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Abstract
Background/Aims: The importance of copper in the metabolism of cancer cells has been 
widely studied in the last 20 years and a clear-cut association between copper levels and 
cancer deregulation has been established. Copper-64, emitting positrons and β-radiations, is 
indicated for the labeling of a large number of molecules suitable for radionuclide imaging as 
well as  radionuclide therapy. Glioblastoma multiforme (GBM) is the CNS tumor with the worse 
prognosis, characterized by high number of recurrences and strong resistance to chemo-radio 
therapy, strongly affecting patients survival. We have recently discovered and studied the 
small molecule SI113, as inhibitor of SGK1, a serine/threonine protein kinase, that affects 
several neoplastic phenotypes and signaling cascades. The SI113-dependent SGK1 inhibition 
induces cell death, blocks proliferation, perturbs cell cycle progression and restores chemo-
radio sensibility by modulating SGK1-related substrates.  In the present paper we aim to 
characterize the combined effects of 64CuCl2 and SI113 on human GBM cell lines with variable 
p53 expression. Methods: Cell viability, cell death and stress/authopagic related pathways 
were then analyzed by FACS and WB-based assays, after exposure to SI113 and/or 64CuCl2. 
Results: We demonstrate here, that i) 64CuCl2 is able to induce a time and dose dependent 
modulation of cell viability (with different IC50 values) in highly malignant gliomas and that 
the co-treatment with SI113 leads to ii) additive/synergistic effects in terms of cell death; 
iii) enhancement of the effects of ionizing radiations, probably by a TRC1 modulation; iv) 
modulation of the autophagic response. Conclusions: Evidence reported here underlines the 
therapeutic potential of the combined treatment with SI113 and 64CuCl2  in GBM cells.
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Introduction

Copper (Cu) is a transition metal and vital micronutrient that plays a pivotal role in 
all the living organisms for its activity as an essential catalytic cofactor in main cellular 
processes, such as mitochondrial respiration, cell growth and development. Moreover, the 
role of copper in cancer cells metabolism has been extensively investigated in the last 20 
years[1]. A strong relationship between copper levels and cancer progression has been 
demonstrated, allowing the identification of new targets for novel diagnostic and therapeutic 
agents. In the past twenty years many preclinical studies have demonstrated an effect of 
copper in favoring cancer development [1, 2]. Malignant gliomas represent the most frequent 
adult primary brain tumors and the glioblastoma multiforme (GBM) is approximately 70% 
of glial tumors. Despite important advances in combined therapeutic approaches, the 
prognosis in these patients is still poor with a median of survival after diagnosis of only 12-
15 months [3]. For its elusive response to standard treatments, the development of novel 
therapeutic approaches for GBM remains indeed a pivotal step in the modern oncologic 
research.  Protocols based on radionuclide therapy appear to be particularly promising for 
the GBM treatment [2, 4–7]. Experimental evidence has clearly demonstrated that cancer 
cells have a particularly high fractional content of copper inside the cytoplasmic and nuclear 
fraction compared to normal cells. Multiple studies have been performed to evaluate the 
cellular transport of copper. Copper enters the cells through the human copper transporter 
1 (CTR1) and is delivered to different compartments [8]. Human copper transporter 1 
(CTR1), a 190-amino-acid protein of 28 kDa with three transmembrane domains, is the 
primary protein responsible for importing copper in mammals and is overexpressed in 
a variety of cancers. This trimeric structure seems to create a central pore functioning as 
channel[8–10]. Several positron-emitting radionuclides with a high atomic number and/
or a long half-life have been proposed both for imaging and therapeutic approach. Among 
these, Cu radioisotopes seem to be significantly interesting [1, 4, 11, 12]. Cu radioisotopes, 
as a group, comprise  radioisotopes which, due to their emission properties, may be applied 
both for diagnostic studies (60Cu, 61Cu, 62Cu, 64Cu) and for radionuclide based therapy (64Cu 
and 67Cu)[13]. The most appealing  is Copper-64 (64Cu ), a positron emitter with a half-life of 
12.7h, that is particular useful in PET studies requiring scans many hours after the injection. 
Because of its emission, 64Cu can also be used in therapy. This physical characteristic may be 
considered an advantage since it allows diagnosis and therapy with different amounts of the 
same radionuclide as for 131I .  64CuCl2 is a radio-pharmaceutical form used as a precursor for 
the in vitro radiolabeling of specific carriers, such as monoclonal antibodies, peptides, amino-
acids, hormones and other molecules for PET imaging and/or for radionuclide therapy 
[2, 14, 15]. In several studies copper-64 was used in association with other therapeutic 
regimens in an attempt to overcome cross-resistance phenomena also dependent on Cu 
metabolism in tumor cells. However, cumulative toxicity has in many cases proved to be 
severe. In recent years, attempts have been made to develop molecular approaches able 
to reduce the copper therapeutic dose and resistance phenomena. Several proteins of the 
mTOR pathway are now known to mediate survival and chemo-radio resistance among these 
SGK1 [16, 17]. The serum- and glucocorticoid-regulated kinase 1 (SGK1) mediates signals 
of cell survival and proliferation [18, 19]. SGK1 is a serine/threonine kinase that shares 
structural and functional similarities with the AKT family of kinases [20]. SGK1 function is 
tightly dependent on mTOR phosphorylation [21]. SGK1 is regulated  by insulin [22–24], IGF-
1[25], glucocorticoids[26] and IL-2 [27]. Increased SGK1 expression has been documented 
in several human tumors[19, 28–30]. It has been demonstrated that SGK1 regulates cell 
survival, proliferation and differentiation via phosphorylation of  MDM2, which governs 
p53 stability and degradation[31]. SGK1 also affects mitotic stability and miRNAs nuclear 
transport and maturation  by regulating RANBP1 and RANGAP1, the pivotal regulators 
of the GTPase RAN [32, 33].  Recently, we found a family of dual SRC/ABL small molecule 
inhibitors, characterized by a substituted pyrazolo[3,4-d]pyrimidine scaffold, able to inhibit 
SGK1 and AKT kinase activity [34]. Among these molecules, SI113 has been demonstrated 
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to inhibit SGK1 activity, while being much less effective on AKT1, ABL and SRC[35]. SI113 
induces cell death, alters the growth rate, promotes autophagy and synergizes with taxanes 
and radiotherapy in hepatocarcinoma and glioblastoma cells in vitro as well as in vivo, also 
by favoring a cellular sensibilization to these treatments[35–38]. Based on the apparent 
lack of toxicity and the consistent ability of SI113 to negatively modulate the chemo-radio 
resistance[36], in the present work we investigated the potential combined use of 64CuCl2 
and SI113 in GBMs cellular models. In our hands, in several cells with different p53 mutation 
status, we have been able to extrapolate the IC50 for 64CuCl2. Moreover we determined the 
appropriate doses and time of exposure of  SI113 and 64CuCl2 for additive or synergical 
effect. We documented a potential ability for the combined treatment to affect cell viability 
and necro-apoptosis. In the last part of our work, finally we suggest some putative signaling 
pathways that may potentially explain the combined therapeutic effects observed in vitro.

