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Simple Summary: The involvement of GRK2 in cancer growth and an inverse correlation with
p53 levels were suggested in breast cancer. Furthermore, increased GRK2 expression and activity
were detected in thyroid cancer, but its effects and mechanisms of action were not investigated yet.
This study aimed to explore the role of GRK2 in thyroid cancer both in vitro and in vivo and its
crosstalk with p53. We demonstrated that thyroid cancer cells bearing a mutant form of p53 but
not p53 null cells rely on GRK2 as a mechanism of proliferation by regulating p53 levels. Indeed,
GRK2 indirectly induces p53 degradation through means of its catalytic activity. The pharmacological
inhibition of the kinase effectively inhibits cancer growth by inducing p53-dependent mitochondrial
pathways of apoptosis. Our results demonstrate a p53-dependent effect of GRK2 in cancer and
suggest kinase inhibition as a potential therapeutic strategy for thyroid cancer.

Abstract: The involvement of GRK2 in cancer cell proliferation and its counter-regulation of p53
have been suggested in breast cancer even if the underlying mechanism has not yet been elucidated.
Furthermore, the possibility to pharmacologically inhibit GRK2 to delay cancer cell proliferation has
never been explored. We investigated this possibility by setting up a study that combined in vitro and
in vivo models to underpin the crosstalk between GRK2 and p53. To reach this aim, we took advantage
of the different expression of p53 in cell lines of thyroid cancer (BHT 101 expressing p53 and FRO cells,
which are p53-null) in which we overexpressed or silenced GRK2. The pharmacological inhibition
of GRK2 was achieved using the specific inhibitor KRX-C7. The in vivo study was performed in
Balb/c nude mice, where we treated BHT-101 or FRO-derived tumors with KRX-C7. In our in vitro
model, FRO cells were unaffected by GRK2 expression levels, whereas BHT-101 cells were sensitive,
thus suggesting a role for p53. The regulation of p53 by GRK2 is due to phosphorylative events
in Thr-55, which induce the degradation of p53. In BHT-101 cells, the pharmacologic inhibition of
GRK2 by KRX-C7 increased p53 levels and activated apoptosis through the mitochondrial release of
cytochrome c. These KRX-C7-mediated events were also confirmed in cancer allograft models in
nude mice. In conclusion, our data showed that GRK2 counter-regulates p53 expression in cancer
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cells through a kinase-dependent activity. Our results further corroborate the anti-proliferative role of
GRK2 inhibitors in p53-sensitive tumors and propose GRK2 as a therapeutic target in selected cancers.

Keywords: GRK2; p53; thyroid cancer; mitochondrial apoptosis; GRK2 inhibition

1. Introduction

G protein-coupled receptor kinase (GRKs) family plays a key role in the regulation of cancer
growth [1]. GRK5, for instance, exerts a double effect in cancer either as an inhibitor through the
desensitization of G Protein coupled Receptors (GPCR) and non-GPCR receptors (TSH, PGE2R, PDGFR)
or a trigger through the regulation of non-receptor substrates (p53, AUKA, and NPM1) [2]. Recently,
GRK2 has also been emerging as a potential oncomodulator. Indeed, in the past decades, the GRK2
interactome was greatly explored and novel substrates have been identified that can participate in
cancer progression [3]. GRK2 affects endothelial cell proliferation and migration to regulate tumor
angiogenesis [4,5]. Furthermore, the overexpression of GRK2 promotes breast tumor growth in mice,
while its down-regulation exerts the opposite effect and sensitizes cells to treatments [6]. In breast
cancer cells, GRK2 phosphorylates HDAC6, leading to tumor growth [6]. Furthermore, it has been
suggested that p53 can be a potential substrate of GRK2 [6]. GRK2 levels inversely correlate with
p53-dependent responses, although a clear explanation of such an effect is missing [6,7]. The finding
that the kinase participates in tumor growth comes with the corollary that kinase inhibition could be a
potential strategy to delay tumor growth [8,9].

It is known that p53 is an oncosuppressor that regulates cancer development in a transcriptionally
dependent and independent manner [10]. Indeed, p53 not only regulates the transcription of anti-cancer
genes in the nucleus, but also directly triggers the apoptotic pathway in mitochondria [11,12].
Several tumors, including thyroid tumors, differ in p53 expression and genetic profile, showing a
high incidence of mutations in the DNA-binding domain leading to the loss of p53 transcriptional
activity [13]. We have recently demonstrated that inhibitors of the MDM2-dependent degradation
of p53 exert anti-cancer effects also in the cells carrying these mutations [11], suggesting that in the
absence of the transcriptional activity, the mitochondrial apoptotic pathway induced by p53 is still
active [11]. Based on such a background, we evaluated the molecular mechanism by which GRK2
affects p53 signaling and we tested the effectiveness of GRK2 inhibition on cancer growth. Given the
recurrence of p53 mutation and the increased GRK2 expression and activity in thyroid carcinomas,
we explored the feasibility of our hypothesis in a p53-mutated thyroid cancer cell line (BHT-101) using
a p53-null cell line (FRO) as a control.

2. Methods

2.1. Cell Culture

BHT101, which expresses a p53 mutant at codon 251 (ATC→ACC; Ile→Thr), and FRO cells,
which do not express p53 at all, were a kind gift of Prof Massimo Santoro (Dipartimento di Medicina
molecolare e Biotecnologie Mediche—Università Federico II di Napoli, Italy). Cells were cultured in
the DMEM (Gibco) supplemented with 10% v/v FBS (GE Lifesciences) and 1% penicillin–streptomycin
(Gibco) at 37 ◦C in 95% air/5% CO2.

