of calcium level blocked degradation in favor of recycling
and MG132 inverted the effect, reducing the levels of EGFR (Figure 10; Figure S7A,B).
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Figure 10. Starved HUH-7, HUH-6, HepG2, and Hep3B cells (T0) were left untreated (as CTR) or treated
with 10 µM BAPTA_AM. After 30 min, 40 µM MG132 were added for a further 30 min. 100 ng/mL EGF
were added for a total time of 6 h before cells harvesting.

In terms of proliferation, 48 h treatment with 10 µM BAPTA_AM on HUH-7 as well as HUH-6
cells reduced cell viability. Moreover, if used with half doses of GEF or AZ (IC50/2) in a combined
administration, BAPTA_AM further reduced viable cells. The same result was observed in Hep3B and
HepG2 cell lines (Figure 11A–D).
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Figure 11. 48 h proliferation assay of (A) HUH-7, (B) HUH-6, (C) Hep3B and (D) HepG2 cell lines. After
2 h starvation (in 0% FBS medium) cells were treated or not in 10% FBS medium with BAPTA_AM for 1
h. After 1 h, 0.5 × GEF, AZ or DMSO (as CTR) was added to the medium for 48 h. p value < 0.05 (*);
p value < 0.01 (**).
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3. Discussion

The main aim of this study was to find a second target involved in the EGFR pathway to be
targeted alone or in combination with current therapies (TKIs) in order to reduce TKIs dosage and
hence their side effects, as well as the multi-drug resistance often acquired by cancer cells.

We first tested the AZD9291 on the HCC cell lines studied, showing that its activity was stronger
than that of Gefitinib, even at lower doses. AZD9291 has been developed as a third-generation
irreversible inhibitor with selectivity against T790M mutant versus wild type EGFR. However, on the
HCC cell lines analyzed, the inhibition of proliferation was greater with AZD9291 than Gefitinib, even
though all the cell lines tested harbored the wild type form of EGFR. As already demonstrated for
Gefitinib, AZD9291 also acts on AKT and ERK pathways.

On the basis of our previous observations, we noticed that EGF-dependent HCC proliferation
was governed also by a second factor. After having excluded the presence of some apoptosis-induced
factors produced and released by cells, we postulated that calcium ions could be involved in this
process. To investigate this possibility, we used different calcium chelators. First results observed using
EDTA showed a great involvement of calcium both in EGFR-dependent proliferation and in EGFR
signaling. To corroborate these results we treated cells with DMSO. As already described in literature,
DMSO can induce water pores in dipalmitoyl-phosphatidylcholine bilayers through which ions can
penetrate inside the cell [70]. Through these pores, it becomes easier for calcium ions to pass in and
out of the cell and thus to function as positive regulators of cell proliferation [71,72]. In line with this,
DMSO treatment enhanced proliferation, activating the pro-proliferative pathways, especially when
added together with EGF.

However, EDTA upregulated the AKT phosphorylation independently of EGF, demonstrating its
high apoptotic potential [73,74]. For this reason, we moved on to the EGTA calcium chelator. Unlike
EDTA, EGTA showed no toxicity. It was noteworthy that within only 6 h of combined EGTA plus EGF
treatment, the levels of EGFR were markedly reduced, more than by EGF alone. After 24 h of EGF
treatment alone the EGFR downmodulation was almost complete. This stimulus-induced trafficking
is already known as EGF-dependent EGFR internalization and is aimed at regulating the timing of
EGFR signaling. In this work, by extracellular calcium withdrawal, we were able to anticipate the
phenomenon from 24 to 6 h. Our results were confirmed using the more specific cytoplasmic calcium
ions chelator BAPTA_AM.

Taken together, these results show that intracellular free calcium, necessary for EGFR signal
propagation to occur inside the cell, is also a key regulator of cell cycle progression or apoptosis in HCC
cell lines, depending on their proliferative status at that specific time point. More in detail, calcium
enhances proliferation in already proliferating HCC cells whereas it pushes non-proliferating (G0)
HCC cells towards apoptosis.

Besides its role in the cell cycle, we observed for the first time that after as little as 6 h treatment,
calcium is essential also for the active EGFR fate: recycling or degradation. To distinguish between the
two EGFR events, proteasome inhibition by MG132 was necessary. More in detail, in EGF-sensitive
cells, such as HUH-7, HepG2, and Hep3B, intracellular calcium subtraction facilitates EGF-induced
EGFR degradation, that is otherwise visible only much later (24 h), indicating that in these cells
recycling is calcium-dependent. Conversely, HUH-6 cells did not only seem to be less sensitive to EGF
stimulus but also showed an increased EGFR-recycling following BAPTA_AM treatment, suggesting
that in this cell line calcium positively regulates EGF proteasomal degradation rather than recycling.