Materials and Methods

Cell culture
Human GBM cell lines (LI)PARI, ADF and T98G were kindly provided by Dr. Marco Paggi of Regina 

Elena Cancer Research Institute. T98G cell line were grown in Dulbecco’s modified Eagle’s medium (DMEM), 
while ADF and LI cell lines were grown in RPMI-1640. All culture media were from Life Technologies, Inc. 
(Grand Island, NY).  All culture media were supplemented with 10% of fetal bovine serum FBS (Sigma-
Aldrich St. Louis, MO) and 1% penicillin/streptomycin (from stock solution of 10.000 units penicillin and 
10 mg streptomycin per mL) (Sigma-Aldrich), and grown at 37°C in a humidified atmosphere of 5% CO2 and 
95% air.

SI113 and 64CuCl2 treatments
SI113 was produced by one of us (Prof. Schenone). The molecule was first diluted (10 mM) in dimethyl 

sulfoxide (DMSO) and stored at −20°C for in vitro studies. The final concentration of SI113 used for viability 
assay was 12.5 μM. The drug was then used in association with labeled 64CuCl2 diluted in a water solution 
(Sparkle S.r.l. Montecorso, Italy), at the final concentration of 5mM, corresponding to 40MBq.

Viability assay by guava “via count”
IC50 evaluation, cell proliferation and viability assays was performed by means of Guava ViaCount 

Assay.
To evaluate the dose-response effects, Lipari, ADF and T98G cell lines were seeded in 100 mmØ plates 

at the density of 2x106  cells/well and after 24 hours were treated with increasing concentration of 64CuCl2 
(2.5, 5, 10, 20, 40 MBq) for 72 hours. In the cell count the same cell lines were seeded in 100mmØ plates at 
the density of 1.5x106  cells/well, treated with 64CuCl2 (40 MBq ) with or without 12.5 μM of Si113 for 24-48-
72 hours. Cell viability was evaluated by guava via count assay (4000-0040, Millipore) according with the 
manufacture ’s instructions and data were analyzed by Guava system (Millipore).

Guava Nexin Assay
Apoptosis was studied in adherent LI, ADF and T98G cells. In this assay cells were treated with 64CuCl2 

(40 MBq ),  12.5μM of Si113 or in association for 72 hours. 2 x 104 cells were incubated with 100 µl Guava 
Nexin Reagent (100 tests, Lot No. 14-0032, Merck Millipore), a pre-made cocktail containing V-PE and 
7-AAD in buffer, in a final volume of 200 μl. After 20 min incubation at room temperature in the dark, 
samples were ready to be acquired on a Guava System. Four cell populations were evaluated in this assay: 
non-apoptotic cells AnnexinV (-) and 7-AAD (-); first apoptotic cells V (+) and 7-AAD (-); Later in apoptotic 
phase, annexin V (+) and 7AAD (+), necrotic/death cells Annexin V (-) and 7AAD (+). The treated cells were 
prepared for incubation with 1% BSA. The results include counts and percentages of cells in each of the 
quadrant-defined populations, as well as the mean fluorescence intensity of Annexin V and 7-AAD for each 
population [39, 40].

Western blot
Cells incubated with 64CuCl2 (40 MBq) for 72 h, in the presence or absence of SI113 12.5 μM were 

extract with lysis buffer (50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.5 % IGEPAL, 25 mM NaF,1 mM DTT, 1 mM 
Na3VO4 plus protease inhibitor cocktail 10 X Sigma-Aldrich, St. Louis, MO), separated by 12% SDS SDS-
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PAGE and transferred on a nitrocellulose membrane 0.45 micron (Bio-Rad). Blocking was performed with 
1X TPBS, 0.1% Tween-20 with 5% w/v nonfat dry milk. Cells treated and processed as described, were 
probed with: anti-MAP-LC3β(G-9) mouse monoclonal antibody (sc-376404, Santa Cruz Biotechnology, Inc. 
Santa Cruz, CA), anti-p53 (DO 1) mouse monoclonal antibody (sc-126, Santa Cruz Biotechnology, Inc. Santa 
Cruz, CA), anti-GAPDH(FL-335)rabbit polyclonal antibody (sc- 25778, Santa Cruz Biotechnology, Inc. Santa 
Cruz, CA), Anti BECN1 (H-300) rabbit polyclonal antibody (sc-11427, Santa Cruz Biotechnology, Inc. Santa 
Cruz, CA), MDM2 (N-20) rabbit polyclonal antibody (sc-813, Santa Cruz Biotechnology, Inc. Santa Cruz, 
CA), p-MDM2(S166) rabbit polyclonal antibody (3521S Cell Signaling technology, Inc. USA), Caspase-3 (H-
277)  rabbit polyclonal antibody ( sc-7148, Santa Cruz Biotechnology, Inc. Santa Cruz, CA), Bcl-2 (N-19) 
rabbit polyclonal antibody (sc-492, Santa Cruz Biotechnology, Inc. Santa Cruz, CA ), CTR1 (FL-190) rabbit 
polyclonal antibody  (sc-66847, Santa Cruz Biotechnology, Inc. Santa Cruz, CA).