2.2. GRK2 Overexpression and Silencing

Cell transfection was performed with a lipo-transfection reagent (Lipofectamine 2000, Invitrogen,
Carlsbad, CA, USA, #11668-019) using 2µg of pcDNA3.1-GRK2, pcDNA3.1-GRK2-DN, or empty
pcDNA3.1 plasmid according to the manufacturer’s instructions. After 36 h from transfection,
GRK2 overexpression was detected by Western blotting using a specific antibody (Santa Cruz
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Biotechnology, Dallas, TX, USA). For GRK2 silencing, we used a pool of four target-specific 19–25-nt
small interfering RNA (siRNA) provided by Santa Cruz Biotechnology (#sc-29337) together with
control siRNAs represented by scrambled sequences that would not lead to the specific degradation
of any known cellular mRNA. BHT cells were transfected with 100 nM of GRK2 siRNAs or control
siRNAs using Lipofectamine 2000 and GRK2 expression was detected starting 24 h from transfection
by Western blotting.

2.3. Endoplasmic Reticulum Extracts

The cellular pellet was suspended in a hypotonic extraction buffer (10 mM 4-(2-hydroxyethyl)
-1-piperazineethanesulfonic acid (HEPES), pH 7.8, 25 mM KCl, 1 mM ethylene glycol-bis(β-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA)) and incubated at 4 ◦C for 20 min to allow the cells to swell.
After centrifugation at 600× g for 5 min, the generated pellet was suspended in an isotonic extraction
buffer (10 mM HEPES, pH 7.8, 250 mM sucrose, 25 mM KCl, and 1 mM EGTA) and lyzed using a
Dounce homogenizer. The homogenate was centrifuged at 1000× g for 10 min at 4 ◦C, and after
aspiration of the thin floating lipid layer, the supernatant was centrifuged at 12,000× g for 15 min. The
generated supernatant is the post-mitochondrial fraction (PMF) which contains microsomes. Calcium
chloride solution equivalent to 7.5 times the volume of PMF (8 mM) was added and incubated for 15
min at 4 ◦C. After centrifugation at 8000× g for 10 min, the generated pellet containing endoplasmic
reticulum- microsomes were lysed in an isotonic buffer by pipetting several times and incubating at 4
◦C for 15 min. The resultant protein extract was quantified using the Bradford reagent (BioRad) and
analyzed by Western blotting. The data were analyzed and the results are shown in the graph as the
mean of three independent experiments.

2.4. Immunoprecipitation and Western Blotting

BHT-1 and FRO cells were treated with KRX-C7 for one hour and cells were collected to perform
total, cytosolic, and ER extracts. Total and cytosolic lysates were prepared as described previously [14].
Immunoprecipitation and Western blot analysis were performed as previously described [11,15].
Briefly, cells were lyzed in a radioimmunoprecipitation assay buffer (RIPA)/SDS buffer (50 mM Tris–HCl
(pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.25% deoxycholate, 9.4 mg/50 mL sodium orthovanadate,
20% SDS). Protein concentration was determined by using the Pierce bicinchoninic acid (BCA) assay
kit (Thermo Fisher Scientific, Waltham, MA, USA, #23225) and starting from the same protein
concentration, endogenous p53 from total extracts were immunoprecipitated adding the specific
antibody (cell signaling) and protein A/G agarose (Santa Cruz, #sc-2003) with 4 ◦C overnight incubation.
After centrifugation at 5000× g for 5 min and extensive washes, the immunocomplexes were isolated;
through the addition of 2% SDS and incubation at 95 ◦C, denaturation of immunocomplexes was
performed that allowed removing the agarose beads. The samples were loaded onto the SDS-PAGE
gel for the immunoblotting analysis and the levels of p53 phosphorylation were detected using
the specific antibody (Thr55, p-p53, Santa Cruz), as well as the levels of co-immunoprecipitated
GRK2 and endoplasmic reticulum Ca2+ ATPase (SERCA) were detected using the specific antibody
from Santa Cruz and Cell Signaling, respectively. The levels of immunoglobulin (Ig) were used as
a loading control. The data were analyzed and the results are shown in the graph as the mean
of three independent experiments. For Western blotting, the following antibodies were used:
GRK2 (#sc-13143), Actina (#sc-1615), p-p53 (#sc-377567), and ERK2 (#sc-1647) from Santa Cruz
Biotecnology; p53 (#2524S), SERCA (#9580), Cytochrome c (#4272S), pRb (#9308), calnexin (#2679),
and p-ERK (#4370); cleaved caspase 3 from cell signaling; Ubiquitin (#ab7254) from Abcam.

2.5. Immunoprecipitation and Nano-LC-MS/MS Analysis

Immunoprecipitates from cells treated with DMSO and KRX-C7 were digested: 100 µL of
50 mM ammonium bicarbonate was added to each sample. The beads were vortexed gently for
1 h. The proteins were reduced with 10 mM Dithiothreitol (DTT) for 30 min, then alkylated with
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20 mM Iodoacetamide (IAA) for 1 h in the dark. The enzyme/substrate ratio was 1:100. The sample
was incubated at 37 ◦C overnight in a Thermomixer comfort (Eppendorf, Hamburg, Germany);
the supernatant was then collected. After trypsin digestion, the beads were washed twice with 50 µL
of 50% Acetonitrile (ACN) and the supernatants collected pooled and dried by a gentle nitrogen steam.
A nanoflow ultra-high performance liquid chromatography (UHPLC) instrument (Ultimate 3000,
RSLCnano Thermo Fisher Scientific, Waltham, MA, USA) was online hyphenated to a Q Exactive
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a nanoelectrospray ion source
(Thermo Fisher Scientific, Waltham, MA, USA). Peptides were loaded onto a C18-reversed phase
column (15 cm × 75 µm ID, 3 µm, EASYspray columnThermo). Mobile phases were A—0.1% HCOOH
in water, B—0.1% HCOOH canACN; the following gradients were used: 0–30% B, 0–40 min; 30–70% B,
40–45 min; 70–95% B, 45–50 min; 95% B, hold for 5 min, with a flow rate of 300 nL/min over 70 min.
Each sample was analyzed using LC-MS/MS twice. MS data were acquired using a data-dependent
Top10 method, with a survey scan (350–1500 m/z) using Higher-energy C-trap dissociation (HCD)
fragmentation. MS1 was acquired at a resolution of 70,000 at 400 m/z, while MS/MS at 17,500.
Unassigned precursor ion charge states as well as single charged species were excluded. Isolation
window was set to 3 Da and normalized collision energies (NCE) of 27 were applied. Maximum ion
injection times for MS and the MS/MS scans were 50 ms and 120 ms, respectively, and Automatic gain
control (ACG) values were set to 3E6 and 1e5, respectively. Dynamic exclusion: 30 s.