However, in both cases combined therapy with Gefitinib or AZD9291 and BAPTA_AM reduced
the HCC cell viability, also with half doses of TKIs. For the purposes of avoiding MDR acquisition
by HCC, this result is really significant if we take into consideration the fact that, as demonstrated, a
sustained increase of intracellular calcium is actively related to MDR in HCC and the inhibition of
calcium enhanced the efficacy of chemotherapy [75]. Moreover, early EGFR internalization and its
consequent signaling down-modulation could be of great relevance in HCC treatment. Indeed, as
shown in Figure 8A,B), in G0 phase cells calcium subtraction tended to reduce the drug activity. On the
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contrary, in actively proliferating cells, TKIs increased their antiproliferative ability following calcium
chelation. Considering that the in vivo tumoral condition is closer to an actively proliferating than
to a quiescent system, it may be that TKIs could be more effective if administered together with an
intracellular calcium chelator. However, calcium chelator administration in vivo in xenograft HCC
models requires further accurate, close investigation in order to guarantee a correct delivery of the
drug and avoid its release in body districts strongly dependent on calcium for their function (such as
the muscle or cardiac systems).

4. Materials and Methods

4.1. Cell Culture

Human hepatocellular carcinoma cell lines HUH-6 and HUH-7 were cultured in DMEM medium
(L0104-500 Microgem laboratory research, 80131 Naples, Italy) whereas Hep3B and HepG2 were
cultured in MEM medium (L0415-500 Microgem laboratory research) at 37 ◦C in a humidified
atmosphere of 5% CO. Both medium were supplemented with 1% penicillin-streptomycin (L0022-500
Microgem laboratory research) and 10% fetal bovine serum (L1810-500 Microgem laboratory research).

4.2. Protein Extraction

Cellular protein was extracted using RIPA lysis and extraction buffer (Sigma-Aldrich, St. Louis,
MO, USA) containing a protease and phosphatase inhibitors. Cell pellets were lysed for 30 min, and
samples were centrifuged at 12,000 rpm for 20 min at 4 ◦C in a microcentrifuge. The supernatant liquid
was collected in new Eppendorf tubes and stored at −20 ◦C.

Protein concentration was measured using the Bradford protein assay (Bio-Rad Laboratories Inc.,
Hercules, CA, USA).

4.3. Cell Viability Assay

Cell viability was measured using the Sulforhodamine B (SRB) assay, which is based on the
stoichiometric binding of SRB dye to proteins under mild acidic conditions and its subsequent extraction
under basic conditions. The amount of dye extracted is a proxy for cell mass and thus the number of
cells in a sample. The absorbance of the dye in solution is measured at OD 565 nm using an automated
microplate reader (Perkin Elmer, Waltham, MA, USA). Sulforhodamine B sodium salt (S9012) was
purchased from Sigma.

4.4. Antibodies and Drug Formulations

The following antibodies were used according to the protocols supplied by the manufacturers:
anti-pERK1/2 (#9101, Cell Signaling Technology, Danvers, MA, USA), anti-ERK1/2 (#4695, Cell Signaling
Technology), anti-GAPDH (ENM0040, Elabscience Biotechnology Inc., Houston, TX, USA), anti-pEGFR
(12A3) (sc-57542, Santa Cruz Biotechnology Inc., Dallas, TX, USA), anti-EGFR (C-2) (sc-377229,
Santa Cruz Biotechnology Inc.), anti-pAKT (#9271, Cell Signaling Technology), anti-AKT (#9272,
Cell Signaling Technology), anti-Cyclin D1 (sc-753, Santa Cruz Biotechnology Inc.), anti-p21 (sc-397,
Santa Cruz Biotechnology Inc.), and anti-beta Tubulin (Sigma), anti-alpha actin (Sigma). All the
secondary antibodies (HRP-conjugated anti-rabbit and anti-mouse) were purchased from Santa Cruz
Biotechnology Inc.

Drug formulations: gefitinib (ZD1839) and MG132 (S2619) were purchased from Selleckchem;
AZD9291 was obtained from AstraZeneca; BAPTA_AM (HB0981) was from HelloBio.

Recombinant Human EGF (AF-100-15) was from PeproTech (London, UK).

4.5. Western Blot Analysis

40 µg proteins per sample were separated using 4–20% SDS-PAGE and transferred to 0.2 µm
nitrocellulose Trans-blot turboTM membranes (Bio-Rad Laboratories Inc.) using the Bio-Rad
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electrotransfer system (Bio-Rad Laboratories Inc.). The membranes were blocked with blocking
buffer (mixed 5% non-fat dry milk, 150 mM NaCl, 0.1% Tween-20 and 20 mM Tris-HCl and adjusted
to a pH of 7.6) for 1 h at room temperature and probed with specific primary antibodies at 4 ◦C
overnight. The protein bands were detected with HRP-conjugated secondary antibodies for 1 h at room
temperature using custom-made ECLTM Prime Western Blotting Detection Reagents (Amersham GE,
Little Chalfont, UK). The Image LabTM software digital imaging system ChemiDocTM XRS+ (Bio-Rad
Laboratories Inc.) was used to detect the target protein on immunoblot nitrocellulose membranes.

4.6. Statistical Analysis

Plotted values are shown as means ± standard deviation. Statistical significance of the results was
determined using the two-tailed unpaired Student’s t test to determine whether the two datasets were
significantly different. A value of p < 0.05 was considered significant.

For cell survival data of Figure 4, data from GEF and AZ treatments were compared, fitting a linear
model for each subgroup of samples. The differences between estimated coefficients were assessed
through the generation of a model which also contemplates an interaction term between the variable
days and drug. The p-value obtained provides confidence about the generalizability of the differences
in linear trends observed for GEF and AZ treatments.