Statistical analysis 
All tests were done in triplicate and experiments performed at least three times. The results are 

expressed as a mean ± Standard Error (SE). Differences between groups were analyzed using the Student’s 
two-tailed t test (GraphPad Prism v5 software, www.graphpad.com). Asterisks denote statistical significance 
as indicated in the legends. The combination index (C.I.) has been calculated by means of the following 
equation [41]: %PCV = % Predicted Cell Viability = % Cell Viability Drug1 x % Cell Viability Drug2 x 0.01.

CI = Combination Index = % Measured Cell Viability Drug1 + Drug2 / %PCV.
 

Results

GBM Cell Line Characteristics 
The mutation status of p53 and p21 was wild type in LI cells, whereas the gene coding for 

p53 presented a heterozygous  G-to-A nucleotide substitution in codon 797 and a homozygous 
missense homozygous mutation in c.711G>A in ADF and T98G cells  respectively [42, 43].  

64CuCl2  effect on cell number and viability in Li, ADF and T98G  human cancer cell lines 
Li, ADF and T98G GBM cell lines were plated as indicated in the Methods section. 64CuCl2 

at different concentrations (2,5; 5; 10; 20; 40 MBq) was added for 24 h. Control cells were 
treated with vehicle alone. Cells were then trypsinized, and viable cells were stained and 
counted by means of Guava ViaCount Assay. In all three cell lines, 64CuCl2 yielded a significant 
and dose-dependent reduction in the number of viable cells [Fig. 1 panel A, Li (left), panel 
B ADF (middle) and panel C T98G cells (right)]. The most notable effect in cell number 
reduction was achieved in the Li cell line, although the effect was not complete in any of the 
cellular lines. IC50 values for 64CuCl2 (0-40 MBq, 72 hours), calculated for the 3 GBM cell lines, 
are listed in Table 1, and ranged from 8,85 to 37,7 MBq. In all three cell lines the 40 MBq dose 
was the maximum inhibitory dose. Therefore, from now on, 64CuCl2 has been employed at the 
dose of  40 MBq, unless otherwise indicated.

SI113 potentiates in a time dependent manner the radiation-induced growth inhibition of 
64CuCl2 in GBM cell lines
The data described up to now, point to a detrimental but non complete effect of 64CuCl2 

on GBM growth and survival. We therefore explored the possibility that SI113-dependent 

Tab. 1. IC50 values for 64CuCl2 in the GBM cell 
lines

inhibition of SGK1 might synergize with 
the positrons and β-radiations of 64CuCl2, as 
verified for the traditional linear RT in HCC and 
GBM [36, 37]. We evaluated the effect of SI113 
on 64CuCl2 radiosensitivity of  LI, ADF and T98G 
cells 24h after plating. Cells were exposed to 
either no radiation (0 MBq-mock alone) or 
64CuCl2-dependent radiation (40 MBq), with or 
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without the combined treatment with SI113 (12.5µM) for 24h, 48h and 72h, and assayed for 
cell viability by means of Guava ViaCount Assay.  In each of the cell lines analyzed, SI113, as a 
single agent, significantly reduced the number of viable cells already at 24h with a clear-cut 
time-dependent kinetics, as expected. On other hand, the sole 64CuCl2 treatment appeared 
effective only at 72h. When both agents were used, the combination of SI113 (12.5µM) and  
64CuCl2  (40MBq) reduced the number of viable cells significantly more than either agent 
alone (Fig. 2 Panel A, B, C). Interestingly, at 72 h the calculation of the combination index 

Fig. 1. Dose-response effects in  LI, ADF and T98G human GBM cell lines under 64CuCl2 treatment. A. LI  hu-
man Glioblastoma cell line. B. ADF human Glioblastoma cell line. C. T98G human Glioblastoma cell line. Bar 
graph represents the number of cells treated with increasing concentration of 64CuCl2  (2.5, 5, 10, 20, 40 
MBq) for 72h. Data were acquired and analyzed by means of Guava ViaCount Assay. Results represent the 
mean ± S.E. of three independent experiments.*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

Fig. 2. Viabil-
ity assay in co-
treated cell 
lines.  A. LI, B. 
ADF and C. T98G 
human GBM cell 
lines, treated 
with 64CuCl2 (40 
MBq ) with or 
without SI113  
(12.5μM) for 
24-48-72 h. 
Results repre-
sent the mean 
± S.E. of three 
i n d e p e n d e n t 
experiments.*P 
≤ 0.05; **P ≤ 
0.01; ***P ≤ 
0.001.
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Fig. 3. Apoptosis assay in GBM cells. A.LI, B.ADF and C.T98G cells, treated with 64CuCl2 (40 MBq ) with or 
without SI113 (12.5μM) for 72h. The percentage of cells stained with either Annexin V, or 7-ADD, or both 
(calculated by means of  Guava Annexin assay) is shown in the graph. Histograms depict the percentage 
of early apoptotic Annexin V(+)/7-AAD(−), late apoptotic Annexin V(+)/7−AAD(+) and necrotic/dead An-
nexin V(−)/7-AAD(+) cells. Results represent the mean ± S.E. of three independent experiments.*P ≤ 0.05; 
**P ≤ 0.01; ***P ≤ 0.001.
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demonstrated full additivity for Li and ADF (C.I. 0.88 and 1.00 respectively) and complete 
synergy for the T98G a (C.I. 0.65) for SI113 and 64CuCl2.