Raw MS data were analyzed using Proteome Discoverer software version 1.6.1.16 using the
SEQUEST search engine. The maximum allowed mass deviation was set to 20 ppm. Enzyme specificity
was set to trypsin, two missed cleavages were allowed. Carbamidomethylcysteine was set as a fixed
modification, methionine oxidation and phosphorylation of serine, threonine, and tyrosine—as variable
modifications. The spectra were searched against the Homo Sapiens (human) sequence database from
Swiss-Prot database 2020_11, taxonomy ID 9606.

2.6. Measurement of Mitochondrial Calcium Content

Analysis of the mitochondrial calcium content was performed as previously described [16]. Briefly,
mitochondria were isolated by cells using an EGTA/EDTA-free buffer to avoid chelating Ca2+, and,
after extensive washes, were lyzed in 0.6 M HCl and sonicated (2 × 10 s). The absolute calcium content
was determined using the o-cresolphthalein complexone assay (Cayman Chemical, #701220) according
to the manufacturer’s instructions. The data were analyzed and the results are shown in the graph as
the mean of three independent experiments.

2.7. Proliferation Assay

The assay was performed as described previously [17], using a CyQUANT® NF Cell Proliferation
Assay Kit (Invitrogen #C35006) according to the manufacturer’s instructions. The cells were treated
with KRX-C7 for 24 h. The data were analyzed and the results are shown in the graph as the mean of
three independent experiments.

2.8. In Vivo Study

Experiments were carried out following the NIH guidelines for animal investigation in 8-week-old
male BALB/c immunocompetent nude mice (weight range: 24 ± 1.2), which were purchased by Charles
River. The mice were housed in the animal facility of the Department of Translational Medical Sciences
of Federico II University of Naples (Italy) and health monitoring was performed according to the
Federation of European Laboratory Animal Science Associations (FELASA) guidelines. All mice were
fed commercial mouse diet food with a 12-h light-dark cycle under pathogen-free conditions and
had access to food and water ad libitum. All in vivo experimental protocols were approved by the
Federico II University’s Ethical Committee for Animal Studies and were carried out in accordance
with EU Directive 2010/63/EU for animal experiments. During the experiments, the animals were
carefully monitored and euthanized if they showed signs of pain, such as reduced food or water
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intake, skin ulcers, hunched posture, excessive weight loss. Euthanasia was performed using a mix of
isoflurane and oxygen inhalation followed by cervical dislocation.

Sample size calculation showed that 5 mice/group were needed to achieve the statistical power
of 0.8 based on our previous in vivo experiments [14,17]. BHT-101 and FRO cells were injected in
Balb/c nude mice as described previously [14,17]. Briefly, a suspension containing 2× 106 cancer
cells in 200µL of DMEM was injected subcutaneously in the dorsal side of nude mice to induce
tumor formation. The mice were randomly divided into two groups (5 mice/group) and treated with
intra-tumor injections of KRX-C7 (1 mg/kg) or saline twice a week for 3 weeks. Tumor growth was
measured with a caliper twice a week. After three weeks, tumors were collected for the Western blot
analysis. For all the experiments, the animals were anesthetized with 3% isoflurane and euthanasia
was performed by cervical dislocation.

2.9. Statistical Analysis

All values are presented as mean ± SEM. Statistical analysis was performed using the Student’s
t-test (for 2 groups) and two-way ANOVA to compare the different parameters between the different
groups. The significance level of p < 0.05 was assumed for all statistical evaluations. The statistical
data were computed with the GraphPad Prism software version 8.0 for Mac (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. GRK2 Induces Cancer Cell Proliferation by Regulating p53

We evaluated the effects of GRK2 overexpression and silencing in two thyroid cancer cell lines,
BHT-101 and FRO cells, which differ in p53 but not GRK2 expression. Figure 1A shows transgenic
GRK2 overexpression and GRK2 and p53 silencing in BHT-101 cells. The overexpression and silencing
of GRK2 in BHT-101 cells exert opposite effects on cell proliferation (Figure 1B), while in FRO cells,
cell proliferation was insensitive to the different rates of GRK2 (Figure 1B). Accordingly, P-ERK and pRb
levels, markers of proliferation, are increased by GRK2 overexpression (Figure 1C) and inhibited by its
silencing in BHT-101 cells (Figure 1D). However, their levels are unchanged in FRO cells (Figure 1C,D).
These data suggest that p53 expression could be involved in GRK2-dependent proliferation of cancer
cells. To assess this issue, we silenced p53 in BHT-101 cells and evaluated the effect on cell proliferation.
Silencing of p53 significantly increased cell proliferation both basally and in response to GRK2
overexpression (Figure 1B), confirming the key role of p53 in GRK2-dependent cancer cell proliferation.
In line with previous findings in breast cancer cells [6,7], in BHT-101 cells, p53 levels were inversely
correlated with the GRK2 expression rate. Indeed, the overexpression of the kinase reduced p53 levels,
while its silencing exerted the opposite effect (Figure 1E). Altogether, these results suggest that p53 is a
possible mediator for GRK2 regulation of cancer cell proliferation.