5. Conclusions

Considering the plethora of calcium activities in the liver, as well as the fact that calcium
channels are overexpressed in many HCC, where calcium plays a role in inducing MEK/ERK-triggered
proliferation, calcium manipulation in HCC cells may have a therapeutic potential in preventing
tumor growth.

Moreover, combining BAPTA_AM treatment with EGFR inhibitors could help, on one hand to
reduce drug doses and thus elevated toxicity, and on the other hand, to overcome EGFR acquired
resistance to EGFR-TKIs.

This kind of treatment fits into the frame of more accurate therapy, along the lines of constantly
developing personalized medicine.
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AZ IC50 (as indicated in Table 1) (DMSO as control) for 3 h before stimulation with 100 ng/mL of EGF for 30 min,
Figure S3: A and B: Western blot panels of HepG2, HUH-7, HUH-6, and Hep3B starved cell lines stimulated with
100 ng/mL of EGF for 30 min before and during treatment with GEF or AZ IC50 (as indicated in Table 1) (DMSO
as control). Treatments were performed for 30 min, 3 h and 6 h, Figure S4: Starved HUH-7 cells (T0) were left
untreated (/) (0% FBS as CTR) or treated with 100 ng/mL EGF, 2 mM EDTA, 0.5% DMSO, or combined compounds
(as indicated in the figures). The cell signaling cascade was analyzed by western blot after 6 h and 24 h, Figure S5:
HUH-7 cells treated with EDTA or EGTA for 24 h with or without EGF were analyzed by western blot, Figure S6:
A and B: Starved HUH-7 and HUH-6 cells (T0) were left untreated (as CTR) or treated with 2 mM EDTA or 10 µM
BAPTA_AM with or without 100 ng/mL EGF. The cell signaling cascade was analyzed by western blot after 6 h
and 24 h, Figure S7: A and B: Starved HUH-7, HUH-6, HepG2, and Hep3B cells (T0) were left untreated (as CTR)
or treated with 10 µM BAPTA_AM. After 30 min, 40 µM MG132 were added for a further 30 min. 100 ng/mL EGF
were added for a total time of 6 h before cells harvesting.

Author Contributions: T.M.E.M. and I.F. conceived and designed the study; S.M. and T.M.E.M. developed
methodology; F.D. and S.M. performed in vitro experiments and F.D. validated the results; T.M.E.M. conducted
investigation process. T.M.E.M. collected and curated data; T.M.E.M. wrote the manuscript; I.F., G.G. and C.P.
reviewed and edited the manuscript; I.F. and G.G. visualized and supervised the study. G.G. was responsible of
project administration and acquisition of financial support. All resources were provided by C.P. and G.G.

Funding: This research was funded by the Ministery of Health, Ricerca Corrente 2018–2019.

Acknowledgments: We are grateful to Mario Cangiano and Francesca Pia Caruso for statistical analysis support.

Conflicts of Interest: The authors declare no conflict 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.

http://www.mdpi.com/2072-6694/11/10/1588/s1


Cancers 2019, 11, 1588 16 of 19

References

1. Llovet, J.M.; Beaugrand, M. Hepatocellular carcinoma: Present status and future prospects. J. Hepatol. 2003,
38, 136–149. [CrossRef]

2. Parkin, D.M.; Bray, F.; Ferlay, J.; Pisani, P. Global cancer statistics. CA Cancer J. Clin. 2005, 55, 74–108.
[CrossRef] [PubMed]

3. Larsson, S.C.; Wolk, A. Overweight, obesity and risk of liver cancer: A meta-analysis of cohort studies. Br. J.
Cancer 2007, 97, 1005–1008. [CrossRef] [PubMed]

4. Villanueva, A.; Llovet, J.M. Targeted therapies for hepatocellular carcinoma. Gastroenterology 2011, 140,
1410–1426. [CrossRef] [PubMed]

5. Villanueva, A.; Newell, P.; Chiang, D.; Friedman, S.; Llovet, J.M. Genomics and Signaling Pathways in
Hepatocellular Carcinoma. Semin. Liver Dis. 2007, 27, 55–76. [CrossRef] [PubMed]

6. Whittaker, S.; Marais, R.; Zhu, A.X. The role of signaling pathways in the development and treatment of
hepatocellular carcinoma. Oncogene 2010, 29, 4989–5005. [CrossRef]

7. Berridge, M.J.; Lipp, P.; Bootman, M.D. The versatility and universality of calcium signalling. Nat. Rev. Mol.
Cell Biol. 2000, 1, 11–21. [CrossRef]

8. Michael, M.; Kulkarni, R.N.; Postic, C.; Previs, S.F.; Shulman, G.I.; Magnuson, M.A.; Kahn, C. Loss of Insulin
Signaling in Hepatocytes Leads to Severe Insulin Resistance and Progressive Hepatic Dysfunction. Mol. Cell
2000, 6, 87–97. [CrossRef]

9. Sjögren, K.; Liu, J.-L.; Blad, K.; Skrtic, S.; Vidal, O.; Wallenius, V.; Leroith, D.; Törnell, J.; Isaksson, O.G.P.;
Jansson, J.-O.; et al. Liver-derived insulin-like growth factor I (IGF-I) is the principal source of IGF-I in blood
but is not required for postnatal body growth in mice. Proc. Natl. Acad. Sci. USA 1999, 96, 7088–7092.
[CrossRef]