The SI113/64CuCl2 association boosts the late apoptosis and necrosis in GBM cell lines
In order to support the theranostic potential of the association between SI113 and 

64CuCl2, we carried  out an apoptosis assay by means of  Nexin Guava approach, that allowed 
the definition of  early phase apoptosis, [Annexin-V (+) / 7-AAD (-)], late phase [Annexin-V (+) 
/ 7-AAD (+)] and necrosis [Annexin-V (-) / 7-AAD (+)]. Li, ADF and T98G cells were labelled 
with Annexin-V-Fluorescein and 7-AAD, and the percentage of the described subpopulation 
was determined by flow cytofluorometry (Fig. 3, panel A,B,C left). A significant increase in 
late stage apoptosis (necro-apoptosis) appeared evident in all the SI113-treated GBM cell 
lines, as indicated (Fig. 3, panel A,B,C right, second column), whereas only in the Li and ADF 
cells the 64CuCl2 treatment slightly affected the late stage (Figure 3, panel A,B,C right, third 
column). However, when the two agents were combined, a potent induction of late apoptosis 
and necrosis occurred. Interestingly, in ADF and T98G cells a substantial and significant 
induction of early apoptosis was also recorded (Fig. 3, panel A,B,C right, fourth column). 

SI113/64CuCl2 and protein expression in Li, ADF and T98G cells
We used mono-dimensional SDS–polyacrylamide gel electrophoresis followed by 

Western blot to evaluate the expression of proteins that are SGK1 targets and/or substrates, in 

Fig. 4. Cell Signaling 
analysis in treated GBM 
cells. Immunoblot of 50 
µg Li cell extracts for A.  p-
MDM2,  MDM2, p53, CTR1 
and B. BECN1, BCL-2, LC-
3BI/II, CASP-3, 72 h after 
single or combined treat-
ment. As loading control, 
GAPDH was determined 
in the same blots using 
an anti-GAPDH antibody. 
C. schematic Cartoon de-
picting the molecular ef-
fects resulting from the 
SI113-dependent SGK1 in-
hibition and concomitant 
64CuCl2 administration.  
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the effort to explain the molecular mechanism underlying  the pharmacological cooperation 
between 64CuCl2 and the SI113. After treatment with the single agents or co-treatment of  
Li cells with SI113 (12.5µM) and/or 64CuCl2 (40MBq) for 72 h, the expression of p-MDM2, 
MDM2, p53, CTR1, BECN1, BCL2, LC3BI/II, and CASP3 was examined (Fig. 4, panels A and B). 
In the SI113 treated samples, expression of  BCL2, as well as the phosphorylation of p-MDM2 
(serine 166) were reduced, consistently with previously published observations [31, 35, 44], 
whereas the expression of p53, BECN1 and LC3BI/II was increased, as expected [31, 40]. 
In the 64CuCl2 treated cells we only recorded modifications affecting p53, BCL2 and TCR1. 
Surprisingly in the co-treated cells we observed an important and cooperative p-MDM2 
reduction and a consequent increase in the p53 expression, in addition, we documented, for 
the first time, an additive effect of the co-treatment on the CTR1 expression. Interestingly 
when we focused on the autophagic marker, we found that SI113, not 64CuCl2,  used as a 
single agent, determined an important increase in the BECN1/BCL2 expression, with no 
modification in the expression of LC3BI/II. When both agents were used together, the effects 
on BECN1/BCL2 expression were still observed. However, in addition, an increase of cleaved-
caspase 3 expression was documented. 

Discussion

Copper is necessary for the accelerated metabolism in neoplastic cells and for the 
tumor angiogenesis process. High copper levels have been demonstrated in several types 
of human cancer, including prostate, breast and brain tumor [45]. The most important 
copper’s transporter into cells is CTR1, a 190-amino acid protein of 28kDa, harboring three 
trans-membrane domains. TCR1 controls the process of internalization by determining 
the achievement of a copper concentration suitable for cell growth, proliferation and 
development. The copper homeostasis is a dynamic process determined, in several types 
of cells by the ligand-dependent endocytosis of CTR1 followed by its degradation [46, 47], 
that is required to avoid the accumulation of toxic levels of the metal. The organs showing 
the highest accumulation of 64CuCl2 are brain, liver, pancreas and kidney [48]. Given its 
β-emission, 64Cu is also suitable for  therapeutic applications. This physical behavior may 
thus be considered an advantage, allowing diagnosis and therapy with different amounts 
of the same radionuclide. On the other hand the β-emission provides a radiation burden 
to the patient exposed to 64CuCl2 during diagnostic procedures [49, 50]. Other studies have 
also documented that CTR1 and the other Cu-transporters are responsible for platinum and 
taxanes resistance. A down regulation of CTR1 has been associated to multidrug resistance 
[51]. Recently, SGK1 has been shown to be involved in taxanes and platinum resistance 
[32, 52]. SGK1 is also responsible for proliferative and differentiating processes and allows 
epigenomic regulation in the cell [27, 31, 33]. The role of Sgk1 in controlling autophagic 
processes in tumor systems and response to oxidative stress is also well known [40]. Recently 
the SGK1 inhibitor, SI113, has shown a potential role in the treatment of several cancers, 
showing an absence of short-term toxicity. Interestingly, SI113 has demonstrated ability to 
synergize with radiotherapy in hepatic tumor models and glioblastoma, acting presumably 
as a cell sensitizer toward β-particles [36, 39, 40].