3.2. GRK2 Inhibits p53 Signaling through Its Catalytic Activity

It has been suggested that GRK2 regulates breast cancer growth through catalytic activity:
hence, we evaluated whether GRK2 inhibition could affect p53 responses. Kinase inhibition was
induced by KRX-C7, a specific inhibitor that we synthesized and tested in previous studies [18,19].
KRX-C7 increased p53 levels (Figure 2A), suggesting that the catalytic activity of GRK2 was needed
to induce cancer cell proliferation through the down-regulation of p53. This finding was further
confirmed by overexpressing the kinase-dead mutant of GRK2 (GRK2-DN). Indeed, GRK2-DN did not
affect p53 levels in response to KRX-C7 compared with the wild-type form (Figure 2B). In BHT-101
cells, KRX-C7 also blocked cell proliferation (Figure 2C) and reduced the phosphorylation of both ERK
and Rb (Figure 2E), but was not effective in FRO cells (Figure 2D,E) and in BHT-101 cells in response
to p53 silencing (Figure 2C). According to the data observed in BHT-101 cells, KRX-C7 was also
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effective in reducing the proliferation of another thyroid cancer cell line bearing a different mutation of
p53 (Figure S1).
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Figure 1. GRK2 induces cancer cell proliferation by regulating p53. (A) GRK2 and p53 silencing were
induced by transient transfection in BHT-101 cells. Protein levels were evaluated by the Western blot
analysis. Actin was used as a loading control. (B) BHT-101 and FRO cells were transfected with
pcDNA3.1, pcDNA3.1-GRK2, Scramble, GRK2 siRNA, or p53 siRNA as indicated, and cell proliferation
was evaluated. The overexpression of GRK2 and p53 silencing induces BHT-101 cell proliferation,
while GRK2 silencing exerts an opposite effect, but no effects were detected in FRO cells in any
condition. Densitometric analysis is shown in the bar graph; * p < 0.05 vs. pcDNA3.1 and # p < 0.05
vs. Scramble. (C,D) The phosphorylated forms of ERK and Rb were evaluated by Western blotting.
Both are increased by GRK2 overexpression (C) and inhibited by its silencing in BHT-101 cells (D),
but are unchanged in FRO cells. Actin and ERK2 were used as a loading control of pRb and p-ERK2,
respectively. Densitometric analysis is shown in the bar graph; * p < 0.05 vs. pcDNA3.1 and # p < 0.05
vs. Scramble. (E) Western blotting was used to detect p53 levels. In BHT-101 cells, the overexpression
of GRK2 reduces p53 levels, while its silencing exerts the opposite effect. Actin was used as a loading
control. Densitometric analysis is shown in the bar graph; * p < 0.05 vs. pcDNA3.1 and # p < 0.05
vs. Scramble.
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Figure 2. GRK2 inhibits p53 signaling through its catalytic activity. (A) BHT-101 cells were treated 
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proliferation, but was not more effective in cells with p53 silencing (C). KRX-C7 was not effective in 
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vs. Scramble. (E) The phosphorylated forms of ERK and Rb were evaluated by Western blotting. KRX-

Figure 2. GRK2 inhibits p53 signaling through its catalytic activity. (A) BHT-101 cells were treated
with KRX-C7 and p53 levels were evaluated by Western blotting. Densitometric analysis is shown in
the bar graph, * p < 0.05 vs. the control and § p < 0.05 vs. KRX-C7. (B) BHT-101 and FRO cells were
transfected with GRK2 and GRK2-DN plasmids and p53 levels were evaluated by Western blotting
both basally and in response to KRX-C7. Densitometric analysis is shown in the bar graph, * p < 0.05
vs. the control and § p < 0.05 vs. KRX-C7. (C,D) BHT-101 cells were treated with DMSO or KRX-C7
after the silencing of p53 and cell proliferation was evaluated. KRX-C7 inhibited BHT-101 proliferation,
but was not more effective in cells with p53 silencing (C). KRX-C7 was not effective in FRO cells (D).
Densitometric analysis is shown in the bar graph; § p < 0.05 vs. DMSO and # p < 0.05 vs. Scramble.
(E) The phosphorylated forms of ERK and Rb were evaluated by Western blotting. KRX-C7 inhibited
the phosphorylation of ERK and Rb in BHT-101 cells, but not in FRO cells. Densitometric analysis is
shown in the bar graph; § p < 0.05 vs. DMSO.
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3.3. GRK2 Regulates p53 Levels by Interfering with Its Degradation

We explored the mechanism through which GRK2 rapidly modifies p53 levels. To this aim,
we evaluated whether GRK2 was able to bind and phosphorylate p53 and the possible effects
on p53 degradation. Our results show that GRK2 was basally able to precipitate p53 and such
interaction was higher in response to GRK2 overexpression, but was reduced in response to KRX-C7
(Figure 3A). To further confirm the effect of KRX-C7 on the disruption of GRK2 and p53 interaction,
we performed the nano-LC-MS/MS analysis and corrected the GRK2/p53 rate in the same sample.
The results confirmed the interaction between GRK2 and p53 that was reduced in response to KRX-C7
(Figure 3B). We then explored the possibility that GRK2 could regulate p53 levels by interfering with its
degradation and showed that KRX-C7 reduced p53 ubiquitination (Figure 3C). Since p53 proteasomal
degradation depends on Thr55 phosphorylation [20], we evaluated whether GRK2 affected such an
event. As expected, KRX-C7 reduced p53 phosphorylation in threonine 55 (Figure 3D) in line with
its effects on p53 degradation. Altogether, these findings suggest that GRK2 regulates p53 levels by
inducing its degradation in a kinase-dependent manner. To confirm these findings, we evaluated
the effects of GRK2 overexpression and inhibition on p53 levels in the BHT-101 cells pretreated with
cycloheximide to inhibit de novo protein synthesis. Figure 3E shows that GRK2 overexpression and
KRX-C7 also mod ulate p53 half-life in response to the inhibition of protein synthesis.