10. Bataller, R.B.D. Liver fibrosis. J. Clin. Investig. 2005, 115, 209–218. [CrossRef]
11. Trusolino, L.; Bertotti, A.; Comoglio, P.M. MET signalling: Principles and functions in development, organ

regeneration and cancer. Nat. Rev. Mol. Cell Biol. 2010, 11, 834–848. [CrossRef] [PubMed]
12. Joffre, C.; Barrow, R.; Ménard, L.; Calleja, V.; Hart, I.R.; Kermorgant, S. A direct role for Met endocytosis in

tumorigenesis. Nature 2011, 13, 827–837. [CrossRef] [PubMed]
13. Thorgeirsson, S.S.; Grisham, J.W. Molecular pathogenesis of human hepatocellular carcinoma. Nat. Genet.

2002, 31, 339–346. [CrossRef] [PubMed]
14. Berasain, C.C.J.; Perrugorrìa, M.J.; Prieto, J.; Avila, M.A. Amphiregulin: A new growth factor in

hepatocarcinogenesis. Cancer Letter 2007, 254, 30–41. [CrossRef]
15. Paradis, V.; Bieche, I.; Dargere, D.; Laurendeau, I.; Laurent, C.; Bioulac Sage, P.; Degott, C.; Belghiti, J.;

Vidaud, M.; Bedossa, P. Molecular Profiling of Hepatocellular Carcinomas (HCC) Using a Large-Scale
Real-Time RT-PCR Approach. Am. J. Pathol. 2003, 163, 733–741. [CrossRef]

16. Zaiss, D.M.; Van Loosdregt, J.; Gorlani, A.; Bekker, C.P.; Grone, A.; Sibilia, M.; Henegouwen, P.M.P.V.B.E.;
Roovers, R.C.; Coffer, P.J.; Sijts, A.J.A.M. Amphiregulin enhances regulatory T cell-suppressive function via
the epidermal growth factor receptor. Immunity 2013, 38, 275–284. [CrossRef]

17. Gan, H.K.; Cvrljevic, A.N.; Johns, T.G. The epidermal growth factor receptor variant III (EGFRvIII): where
wild things are altered. FEBS J. 2013, 280, 5350–5370. [CrossRef]

18. Martinelli, E.; De Palma, R.; Orditura, M.; De Vita, F.; Ciardiello, F. Anti-epidermal growth factor receptor
monoclonal antibodies in cancer therapy. Clin. Exp. Immunol. 2009, 158, 1–9. [CrossRef]

19. Ciardiello, F.; Tortora, G. EGFR Antagonists in Cancer Treatment. N. Engl. J. Med. 2008, 358, 1160–1174.
[CrossRef]

20. Tanaka, H. Immunohistochemical studies on epidermal growth factor receptor in hepatocellular carcinoma.
Nihon Shokakibyo Gakkai Zasshi 1991, 88, 138–144. [CrossRef]

21. Nosseir, M.; Zoheiry, M.; Ghali, A.; El-Bassiouni, N.; El-Bassiouni, A.; El-Ahwany, E.; El-Bassiouni, A.;
El-Ahwany, E. Immunohistochemical expression of CD95 (Fas), c-myc and epidermal growth factor receptor
in hepatitis C virus infection, cirrhotic liver disease and hepatocellular carcinoma. APMIS 2006, 114, 420–427.

22. Ito, Y.; Takeda, T.; Sakon, M.; Tsujimoto, M.; Higashiyama, S.; Noda, K.; Miyoshi, E.; Monden, M.; Matsuura, N.
Expression and clinical significance of erb-B receptor family in hepatocellular carcinoma. Br. J. Cancer 2001,
84, 1377–1383. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0168-8278(02)00432-4
http://dx.doi.org/10.3322/canjclin.55.2.74
http://www.ncbi.nlm.nih.gov/pubmed/15761078
http://dx.doi.org/10.1038/sj.bjc.6603932
http://www.ncbi.nlm.nih.gov/pubmed/17700568
http://dx.doi.org/10.1053/j.gastro.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21406195
http://dx.doi.org/10.1055/s-2006-960171
http://www.ncbi.nlm.nih.gov/pubmed/17295177
http://dx.doi.org/10.1038/onc.2010.236
http://dx.doi.org/10.1038/35036035
http://dx.doi.org/10.1016/S1097-2765(05)00015-8
http://dx.doi.org/10.1073/pnas.96.12.7088
http://dx.doi.org/10.1172/JCI24282
http://dx.doi.org/10.1038/nrm3012
http://www.ncbi.nlm.nih.gov/pubmed/21102609
http://dx.doi.org/10.1038/ncb2257
http://www.ncbi.nlm.nih.gov/pubmed/21642981
http://dx.doi.org/10.1038/ng0802-339
http://www.ncbi.nlm.nih.gov/pubmed/12149612
http://dx.doi.org/10.1016/j.canlet.2007.01.015
http://dx.doi.org/10.1016/S0002-9440(10)63700-5
http://dx.doi.org/10.1016/j.immuni.2012.09.023
http://dx.doi.org/10.1111/febs.12393
http://dx.doi.org/10.1111/j.1365-2249.2009.03992.x
http://dx.doi.org/10.1056/NEJMra0707704
http://dx.doi.org/10.2169/naika.88.138
http://dx.doi.org/10.1054/bjoc.2000.1580
http://www.ncbi.nlm.nih.gov/pubmed/11355950