In the present study we have determined the maximum cell killing dose of 64CuCl2, 
in three cell lines of glioblastoma with different mutational status for p53. The maximum 
effective dose corresponded to 40 MBq in all the cell lines. However, the different kinetics 
of response to copper-64, provided a wide IC50-range from 8.85 MBq to 37.7 MBq. Among 
the cell lines tested, Li cells showed the greatest slope, suggesting an higher sensitivity to 
copper-64, probably associated to the presence of a wild type p53 form in Li cells. Indeed 
the status of p53 has been widely associated to the copper-64 dependent response [8]. We 
therefore decided to use the maximum dose of 40 MBq in all the other cells. In a time-course 
experimental set, we determined  that the maximum effect of response occurred at 72 h. 
Interestingly this timing paralleled the observed response to SI113 in previous experiments 
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[35, 36]. In order to test the possible co-operation between the SI113-dependent SGK1 
inhibition and copper-64 administration, we carried out a co-treatment test, confirming that 
the combination of SI113-dependent SGK1 inhibition and copper-64 administration was 
more effective in inducing cell death than either agent alone. A double profile of additivity (Li 
and ADF) and synergy (T98G) in all three cell lines examined, regardless of the mutational 
state of p53 was also determined. At this point, we focused on the analysis of cell survival, 
in order to determine whether the SI113/Copper-64 combination could have significant 
effects on apoptosis even on the remaining cultured cells. For this reason, we focused on 
the analysis of the vitality profile, through a FACS-based approach, on cells still adherent 
after 72h treatment. The results were particularly interesting. Indeed, in all 72h-treated 
lines, the combination of the two drugs resulted in a powerful synergistic effect with a 
substantial increase in late apoptosis [Annexin-V (+) / 7-AAD (+)]. In Li cells, the necrotic 
component was also greatly increased in the double treatment [Annexin-V (-) / 7-AAD (+)], 
whereas in the T98G cells a clear up-regulation of the earliest phases of apoptosis were 
evident [Annexin-V (+) / 7-AAD (-)]. In the effort to comprehend the molecular mechanisms 
that could support the effects of co-operation between SI113 and Copper-64, we conducted 
some signaling studies, focusing on proteins, involved in survival, cellular Cu-bioavailability 
and radio-resistance. The first relevant data was generated by observing the behavior of 
p-MDM2 and p53. Both are involved in apoptotic response and cellular damage and are 
two well-known effectors of the SGK1-dependent response. As expected, SI113 was able 
to lower the phosphorylation of MDM2 on serine 166, with  a consequent increase in p53 
cellular abundance [31, 36]. The combination of the two treatments further amplified this 
response. This may explain the decrease in cell proliferation and survival, but also the 
highest susceptibility to copper-64, since high levels of p53 are required for a more efficient  
copper-64 dependent theranostic effect. We also realized that the combination of SI113 
and Copper-64 caused a tremendous increase in the levels of CTR1, thus ensuring a greater 
bioavailability of copper-64 in the cell with possible enhancements of radio-toxicity. Indeed 
the down regulation of CTR1 is associated with drug resistance phenomena [51], hence its 
greater expression could explain the increased susceptibility towards drugs and radiations. 
Furthermore, in our analysis we demonstrated that the combination of the two drugs boosts 
autophagic-dependent cell death by increasing the levels of LC3BI and caspase 3.  In our 
experiments, Beclin-1 was also increased as expected in presence of a strong autophagic 
response [38, 40]. In the same conditions, the observed increase in the expression of  BCL-2 
may be interpreted as an initial attempt to activate a survival response to stress. However, the 
increased combination of both caspase3 and LC3BI / II is the hallmark  of  the important cell 
death observed in these conditions. A schematic cartoon is provided to summarize what has 
been described so far. Taken together, our data suggest a possible therapeutic combination 
for the treatment of glioblastomas, based on a copper-dependent radiometabolic approach 
and the simultaneous SI113-mediated inhibition of SGK1. This first experimental effort 
points to define a new approach in the treatment of tumors characterized by strong chemo-
radio resistance. In previous animal studies SI113 was well tolerated, showing no tissue 
toxicity[44]; on the other hand, liver and kidney toxicity are described during treatment 
with 64CuCl2. Therefore further studies are required to determine the therapeutic effects and 
toxicity in vivo of the combined treatment.

Acknowledgments 

This work was supported by AIRC project code 16971. 

Disclosure Statement 

The authors declare no commercial or financial conflict of interest.

http://dx.doi.org/10.1159%2F000480328


Cell Physiol Biochem 2017;43:108-119
DOI: 10.1159/000480328
Published online: August 25, 2017 117
Catalogna et al.: Combined Effects of  64CuCl2 and SI113 on Human GBM Cell Lines 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

References

1 Evangelista L, Luigi M, Cascini GL: New issues for copper-64: from precursor to innovative PET tracers in 
clinical oncology. Curr Radiopharm 2013;6:117–123. 

2 Qin C, Liu H, Chen K, Hu X, Ma X, Lan X, Zhang Y, Cheng Z: Theranostics of malignant melanoma with 
64CuCl2. J Nucl Med 2014;55:812–817. 