3.4. KRX-C7 Induces p53 Mitochondrial Pathway of Apoptosis

It is known that p53 also activates apoptosis in a transcriptionally independent manner through
its interaction with SERCA on the endoplasmic reticulum (ER) that regulates the calcium flux to
mitochondria and the release of cytochrome c from this organelle [21]. To assess whether GRK2 could
affect such a pathway, we retraced it in our experimental model. First, we explored the expression
levels of p53 in response to KRX-C7 in the ER compartment finding that KRX-C7 increased p53
levels in the ER (Figure 4A); this was associated with increased interaction with SERCA (Figure 4B).
These events were followed by mitochondrial calcium overload (Figure 4C) and cytochrome c release
from mitochondria (Figure 4D). This latter was not observed in p53-null cells (Figure 4D). We then
explored the effects of KRX-C7 on apoptosis by analyzing specific markers downstream of cytochrome
c. In particular, we evaluated cleaved caspase 3 levels (Figure 4E) and Annexin V staining (Figure 4F).
Both experiments confirmed the ability of KRX-C7 to induce cell apoptosis in BHT-101 (Annexin V:
+35 ± 2%; cleaved caspase 3: +49 ± 1.5%; KRX-C7 versus DMSO), but not in FRO cells. These findings
suggest that GRK2 inhibits the p53 mitochondrial pathway of apoptosis.

3.5. KRX-C7 Inhibits Tumor Growth In Vivo

To translate in vitro findings in a pre-clinical model of cancer, we evaluated the oncologic
therapeutic feature of KRX-C7 in vivo in Balb/c nude mice bearing BHT-101- or FRO-derived tumors.
To this aim, BHT-101 and FRO cells were injected to Balb/c nude mice as described in the methods,
and the derived tumors were treated with KRX-C7. In the basal conditions, FRO-derived tumors grew
more actively than BHT-101-derived tumors, which was consistent with the absence of p53. In treated
tumors, KRX-C7 inhibited BHT-101-derived tumor growth in a time-dependent manner (Figure 5A),
but was not effective in FRO-derived tumors (Figure 5B). Our in vivo findings suggest that GRK2
inhibition could be an effective strategy to delay tumor growth. In line with our in vitro findings, in
BHT-101-derived tumors, KRX-C7 increased p53 levels (Figure 5C) by inhibiting its phosphorylation in
threonine 55 (Figure 5D). This caused an increase in the p53-SERCA interaction (Figure 5E), which was
associated with an up-regulation of cytochrome c release from mitochondria (Figure 5F). These findings
confirm the effectiveness of KRX-C7 in reducing tumor growth by inducing the p53 mitochondrial
pathway of apoptosis.
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Figure 3. GRK2 regulates p53 levels by interfering with its degradation. (A) BHT-101 cells were 
transfected with pcDNA3.1/pcDNA3.1–GRK2 or treated with DMSO/KRX-C7. GRK2 was detected by 
Western blotting after p53 was immunoprecipitated from whole extracts. The whole lysate from 
control cells was used as the positive control. As the negative control, the assay was performed using 
a non-specific antibody from the same species as the immunoprecipitation (IP) antibody. GRK2 
precipitated p53 and such interaction is higher in response to GRK2 overexpression, but is reduced in 
response to KRX-C7. IP=immunoprecipitated, IB= immunoblotting. Densitometric analysis is shown 
in the bar graph; § p < 0.05 vs. DMSO and * p < 0.05 vs. pc-DNA3.1. (B) Cells were treated with DMSO 

Figure 3. GRK2 regulates p53 levels by interfering with its degradation. (A) BHT-101 cells were
transfected with pcDNA3.1/pcDNA3.1–GRK2 or treated with DMSO/KRX-C7. GRK2 was detected
by Western blotting after p53 was immunoprecipitated from whole extracts. The whole lysate from
control cells was used as the positive control. As the negative control, the assay was performed
using a non-specific antibody from the same species as the immunoprecipitation (IP) antibody.
GRK2 precipitated p53 and such interaction is higher in response to GRK2 overexpression, but is
reduced in response to KRX-C7. IP = immunoprecipitated, IB = immunoblotting. Densitometric
analysis is shown in the bar graph; § p < 0.05 vs. DMSO and * p < 0.05 vs. pc-DNA3.1. (B) Cells
were treated with DMSO or KRX-C7 and p53 was immunoprecipitated from whole-cell extracts.
Immunoprecipitates were analyzed by nano-LC-MS/MS to assess the presence of GRK2 and p53 and
their interaction. The results are shown in the the bar graph; * p < 0.05 vs. DMSO. (C) Western blotting
was performed using an anti-ubiquitin antibody after p53 was immunoprecipitated from total lysates
of the BHT-101 cells treated with DMSO or KRX-C7. KRX-C7 reduced p53 ubiquitination. The results
are shown in the bar graph; § p < 0.05 vs. DMSO. (D) Western blotting was performed to detect the
phosphorylated form of p53 in threonine 55 after p53 was immunoprecipitated from total lysates of
the BHT-101 cells treated with DMSO or KRX-C7. The whole lysate was used as the positive control.
As the negative control, the assay was performed using a non-specific antibody from the same species
as the IP antibody. KRX-C7 reduced p53 phosphorylation. Densitometric analysis is shown in the
bar graph; § p < 0.05 vs. DMSO. (E) BHT-101 cells were pretreated for 30 min with cycloheximide
(50 µg/mL). Western blotting was used to evaluate p53 levels in response to GRK2 overexpression and
KRX-C7. Treatments were also effective in modulating the p53 half-life in the presence of cycloheximide.
Densitometric analysis is shown in the bar graph; * p < 0.05 vs. the control.
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Figure 4. KRX-C7 induces p53 mitochondrial pathway of apoptosis. (A) Western blotting was used to 
detect p53 levels in the endoplasmic reticulum extracts isolated from the BHT-101 cells treated with 
DMSO or KRX-C7. The treatment with KRX-C7 increased p53 levels in such extracts. Densitometric 
analysis is shown in the bar graph; § p < 0.05 vs. DMSO. (B) Whole extracts of the BHT-101 cells treated 
with DMSO or KRX-C7 were used to immunoprecipitate p53, and SERCA was detected by Western 
blotting. The whole lysate was used as the positive control. As the negative control, the assay was 
performed using a non-specific antibody from the same species as the IP antibody. KRX-C7 increased 
the interaction between p53 and SERCA on the reticulum. Densitometric analysis is shown in the bar 
graph; § p < 0.05 vs. DMSO. (C) The absolute calcium content was determined using the o-
cresolphthalein complexone assay in the mitochondria isolated from the BHT-101 cells treated with 
DMSO or KRX-C7. KRX-C7 increased mitochondrial calcium content. Densitometric analysis is 
shown in the bar graph; § p < 0.05 vs. DMSO. (D) Cytochrome c release from mitochondria was 
evaluated by Western blotting in cytosolic extracts from the BHT-101 and FRO cells treated with 