Cancers 2019, 11, 1588 17 of 19

23. Tang, Z.; Qin, L.; Wang, X.; Zhou, G.; Liao, Y.; Weng, Y.; Jiang, X.; Lin, Z.; Liu, K.; Ye, S. Alterations of
oncogenes, tumor suppressor genes and growth factors in hepatocellular carcinoma: with relation to tumor
size and invasiveness. Chin. Med. J. 1998, 111, 313–318. [PubMed]

24. Höpfner, M.; Sutter, A.P.; Huether, A.; Schuppan, D.; Zeitz, M.; Scherübl, H. Targeting the epidermal growth
factor receptor by gefitinib for treatment of hepatocellular carcinoma. J. Hepatol. 2004, 41, 1008–1016.
[CrossRef] [PubMed]

25. Liu, Y.; Poon, R.T.; Shao, W.; Sun, X.; Chen, H.; Kok, T.W.; Fan, S.T. Blockage of epidermal growth factor
receptor by quinazoline tyrosine kinase inhibitors suppresses growth of human hepatocellular carcinoma.
Cancer Lett. 2007, 248, 32–40. [CrossRef] [PubMed]

26. Schiffer, E.; Housset, C.; Cacheux, W.; Wendum, D.; Rey, C.; Poupon, R.; Rosmorduc, O.; Solís-Herruzo, J.A.;
Mihalik, K.; Tilton, J.C.; et al. Gefitinib, an EGFR inhibitor, prevents hepatocellular carcinoma development
in the rat liver with cirrhosis. Hepatology 2005, 41, 307–314. [CrossRef]

27. Ranson, M. ZD1839 (IressaTM): For More Than Just Non-Small Cell Lung Cancer. Oncology 2002, 7, 16–24.
[CrossRef]

28. Ranson, M.; Hammond, L.A.; Ferry, D.; Kris, M.; Tullo, A.; Murray, P.I.; Miller, V.; Averbuch, S.; Ochs, J.;
Morris, C.; et al. ZD1839, a selective oral epidermal growth factor receptor-tyrosine kinase inhibitor, is well
tolerated and active in patients with solid, malignant tumors: Results of a phase I trial. J. Clin. Oncol. 2002,
20, 2240–2250. [CrossRef]

29. Ranson, M.; Mansoor, W.; Jayson, G. ZD1839 (IRESSA): A selective EGFR-TK inhibitor. Expert Rev. Anticancer
Ther. 2002, 2, 161–168. [CrossRef]

30. Giannelli, G.; Azzariti, A.; Fransvea, E.; Porcelli, L.; Antonaci, S.; Paradiso, A. Laminin-5 offsets the efficacy
of gefitinib (‘Iressa’) in hepatocellular carcinoma cells. Br. J. Cancer 2004, 91, 1964–1969. [CrossRef]

31. Cross, D.A.E.; Ashton, S.E.; Ghiorghiu, S.; Eberlein, C.; Nebhan, C.A.; Spitzler, P.J.; Orme, J.P.; Finlay, M.R.V.;
Ward, R.A.; Mellor, M.J.; et al. AZD9291, an Irreversible EGFR TKI, Overcomes T790M-Mediated Resistance
to EGFR Inhibitors in Lung Cancer. Cancer Discov. 2014, 4, 1046–1061. [CrossRef] [PubMed]

32. Ercan, D.; Choi, H.G.; Yun, C.-H.; Capelletti, M.; Xie, T.; Eck, M.J.; Gray, N.S.; Jänne, P.A. EGFR mutations and
resistance to Irreversible pyrimidine based EGFR inhibitors. Clin. Cancer Res. 2015, 21, 3913–3923. [CrossRef]
[PubMed]

33. Finlay, M.R.V.; Anderton, M.; Ashton, S.; Ballard, P.; Bethel, P.A.; Box, M.R.; Bradbury, R.H.; Brown, S.J.;
Butterworth, S.; Campbell, A.; et al. Discovery of a Potent and Selective EGFR Inhibitor (AZD9291) of Both
Sensitizing and T790M Resistance Mutations That Spares the Wild Type Form of the Receptor. J. Med. Chem.
2014, 57, 8249–8267. [CrossRef]

34. Gomes, D.A.; Rodrigues, M.A.; Leite, M.F.; Gomez, M.V.; Varnai, P.; Balla, T.; Bennett, A.M.; Nathanson, M.H.
c-Met must translocate to the nucleus to initiate calcium signals. J. Biol. Chem. 2008, 283, 4344–4351.
[CrossRef]

35. Rodrigues, M.A.; Gomes, D.A.; Andrade, V.A.; Leite, M.F.; Nathanson, M.H. Insulin induces calcium signals
in the nucleus of rat hepatocytes. Hepatology 2008, 48, 1621–1631. [CrossRef]

36. Burgstahler, A.D.; Nathanson, M.H. Coordination of calcium waves among hepatocytes: Teamwork gets the
job done. Hepatology 1998, 27, 634–635. [CrossRef]