3 Wen PY, Kesari S: Malignant gliomas in adults. N Engl J Med 2008;359:492–507. 
4 Ferrari C, Niccoli Asabella A, Villano C, Giacobbi B, Coccetti D, Panichelli P, Rubini G: Copper-64 Dichloride 

as Theranostic Agent for Glioblastoma Multiforme: A Preclinical Study. Biomed Res Int 2015;2015. DOI: 
10.1155/2015/129764

5 Li X, Wu C, Chen N, Gu H, Yen A, Cao L, Wang E, Wang L: PI3K/Akt/mTOR signaling pathway and targeted 
therapy for glioblastoma. Oncotarget 2016; DOI: 10.18632/oncotarget.7961

6 Bruhn MA, Pearson RB, Hannan RD, Sheppard KE: Second AKT: the rise of SGK in cancer signalling. Growth 
Factors 2010;28:394–408. 

7 Marvaso G, Barone A, Amodio N, Cascini GL, Scotti V, Bianco C: The current status of novel PET radio-
pharmaceuticals in radiotherapy treatment planning of glioma. Curr Pharm Biotechnol 2014;14:1099–
1104. 

8 Beaino W, Guo Y, Chang AJ, Anderson CJ: Roles of Atox1 and p53 in the trafficking of copper-64 to tumor 
cell nuclei: Implications for cancer therapy. J Biol Inorg Chem 2014;19:427–438. 

9 Bompiani KM, Tsai C-Y, Achatz FP, Liebig JK, Howell SB: Copper transporters and chaperones CTR1, CTR2, 
ATOX1, and CCS as determinants of cisplatin sensitivity. Metallomics 2016;8:951–962. 

10 Pushie MJ, Shaw K, Franz KJ, Shearer J, Haas KL: Model Peptide Studies Reveal a Mixed Histidine-
Methionine Cu(I) Binding Site at the N-Terminus of Human Copper Transporter 1. Inorg Chem 
2015;54:8544–8551. 

11 Vainer B: Intercellular adhesion molecule-1 (ICAM-1) in ulcerative colitis: Presence, visualization, and 
significance. APMIS 2010; DOI: 10.1111/j.1600-0463.2010.02647.x

12 Hao G, Singh AN, Oz OK, Sun X: Recent advances in copper radiopharmaceuticals. Curr Radiopharm 
2011;4:109–121. 

13 Lewis JS, Laforest R, Dehdashti F, Grigsby PW, Welch MJ, Siegel BA: An imaging comparison of 64Cu-ATSM 
and 60Cu-ATSM in cancer of the uterine cervix. J Nucl Med 2008;49:1177–1182. 

14 Calabria F, Gangemi V, Gullà D, Schillaci O, Cascini GL: 64Cu-PSMA uptake in meningioma: A potential pitfall 
of a promising radiotracer. Rev Esp Med Nucl Imagen Mol 2016; DOI: 10.1016/j.remn.2016.10.002

15 Cantiello F, Gangemi V, Cascini GL, Calabria F, Moschini M, Ferro M,  Musi G, Butticè S, Salonia A, 
Briganti A, Damiano R: Diagnostic Accuracy of 64 Cu-PSMA PET/CT for Primary Lymph Node Staging of 
Intermediate to High Risk Prostate Cancer: Our Preliminary Experience. Urology 2017; DOI: 10.1016/j.
urology.2017.04.019

16 Sommer EM, Dry H, Cross D, Guichard S, Davies BR, Alessi DR: Elevated SGK1 predicts resistance of breast 
cancer cells to Akt inhibitors. Biochem J 2013;452:499–508. 

17 Talarico C, Dattilo V, D’Antona L, Menniti M, Bianco C, Ortuso F,  Alcaro S, Schenone S, Perrotti N, Amato 
R: SGK1, the New Player in the Game of Resistance: Chemo-Radio Molecular Target and Strategy for 
Inhibition. Cell Physiol Biochem 2016;39. DOI: 10.1159/000447885

18 Lang PA, Graf D, Boini KM, Lang KS, Klingel K, Kandolf R, Lang F: Cell volume, the serum and glucocorticoid 
inducible kinase 1 and the liver. Z Gastroenterol 2011;49:713–719. 

19 Lang F, Perrotti N, Stournaras C: Colorectal carcinoma cells-Regulation of survival and growth by SGK1. Int 
J Biochem Cell Biol 2010;42:1571–1575. 

20 Mora A, Komander D, van Aalten DMF, Alessi DR: PDK1, the master regulator of AGC kinase signal 
transduction. Semin Cell Dev Biol 2004;15:161–170. 

21 Hall BA, Kim TY, Skor MN, Conzen SD: Serum and glucocorticoid-regulated kinase 1 (SGK1) activation in 
breast cancer: requirement for mTORC1 activity associates with ER-alpha expression. Breast Cancer Res 
Treat 2012;135:469–479. 

22 Menniti M, Iuliano R, Amato R, Boito R, Corea M, Le Pera I, Gulletta E, Fuiano G, Perrotti N: Serum and 
glucocorticoid-regulated kinase Sgk1 inhibits insulin-dependent activation of phosphomannomutase 2 in 
transfected COS-7 cells. Am J Physiol Cell Physiol 2005;288:C148-155. 

http://dx.doi.org/10.1159%2F000480328


Cell Physiol Biochem 2017;43:108-119
DOI: 10.1159/000480328
Published online: August 25, 2017 118
Catalogna et al.: Combined Effects of  64CuCl2 and SI113 on Human GBM Cell Lines 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

23 Faletti CJ, Perrotti N, Taylor SI, Blazer-Yost BL: sgk: an essential convergence point for peptide and steroid 
hormone regulation of ENaC-mediated Na+ transport. Am J Physiol Cell Physiol 2002;282:C494-500. 