Figure 4. KRX-C7 induces p53 mitochondrial pathway of apoptosis. (A) Western blotting was used to
detect p53 levels in the endoplasmic reticulum extracts isolated from the BHT-101 cells treated with
DMSO or KRX-C7. The treatment with KRX-C7 increased p53 levels in such extracts. Densitometric
analysis is shown in the bar graph; § p < 0.05 vs. DMSO. (B) Whole extracts of the BHT-101 cells treated
with DMSO or KRX-C7 were used to immunoprecipitate p53, and SERCA was detected by Western
blotting. The whole lysate was used as the positive control. As the negative control, the assay was
performed using a non-specific antibody from the same species as the IP antibody. KRX-C7 increased the
interaction between p53 and SERCA on the reticulum. Densitometric analysis is shown in the bar graph;
§ p < 0.05 vs. DMSO. (C) The absolute calcium content was determined using the o-cresolphthalein
complexone assay in the mitochondria isolated from the BHT-101 cells treated with DMSO or KRX-C7.
KRX-C7 increased mitochondrial calcium content. Densitometric analysis is shown in the bar graph;
§ p < 0.05 vs. DMSO. (D) Cytochrome c release from mitochondria was evaluated by Western blotting
in cytosolic extracts from the BHT-101 and FRO cells treated with DMSO or KRX-C7. KRX-C7 increased
cytochrome c levels in BHT-101, but not in FRO cells. Densitometric analysis is shown in the bar graph;
§ p < 0.05 vs. DMSO. (E,F) Apoptosis was evaluated in BHT-101 and FRO cells using Annexin V staining
(F) and cleaved caspase 3 levels (E). Cells were treated with DMSO or KRX-C7. KRX-C7 induced
apoptosis in BHT-101 cells, but was not effective in FRO cells (F). Accordingly, the levels of cleaved
caspase 3 were increased in BHT-101 cells in response to KRX-C7 but did not change in FRO cells (E).
ns = not significant; * p < 0.05 vs. DMSO.
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Figure 5. KRX-C7 inhibits tumor growth in vivo. (A,B) BHT-101 or FRO cells were subcutaneously 
injected to Balb/c nude mice. Treatment was performed through intra-tumor injection of DMSO or 
KRX-C7. Tumor volumes were measured twice a week for three weeks using a caliper. KRX-C7 was 
effective in reducing BHT-101-derived tumor growth (A), but was not effective in FRO-derived 
tumors (B). ns = not significant. Densitometric analysis is shown in the bar graph; ** p < 0.001 vs 
starting treatment; *** p < 0.05 vs. the starting treatment. (C–F) Tumors were collected at the end of 
the treatment and lyzed for measuring p53 levels and phospho-p53 (Thr55) in whole lysates, 

Figure 5. KRX-C7 inhibits tumor growth in vivo. (A,B) BHT-101 or FRO cells were subcutaneously
injected to Balb/c nude mice. Treatment was performed through intra-tumor injection of DMSO or
KRX-C7. Tumor volumes were measured twice a week for three weeks using a caliper. KRX-C7 was
effective in reducing BHT-101-derived tumor growth (A), but was not effective in FRO-derived tumors
(B). ns = not significant. Densitometric analysis is shown in the bar graph; ** p < 0.01, *** p < 0.001 vs.
the starting treatment. (C–F) Tumors were collected at the end of the treatment and lyzed for measuring
p53 levels and phospho-p53 (Thr55) in whole lysates, cytochrome c levels in cytosolic extracts, and the
interaction between p53 and SERCA in whole extracts. In BHT-101-derived tumors, KRX-C7 induced
p53 levels (C), inhibited its phosphorylation in threonine 55 (D), increased the p53/SERCA interaction
(E), and induced cytochrome c release from mitochondria (F). In the immunoprecipitation assay, the
whole lysate was used as the positive control and, as the negative control, the assay was performed
using a non-specific antibody from the same species as the IP antibody. Densitometric analysis is shown
in the bar graph; § p < 0.05 vs. DMSO.
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4. Discussion

Our study showed for the first time that GRK2 acts as a cancer activator through p53. Accordingly,
our results propose the inhibition of GRK2 activity as a potential therapeutic strategy for GRK2- and
p53-expressing cancers. Crosstalk between GRK2 and p53 has been previously suggested in breast
cancer cells expressing the wild-type form of p53 [5]. Indeed, GRK2 protein levels inversely correlate
with p53-dependent apoptotic responses [7]. Since GRK2 levels and activity are also increased in thyroid
cancer tissues [9], here, we assessed such crosstalk in cancer cell lines derived from human thyroid
anaplastic cancer: BHT-101, which carries a mutation in the p53 gene which inhibits DNA binding,
and FRO, which is a p53-null cell line. We choose a mutated cancer cell line, since the loss of function
of tumor suppressor proteins is the most frequent alteration in thyroid cancer [22,23]. In particular,
loss of p53 function due to mutation in the DNA binding domain is a peculiar feature of anaplastic
thyroid carcinomas which causes tumor progression and chemoresistance [24,25]. Moreover, TP53 gene
inactivation seems to play a major role in the progression from differentiated to undifferentiated
carcinomas, suggesting the involvement of p53 in the late stages of the carcinogenic process [26].
Indeed, this particular type of mutation is rare in differentiated thyroid cancer [23], but ranges from
50% to 80% in undifferentiated tumors [27,28].

The lack of p53 transcriptional activity does not affect the protein ability to induce apoptosis via
the activation of the mitochondrial apoptotic pathway [29]. Thus, in the cancer cells characterized by
loss of p53 function in the nucleus, p53 still represents a potential target for inducing cancer cell death.