37. Leite, M.F.; Hirata, K.; Pusl, T.; Burgstahler, A.D.; Okazaki, K.; Ortega, J.M.; Goes, A.M.; Prado, M.A.M.;
Spray, D.C.; Nathanson, M.H. Molecular Basis for Pacemaker Cells in Epithelia. J. Biol. Chem. 2002, 277,
16313–16323. [CrossRef]

38. Nathanson, M.H.; Gautam, A.; Bruck, R.; Isales, C.M.; Boyer, J.L. Effects of Ca2+ agonists on cytosolic Ca2+

in isolated hepatocytes and on bile secretion in the isolated perfused rat liver. Hepatology 1992, 15, 107–116.
[CrossRef]

39. Blackmore, P.F.; Strickland, W.G.; Bocckino, S.B.; Exton, J.H. Mechanism of hepatic glycogen synthase
inactivation induced by Ca2+-mobilizing hormones. Studies using phospholipase C and phorbol myristate
acetate. Biochem. J. 1986, 237, 235–242. [CrossRef]

40. Krebs, E.G. Role of the Cyclic AMP—Dependent Protein Kinase in Signal Transduction. JAMA 1989, 262,
1815. [CrossRef]

41. Exton, J.H. Mechanisms of hormonal regulation of hepatic glucose metabolism. Diabetes Metab. Rev. 1987, 3,
163–183. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10374394
http://dx.doi.org/10.1016/j.jhep.2004.08.024
http://www.ncbi.nlm.nih.gov/pubmed/15582135
http://dx.doi.org/10.1016/j.canlet.2006.05.018
http://www.ncbi.nlm.nih.gov/pubmed/16837130
http://dx.doi.org/10.1002/hep.20538
http://dx.doi.org/10.1634/theoncologist.7-suppl_4-16
http://dx.doi.org/10.1200/JCO.2002.10.112
http://dx.doi.org/10.1586/14737140.2.2.161
http://dx.doi.org/10.1038/sj.bjc.6602231
http://dx.doi.org/10.1158/2159-8290.CD-14-0337
http://www.ncbi.nlm.nih.gov/pubmed/24893891
http://dx.doi.org/10.1158/1078-0432.CCR-14-2789
http://www.ncbi.nlm.nih.gov/pubmed/25948633
http://dx.doi.org/10.1021/jm500973a
http://dx.doi.org/10.1074/jbc.M706550200
http://dx.doi.org/10.1002/hep.22424
http://dx.doi.org/10.1002/hep.510270244
http://dx.doi.org/10.1074/jbc.M109207200
http://dx.doi.org/10.1002/hep.1840150119
http://dx.doi.org/10.1042/bj2370235
http://dx.doi.org/10.1001/jama.1989.03430130091040
http://dx.doi.org/10.1002/dmr.5610030108
http://www.ncbi.nlm.nih.gov/pubmed/3032541


Cancers 2019, 11, 1588 18 of 19

42. Groigno, L.; Whitaker, M. An Anaphase Calcium Signal Controls Chromosome Disjunction in Early Sea
Urchin Embryos. Cell 1998, 92, 193–204. [CrossRef]

43. Steinhardt, R.A.; Alderton, J. Intracellular free calcium rise triggers nuclear envelope breakdown in the sea
urchin embryo. Nature 1988, 332, 364–366. [CrossRef] [PubMed]

44. Kahl, C.R.; Means, A.R. Regulation of Cell Cycle Progression by Calcium/Calmodulin-Dependent Pathways.
Endocr. Rev. 2003, 24, 719–736. [CrossRef] [PubMed]

45. Poenie, M.; Alderton, J.; Steinhardt, R.; Tsien, R. Calcium rises abruptly and briefly throughout the cell at the
onset of anaphase. Science 1986, 233, 886–889. [CrossRef]

46. Rasmussen, C.D.; Means, A.R. The Presence of Parvalbumin in a Nonmuscle Cell Line Attenuates Progression
through Mitosis. Mol. Endocrinol. 1989, 3, 588–596. [CrossRef]

47. Roman, R.M.; Bodily, K.O.; Wang, Y.; Raymond, J.R.; Fitz, J.G. Activation of protein kinase C alpha couples
cell volume to membrane Cl- permeability in HTC hepatoma and Mz-ChA-1 cholangiocarcinoma cells.
Hepatology 1998, 28, 1073–1080. [CrossRef]

48. Twigg, J.P.R.; Whitaker, M. Translational Control of InsP3-induced chromatin condensation during the early
cell-cyc les of sea-urchin embryos. Nature 1988, 332, 366–369. [CrossRef]

49. Nicou, A.; Serrière, V.; Hilly, M.; Prigent, S.; Combettes, L.; Guillon, G.; Tordjmann, T. Remodelling of calcium
signalling during liver regeneration in the rat. J. Hepatol. 2007, 46, 247–256. [CrossRef]

50. Mine, T.; Kojima, I.; Ogata, E.; Nakamura, T. Comparison of effects of HGF and EGF on cellular calcium in
rat hepatocytes. Biochem. Biophys. Res. Commun. 1991, 181, 1173–1180. [CrossRef]

51. Tanaka, Y.; Hayashi, N.; Kaneko, A.; Ito, T.; Miyoshi, E.; Sasaki, Y.; Fusamoto, H.; Kamada, T. Epidermal
growth factor induces dose-dependent calcium oscillations in single fura-2–loaded Hepatocytes. Hepatology
1992, 16, 479–486. [CrossRef] [PubMed]