24 Menniti M, Iuliano R, Föller M, Sopjani M, Alesutan I, Mariggiò S, Nofziger C, Perri AM, Amato R, Blazer-Yost 
B, Corda D, Lang F, Perrotti N: 60kDa lysophospholipase, a new Sgk1 molecular partner involved in the 
regulation of ENaC. Cell Physiol Biochem 2010;26:587–596. 

25 Kobayashi T, Cohen P: Activation of serum- and glucocorticoid-regulated protein kinase by agonists that 
activate phosphatidylinositide 3-kinase is mediated by 3-phosphoinositide-dependent protein kinase-1 
(PDK1) and PDK2. Biochem J 1999;339:319–328. 

26 Lang F, Stournaras C: Serum and glucocorticoid inducible kinase, metabolic syndrome, inflammation, and 
tumor growth. Hormones (Athens);12:160–171. 

27 Amato R, Menniti M, Agosti V, Boito R, Costa N, Bond HM,  Barbieri V, Tagliaferri P, Venuta S, Perrotti N: 
IL-2 signals through Sgk1 and inhibits proliferation and apoptosis in kidney cancer cells. J Mol Med (Berl) 
2007;85:707–721. 

28 Abbruzzese C, Mattarocci S, Pizzuti L, Mileo AM, Visca P, Antoniani B,  Alessandrini G, Facciolo F, Amato R, 
D'Antona L, Rinaldi M, Felsani A, Perrotti N, Paggi MG: Determination of SGK1 mRNA in non-small cell lung 
cancer samples underlines high expression in squamous cell carcinomas. J Exp Clin Cancer Res 2012;31:4. 

29 Zheng G, Jia X, Peng C, Deng Y, Yin J, Zhang Z, Li N, Deng M, Liu X, Liu H, Lu M, Wang C, Gu Y, He Z: The 
miR-491-3p/mTORC2/FOXO1 regulatory loop modulates chemo-sensitivity in human tongue cancer. 
Oncotarget 2015;6:6931–6943. 

30 Nasir O, Wang K, Föller M, Gu S, Bhandaru M, Ackermann TF,  Boini KM, Mack A, Klingel K, Amato R, Perrotti 
N, Kuhl D, Behrens J, Stournaras C, Lang F: Relative resistance of SGK1 knockout mice against chemical 
carcinogenesis. IUBMB Life 2009;61:768–776. 

31 Amato R, D’Antona L, Porciatti G, Agosti V, Menniti M, Rinaldo C, Costa N, Bellacchio E, Mattarocci S, Fuiano 
G, Soddu S, Paggi MG, Lang F, Perrotti N: Sgk1 activates MDM2-dependent p53 degradation and affects cell 
proliferation, survival, and differentiation. J Mol Med (Berl) 2009;87:1221–1239. 

32 Amato R, Scumaci D, D’Antona L, Iuliano R, Menniti M, Di Sanzo M,  Faniello MC, Colao E, Malatesta P, 
Zingone A, Agosti V, Costanzo FS, Mileo AM, Paggi MG, Lang F, Cuda G, Lavia P, Perrotti N: Sgk1 enhances 
RANBP1 transcript levels and decreases taxol sensitivity in RKO colon carcinoma cells. Oncogene 
2013;32:4572–4578. 

33 Dattilo V, D’Antona L, Talarico C, Capula M, Catalogna G, Iuliano R, Schenone S, Roperto S, Bianco C, Perrotti 
N, Amato R: SGK1 affects RAN/RANBP1/RANGAP1 via SP1 to play a critical role in pre-miRNA nuclear 
export: A new route of epigenomic regulation. Sci Rep 2017;7. DOI: 10.1038/srep45361

34 Ortuso F, Amato R, Artese A, D’antona L, Costa G, Talarico C, Gigliotti F, Bianco C, Trapasso F, Schenone S, 
Musumeci F, Botta L, Perrotti N, Alcaro S: In silico identification and biological evaluation of novel selective 
serum/glucocorticoid-inducible kinase 1 inhibitors based on the pyrazolo-pyrimidine scaffold. J Chem Inf 
Model 2014;54:1828–1832. 

35 D’Antona L, Amato R, Talarico C, Ortuso F, Menniti M, Dattilo V,  Iuliano R, Gigliotti F, Artese A, Costa G, 
Schenone S, Musumeci F, Abbruzzese C, Botta L, Trapasso F, Alcaro S, Paggi MG, Perrotti N: SI113, a specific 
inhibitor of the Sgk1 kinase activity that counteracts cancer cell proliferation. Cell Physiol Biochem 
2015;35:2006-2018. 

36 Talarico C, D’Antona L, Scumaci D, Barone A, Gigliotti F, Fiumara CV, Dattilo V, Gallo E, Visca P, Ortuso F, 
Abbruzzese C, Botta L, Schenone S, Cuda G, Alcaro S, Bianco C, Lavia P, Paggi MG, Perrotti N, Amato R: 
Preclinical model in HCC: the SGK1 kinase inhibitor SI113 blocks tumor progression in vitro and in vivo 
and synergizes with radiotherapy. Oncotarget 2015;6:37511-37525.

37 Talarico C, Dattilo V, Lucia D’Antona, Barone A, Amodio N, Belviso S,  Musumeci F, Abbruzzese C, Bianco C, 
Trapasso F, Schenone S, Alcaro S, Ortuso F, Florio T, Paggi MG, Perrotti N, Amato R: SI113, a SGK1 inhibitor, 
potentiates the effects of radiotherapy, modulates the response to oxidative stress and induces cytotoxic 
autophagy in human glioblastoma multiforme cells. Oncotarget 2016;7:15868-15884.