GRK2 exerts a key role in the development and progression of breast cancer growth and
metastatization through its catalytic activity [4,6,7]. Here, we show that this ability of GRK2 is
also retained in thyroid cancer, where it is highly active [8,9]. The kinase overexpression induces
BHT-101 cell proliferation which is associated with an increase in p-ERK and pRb levels. Accordingly,
the silencing of GRK2 reduces such effects. This GRK2-dependent phenotype is reproduced neither
in p53-null cells nor in BHT-101 cells with silencing of p53 suggesting that p53 is a fundamental
GRK2 target in the regulation of cancer progression. To our knowledge, such a tight link between
GRK2 and p53 in cancer had never been shown previously. We also demonstrated for the first time
the mechanism by which GRK2 affects p53 signaling. GRK2 can interact with p53 and regulate its
phosphorylation in threonine 55, a post-translational modification that is known to favor protein
ubiquitination and degradation. Thus, GRK2 reduces p53 levels in cancer cells by regulating its
degradation. Previously, Chen and colleagues demonstrated that GRK5, but not GRK2, was able to
directly phosphorylate p53 [30]. In line with these findings, we did not prove that the kinase directly
phosphorylates p53, but just its ability to regulate p53 phosphorylation. Thus, it is likely that GRK2 is
part of a complex pathway which finally leads to p53 phosphorylation. In this context, we previously
demonstrated that GRK2 directly affects mitochondrial function [31–33], therefore, we cannot exclude
a direct mitochondrial effect of GRK2 in cancer. Further studies will be needed to clarify this issue.

Given the suggested involvement of GRK2 catalytic activity in such a pathway [6], we explored
the possibility that its inhibition could effectively delay tumor growth in vivo. We inhibited GRK2
activity through a synthetic peptide reproducing the HJ loop of the kinase catalytic domain that
we previously designed and tested [34]. The inhibition of GRK2 activity by KRX-C7 significantly
reduces BHT-101-derived tumor growth by inducing mitochondrial p53 activity but is not effective in
FRO-derived tumors. These findings confirm that GRK2 pro-tumoral activity is strictly dependent on
p53, since it is based on kinase-dependent p53 phosphorylation and degradation.

In response to stresses, p53 accumulates at the endoplasmic reticulum–mitochondrial-associated
membranes (ER–MAMs), where it interacts with the endoplasmic reticulum Ca2+ ATPase (SERCA)
pump to promote calcium overload in the mitochondria. This causes the loss of membrane potential and
activation of the mitochondrial apoptotic process through the release of cytochrome c [21]. We retraced
such pathways in thyroid cancer cells showing that it is induced by KRX-C7 treatment both in vitro
and in vivo. Indeed, KRX-C7 significantly increases p53 levels and its interaction with SERCA in
the ER. Moreover, it induces a calcium overload in mitochondria which results in the release of
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cytochrome c from mitochondria into the cytosol. Altogether these findings are of great interest in the
cancer field for the identification of a novel strategy to reduce thyroid cancer progression mediated
by the inhibition of GRK2 activity. Several kinase inhibitors have been proposed in the past decades
to treat pathological conditions which were dependent on excessive GRK2 activity, such as cardiac
damage [35]. In this context, we designed a novel strategy of inhibition of GRK2 by mimicking
the HJ loop of the kinase which was effective for the treatment of cardiac hypertrophy [36] and of
diabetes and its cardiovascular complications [34]. Diabetes has also been associated with a high risk of
developing thyroid cancer [37]; thus, our inhibitor could be effective in the treatment of comorbidities
associated with metabolic diseases (cardiovascular diseases and cancer). Further experiments will be
needed to prove such a hypothesis; however, our data propose KRX-C7 as a promising treatment for
undifferentiated thyroid cancer.

5. Conclusions

Our data demonstrated for the first time a close interaction between GRK2 and p53 in cancer
which is responsible for kinase-dependent tumor growth. Moreover, we identify the inhibition of GRK2
activity as a potential strategy to delay tumor progression. These data strongly contribute to increasing
the knowledge in tumor biology and suggest a novel molecule to use for therapeutic purposes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3530/s1:
Figure S1: SF 1: KRX-C7 inhibits KAT-4 cell proliferation.

Author Contributions: D.S. and G.I. conceived and designed the study; J.G., A.F., G.S., F.A.C., M.C., M.S., P.C.,
E.S. performed the experiments, analyzed the data, and revisited them critically; M.C., M.I., G.I., D.S. analyzed the
data, wrote the paper, and revisited it critically. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from Progetti di rilevante interesse nazionale (PRIN) (2017HTKLRF)
and Campania Bioscience (PON03PE_00060_8) to G.I.

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

References

1. Yu, S.; Sun, L.; Jiao, Y.; Lee, L.T.O. The Role of G Protein-coupled Receptor Kinases in Cancer. Int. J. Biol. Sci.
2018, 14, 189–203. [CrossRef] [PubMed]

2. Gambardella, J.; Franco, A.; Giudice, C.D.; Fiordelisi, A.; Cipolletta, E.; Ciccarelli, M.; Trimarco, B.;
Iaccarino, G.; Sorriento, D. Dual role of GRK5 in cancer development and progression. Transl. Med. UniSa
2016, 14, 28–37. [PubMed]

3. Penela, P.; Murga, C.; Ribas, C.; Lafarga, V.; Mayor, F., Jr. The complex G protein-coupled receptor kinase 2
(GRK2) interactome unveils new physiopathological targets. Br. J. Pharmacol. 2010, 160, 821–832. [CrossRef]
[PubMed]

4. Rivas, V.; Nogues, L.; Reglero, C.; Mayor, F., Jr.; Penela, P. Role of G protein-coupled receptor kinase 2 in
tumoral angiogenesis. Mol. Cell. Oncol. 2014, 1, e969166. [CrossRef]

5. Penela, P.; Nogues, L.; Mayor, F., Jr. Role of G protein-coupled receptor kinases in cell migration. Curr. Opin.
Cell Biol. 2014, 27, 10–17. [CrossRef]