52. Rizzuto, R.B.M.; Murgia, M.; Pozzan, T. Microdomains with high Ca2+ close to IP3-sensitive channels that
are sensed by neighboring mitochondria. Science 1993, 262, 744–747. [CrossRef] [PubMed]

53. Hajnoczky, G.; Robb-Gaspers, L.D.; Seitz, M.B.; Thomas, A.P. Decoding of cytosolic calcium oscillations in
the mitochondria. Cell 1995, 82, 415–424. [CrossRef]

54. Jouaville, L.S.; Ichas, F.; Holmuhamedov, E.L.; Camacho, P.; Lechleiter, J.D. Synchronization of calciumwaves
by mitochondrial substrates in Xenopus laevis oocytes. Nature 1995, 377, 438–441. [CrossRef] [PubMed]

55. Leite, M.F.; Thrower, E.C.; Echevarria, W.; Koulen, P.; Hirata, K.; Bennett, A.M.; Ehrlich, B.E.; Nathanson, M.H.
Nuclear and cytosolic calcium are regulated independently. Proc. Natl. Acad. Sci. USA 2003, 100, 2975–2980.
[CrossRef]

56. Oliva-Vilarnau, N.; Hankeova, S.; Vorrink, S.U.; Mkrtchian, S.; Andersson, E.R.; Lauschke, V.M. Calcium
Signaling in Liver Injury and Regeneration. Front. Med. 2018, 5, 192. [CrossRef]

57. Barbieri, M. Epidermal Growth Factor and Membrane Trafficking: EGF Receptor Activation of Endocytosis
Requires Rab5a. J. Cell Biol. 2000, 151, 539–550. [CrossRef]

58. Burke, P.; Schooler, K.; Wiley, H.S. Regulation of Epidermal Growth Factor Receptor Signaling by Endocytosis
and Intracellular Trafficking. Mol. Biol. Cell 2001, 12, 1897–1910. [CrossRef]

59. Er, E.E.; Mendoza, M.C.; Mackey, A.M.; Rameh, L.E.; Blenis, J. AKT facilitates EGFR trafficking and
degradation by phosphorylating and activating PIKfyve. Sci. Signal. 2013, 6, ra45. [CrossRef]

60. Nishimura, Y.; Yoshioka, K.; Bereczky, B.; Itoh, K. Evidence for efficient phosphorylation of EGFR and rapid
endocytosis of phosphorylated EGFR via the early/late endocytic pathway in a gefitinib-sensitive non-small
cell lung cancer cell line. Mol. Cancer 2008, 7, 42. [CrossRef]

61. Roepstorff, K.; Grandal, M.V.; Henriksen, L.; Knudsen, S.L.J.; Lerdrup, M.; Grøvdal, L.; Willumsen, B.M.;
Van Deurs, B. Differential Effects of EGFR Ligands on Endocytic Sorting of the Receptor. Traffic 2009, 10,
1115–1127. [CrossRef] [PubMed]

62. Martina, J.A.; Lelouvier, B.; Puertollano, R. The calcium channel mucolipin-3 is a novel regulator of trafficking
along the endosomal pathway. Traffic 2009, 10, 1143–1156. [CrossRef] [PubMed]

63. Vieira, A.V.; Lamaze, C.; Schmid, S.L. Control of EGF Receptor Signaling by Clathrin-Mediated Endocytosis.
Science 1996, 274, 2086–2089. [CrossRef] [PubMed]

64. Jo, U.; Park, K.H.; Whang, Y.M.; Sung, J.S.; Won, N.H.; Park, J.K.; Kim, Y.H. EGFR endocytosis is a novel
therapeutic target in lung cancer with wild-type EGFR. Oncotarget 2014, 5, 1265–1278. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0092-8674(00)80914-9
http://dx.doi.org/10.1038/332364a0
http://www.ncbi.nlm.nih.gov/pubmed/3127727
http://dx.doi.org/10.1210/er.2003-0008
http://www.ncbi.nlm.nih.gov/pubmed/14671000
http://dx.doi.org/10.1126/science.3755550
http://dx.doi.org/10.1210/mend-3-3-588
http://dx.doi.org/10.1002/hep.510280423
http://dx.doi.org/10.1038/332366a0
http://dx.doi.org/10.1016/j.jhep.2006.08.014
http://dx.doi.org/10.1016/0006-291X(91)92062-O
http://dx.doi.org/10.1002/hep.1840160229
http://www.ncbi.nlm.nih.gov/pubmed/1322351
http://dx.doi.org/10.1126/science.8235595
http://www.ncbi.nlm.nih.gov/pubmed/8235595
http://dx.doi.org/10.1016/0092-8674(95)90430-1
http://dx.doi.org/10.1038/377438a0
http://www.ncbi.nlm.nih.gov/pubmed/7566122
http://dx.doi.org/10.1073/pnas.0536590100
http://dx.doi.org/10.3389/fmed.2018.00192
http://dx.doi.org/10.1083/jcb.151.3.539
http://dx.doi.org/10.1091/mbc.12.6.1897
http://dx.doi.org/10.1126/scisignal.2004015
http://dx.doi.org/10.1186/1476-4598-7-42
http://dx.doi.org/10.1111/j.1600-0854.2009.00943.x
http://www.ncbi.nlm.nih.gov/pubmed/19531065
http://dx.doi.org/10.1111/j.1600-0854.2009.00935.x
http://www.ncbi.nlm.nih.gov/pubmed/19497048
http://dx.doi.org/10.1126/science.274.5295.2086
http://www.ncbi.nlm.nih.gov/pubmed/8953040
http://dx.doi.org/10.18632/oncotarget.1711
http://www.ncbi.nlm.nih.gov/pubmed/24658031