38 Conza D, Mirra P, Calì G, Tortora T, Insabato L, Fiory F,  Schenone S, Amato R, Beguinot F, Perrotti N, 
Ulianich L: The SGK1 inhibitor SI113 induces autophagy, apoptosis, and endoplasmic reticulum stress in 
endometrial cancer cells. J Cell Physiol 2017; DOI: 10.1002/jcp.25850

http://dx.doi.org/10.1159%2F000480328


Cell Physiol Biochem 2017;43:108-119
DOI: 10.1159/000480328
Published online: August 25, 2017 119
Catalogna et al.: Combined Effects of  64CuCl2 and SI113 on Human GBM Cell Lines 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

39 D’Antona L, Amato R, Talarico C, Ortuso F, Menniti M, Dattilo V, Iuliano R, Gigliotti F, Artese A, Costa G, 
Schenone S, Musumeci F, Abbruzzese C, Botta L, Trapasso F, Alcaro S, Paggi MG, Perrotti N.: SI113, a Specific 
Inhibitor of the Sgk1 Kinase Activity that Counteracts Cancer Cell Proliferation. Cell Physiol Biochem 
2015;35:2006–2018. 

40 Talarico C, Dattilo V, Lucia D’Antona, Barone A, Amodio N, Belviso S,  Musumeci F, Abbruzzese C, Bianco C, 
Trapasso F, Schenone S, Alcaro S, Ortuso F, Florio T, Paggi MG, Perrotti N, Amato R: SI113, a SGK1 inhibitor, 
potentiates the effects of radiotherapy, modulates the response to oxidative stress and induces cytotoxic 
autophagy in human glioblastoma multiforme cells. Oncotarget 2016;7:15868-15884

41 Fransson Å, Glaessgen D, Alfredsson J, Wiman KG, Bajalica-Lagercrantz S, Mohell N: Strong synergy with 
APR-246 and DNA- damaging drugs in primary cancer cells from patients with TP53 mutant High-Grade 
Serous ovarian cancer DOI: 10.1186/s13048-016-0239-6

42 Ceruti S, Mazzola A, Abbracchio MP: Proteasome Inhibitors Potentiate Etoposide-Induced Cell Death in 
Human Astrocytoma Cells Bearing a Mutated p53 Isoform. J Pharmacol Exp Ther 2006;319:1424–1434. 

43 Sato Y, Kurose A, Ogawa A, Ogasawara K, Traganos F, Darzynkiewicz Z, Sawai T: Diversity of DNA damage 
response of astrocytes and glioblastoma cell lines with various p53 status to treatment with etoposide and 
temozolomide. Cancer Biol Ther 2009;8:452–457. 

44 Talarico C, D’Antona L, Scumaci D, Barone A, Gigliotti F, Fiumara CV,  Dattilo V, Gallo E, Visca P, Ortuso F, 
Abbruzzese C, Botta L, Schenone S, Cuda G, Alcaro S, Bianco C, Lavia P, Paggi MG, Perrotti N, Amato R: 
Preclinical model in HCC: the SGK1 kinase inhibitor SI113 blocks tumor progression in vitro and in vivo 
and synergizes with radiotherapy. Oncotarget 2015;6:37511-37525.

45 Raju KS, Alessandri G, Ziche M, Gullino PM: Ceruloplasmin, copper ions, and angiogenesis. J Natl Cancer 
Inst 1982;69:1183–1188. 

46 Molloy SA, Kaplan JH: Copper-dependent recycling of hCTR1, the human high affinity copper transporter. J 
Biol Chem 2009;284:29704–29713. 

47 Petris MJ, Smith K, Lee J, Thiele DJ: Copper-stimulated endocytosis and degradation of the human copper 
transporter, hCtr1. J Biol Chem 2003;278:9639–9646. 

48 Gaddy DF, Lee H, Zheng J, Jaffray DA, Wickham TJ, Hendriks BS: Whole-body organ-level and kidney micro-
dosimetric evaluations of 64Cu-loaded HER2/ErbB2-targeted liposomal doxorubicin (64Cu-MM-302) in 
rodents and primates. EJNMMI Res 2015;5:24. 

49 Obata A, Kasamatsu S, Lewis JS, Furukawa T, Takamatsu S, Toyohara J, Asai T, Welch MJ, Adams SG, Saji H, 
Yonekura Y, Fujibayashi Y: Basic characterization of 64Cu-ATSM as a radiotherapy agent. Nucl Med Biol 
2005;32:21–28. 

50 Lewis J, Laforest R, Buettner T, Song S, Fujibayashi Y, Connett J, Welch M: Copper-64-diacetyl-bis(N4-
methylthiosemicarbazone): An agent for radiotherapy. Proc Natl Acad Sci U S A 2001;98:1206–1211. 

51 Furukawa T, Komatsu M, Ikeda R, Tsujikawa K, Akiyama S: Copper transport systems are involved in 
multidrug resistance and drug transport. Curr Med Chem 2008;15:3268–3278. 

52 Cao F, Zhang Z-H, Wu P, Li L, Huang J-M: [Preliminary study of apoptotic inhibition and its molecular 
mechanism of dexamethasone on cisplatin-induced human lung adenocarcinoma cell line SPCA/I]. Sichuan 
Da Xue Xue Bao Yi Xue Ban 2013;44:902–906. 

http://dx.doi.org/10.1159%2F000480328

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_41: 
	CitRef_42: 
	CitRef_43: 
	CitRef_44: 
	CitRef_45: 
	CitRef_46: 
	CitRef_47: 
	CitRef_48: 
	CitRef_49: 
	CitRef_50: 
	CitRef_51: 
	CitRef_52: 