Cancers 2019, 11, 1588 19 of 19

65. Ono, M.; Hirata, A.; Kometani, T.; Miyagawa, M.; Ueda, S.-I.; Kinoshita, H.; Fujii, T.; Kuwano, M. Sensitivity
to gefitinib (Iressa, ZD1839) in non-small cell lung cancer cell lines correlates with dependence on the
epidermal growth factor (EGF) receptor/extracellular signal-regulated kinase 1/2 and EGF receptor/Akt
pathway for proliferation. Mol. Cancer Ther. 2004, 3, 465–472.

66. He, F.; Liu, W.; Zheng, S.; Zhou, L.; Ye, B.; Qi, Z. Ion transport through dimethyl sulfoxide (DMSO) induced
transient water pores in cell membranes. Mol. Membr. Biol. 2012, 29, 107–113. [CrossRef]

67. Modica, T.M.E.; Maiorani, O.; Sartori, G.; Pivetta, E.; Doliana, R.; Capuano, A.; Colombatti, A.; Spessotto, P.
The extracellular matrix protein EMILIN1 silences the RAS-ERK pathway via alpha4beta1 integrin and
decreases tumor cell growth. Oncotarget 2017, 8, 27034–27046. [CrossRef]

68. Morley, P.; Whitfield, J.F. The differentiation inducer, dimethyl sulfoxide, transiently increases the intracellular
calcium ion concentration in various cell types. J. Cell. Physiol. 1993, 156, 219–225. [CrossRef]

69. Neely, A.; Hidalgo, P. Structure-function of proteins interacting with the alpha1 pore-forming subunit of
high-voltage-activated calcium channels. Front. Physiol. 2014, 5, 209. [CrossRef]

70. Notman, R.; Noro, M.; O’Malley, B.; Anwar, J. Molecular Basis for Dimethylsulfoxide (DMSO) Action on
Lipid Membranes. J. Am. Chem. Soc. 2006, 128, 13982–13983. [CrossRef]

71. Jiang, L.; Yan, Q.; Fang, S.; Liu, M.; Yuan, Y.-F.; Li, Y.; Zhu, Y.; Qi, J.; Yang, X.; Kwong, D.L.W.; et al.
Calcium-binding protein 39 promotes hepatocellular carcinoma growth and metastasis by activating
extracellular signal-regulated kinase signaling pathway. Hepatology 2017, 66, 1529–1545. [CrossRef]
[PubMed]

72. Li, Y.; Liu, S.; Lu, F.; Zhang, T.; Chen, H.; Wu, S.; Zhuang, H. A role of functional T-type Ca2+ channel in
hepatocellular carcinoma cell proliferation. Oncol. Rep. 2009, 22, 1229–1235. [PubMed]

73. Matsui, T.; Li, L.; Del Monte, F.; Fukui, Y.; Franke, T.F.; Hajjar, R.J.; Rosenzweig, A. Adenoviral Gene Transfer
of Activated Phosphatidylinositol 3′-Kinase and Akt Inhibits Apoptosis of Hypoxic Cardiomyocytes In Vitro.
Circulation 1999, 100, 2373–2379. [CrossRef] [PubMed]

74. Franke, T.F.; Hornik, C.P.; Segev, L.; A Shostak, G.; Sugimoto, C. PI3K/Akt and apoptosis: Size matters.
Oncogene 2003, 22, 8983–8998. [CrossRef] [PubMed]

75. Wen, L.; Liang, C.; Chen, E.; Chen, W.; Liang, F.; Zhi, X.; Wei, T.; Xue, F.; Li, G.; Yang, Q.; et al. Regulation of
Multi-drug Resistance in hepatocellular carcinoma cells is TRPC6/Calcium Dependent. Sci. Rep. 2016, 6,
23269. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3109/09687688.2012.687460
http://dx.doi.org/10.18632/oncotarget.15067
http://dx.doi.org/10.1002/jcp.1041560202
http://dx.doi.org/10.3389/fphys.2014.00209
http://dx.doi.org/10.1021/ja063363t
http://dx.doi.org/10.1002/hep.29312
http://www.ncbi.nlm.nih.gov/pubmed/28605041
http://www.ncbi.nlm.nih.gov/pubmed/19787244
http://dx.doi.org/10.1161/01.CIR.100.23.2373
http://www.ncbi.nlm.nih.gov/pubmed/10587343
http://dx.doi.org/10.1038/sj.onc.1207115
http://www.ncbi.nlm.nih.gov/pubmed/14663477
http://dx.doi.org/10.1038/srep23269
http://www.ncbi.nlm.nih.gov/pubmed/27011063
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	EGFR Sequencing 
	EGFR Signaling and Its Inhibition 
	EGFR Signaling and Calcium Chelators 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Protein Extraction 
	Cell Viability Assay 
	Antibodies and Drug Formulations 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