6. Nogues, L.; Reglero, C.; Rivas, V.; Salcedo, A.; Lafarga, V.; Neves, M.; Ramos, P.; Mendiola, M.; Berjon, A.;
Stamatakis, K.; et al. G Protein-coupled Receptor Kinase 2 (GRK2) Promotes Breast Tumorigenesis Through
a HDAC6-Pin1 Axis. EBioMedicine 2016, 13, 132–145. [CrossRef]

7. Penela, P.; Rivas, V.; Salcedo, A.; Mayor, F., Jr. G protein-coupled receptor kinase 2 (GRK2) modulation and
cell cycle progression. Proc. Natl. Acad. Sci. USA 2010, 107, 1118–1123. [CrossRef]

8. Metaye, T.; Menet, E.; Guilhot, J.; Kraimps, J.L. Expression and activity of g protein-coupled receptor kinases
in differentiated thyroid carcinoma. J. Clin. Endocrinol. Metab. 2002, 87, 3279–3286. [CrossRef]

9. Metaye, T.; Levillain, P.; Kraimps, J.L.; Perdrisot, R. Immunohistochemical detection, regulation and
antiproliferative function of G-protein-coupled receptor kinase 2 in thyroid carcinomas. J. Endocrinol.
2008, 198, 101–110. [CrossRef]

http://www.mdpi.com/2072-6694/12/12/3530/s1
http://dx.doi.org/10.7150/ijbs.22896
http://www.ncbi.nlm.nih.gov/pubmed/29483837
http://www.ncbi.nlm.nih.gov/pubmed/27326393
http://dx.doi.org/10.1111/j.1476-5381.2010.00727.x
http://www.ncbi.nlm.nih.gov/pubmed/20590581
http://dx.doi.org/10.4161/23723548.2014.969166
http://dx.doi.org/10.1016/j.ceb.2013.10.005
http://dx.doi.org/10.1016/j.ebiom.2016.09.030
http://dx.doi.org/10.1073/pnas.0905778107
http://dx.doi.org/10.1210/jcem.87.7.8618
http://dx.doi.org/10.1677/JOE-07-0562


Cancers 2020, 12, 3530 14 of 15

10. Moll, U.M.; Zaika, A. Nuclear and mitochondrial apoptotic pathways of p53. FEBS Lett. 2001, 493, 65–69.
[CrossRef]

11. Sorriento, D.; Del Giudice, C.; Bertamino, A.; Ciccarelli, M.; Gomez-Monterrey, I.; Campiglia, P.; Novellino, E.;
Illario, M.; Trimarco, B.; De Luca, N.; et al. New small molecules, ISA27 and SM13, inhibit tumour growth
inducing mitochondrial effects of p53. Br. J. Cancer 2015, 112, 77–85. [CrossRef] [PubMed]

12. Vaseva, A.V.; Moll, U.M. The mitochondrial p53 pathway. Biochim. Biophys. Acta 2009, 1787, 414–420.
[CrossRef] [PubMed]

13. Olivier, M.; Hollstein, M.; Hainaut, P. TP53 mutations in human cancers: Origins, consequences, and clinical
use. Cold Spring Harb. Perspect. Biol. 2010, 2, a001008. [CrossRef] [PubMed]

14. Sorriento, D.; Campanile, A.; Santulli, G.; Leggiero, E.; Pastore, L.; Trimarco, B.; Iaccarino, G. A new synthetic
protein, TAT-RH, inhibits tumor growth through the regulation of NFkappaB activity. Mol. Cancer 2009, 8, 97.
[CrossRef]

15. Iaccarino, G.; Izzo, R.; Trimarco, V.; Cipolletta, E.; Lanni, F.; Sorriento, D.; Iovino, G.L.; Rozza, F.; De Luca, N.;
Priante, O.; et al. Beta2-adrenergic receptor polymorphisms and treatment-induced regression of left
ventricular hypertrophy in hypertension. Clin. Pharmacol. Ther. 2006, 80, 633–645. [CrossRef]

16. Santulli, G.; Xie, W.; Reiken, S.R.; Marks, A.R. Mitochondrial calcium overload is a key determinant in heart
failure. Proc. Natl. Acad. Sci. USA 2015, 112, 11389–11394. [CrossRef]

17. Gambardella, J.; Ciccarelli, M.; Del Giudice, C.; Fiordelisi, A.; De Rosa, M.; Sala, M.; Pacelli, R.; Campiglia, P.;
Trimarco, B.; Iaccarino, G.; et al. A Novel Small Peptide Inhibitor of NFkappaB, RH10, Blocks Oxidative
Stress-Dependent Phenotypes in Cancer. Oxid. Med. Cell Longev. 2018, 2018, 5801807. [CrossRef]

18. Carotenuto, A.; Cipolletta, E.; Gomez-Monterrey, I.; Sala, M.; Vernieri, E.; Limatola, A.; Bertamino, A.;
Musella, S.; Sorriento, D.; Grieco, P.; et al. Design, synthesis and efficacy of novel G protein-coupled receptor
kinase 2 inhibitors. Eur. J. Med. Chem. 2013, 69, 384–392. [CrossRef]

19. Ciccarelli, M.; Sorriento, D.; Fiordelisi, A.; Gambardella, J.; Franco, A.; Del Giudice, C.; Sala, M.; Monti, M.G.;
Bertamino, A.; Campiglia, P.; et al. Pharmacological inhibition of GRK2 improves cardiac metabolism and
function in experimental heart failure. ESC Heart Fail. 2020, 7, 1571–1584. [CrossRef]

20. Li, H.H.; Li, A.G.; Sheppard, H.M.; Liu, X. Phosphorylation on Thr-55 by TAF1 mediates degradation of p53:
A role for TAF1 in cell G1 progression. Mol. Cell 2004, 13, 867–878. [CrossRef]

21. Haupt, S.; Raghu, D.; Haupt, Y. p53 Calls upon CIA (Calcium Induced Apoptosis) to Counter Stress.
Front. Oncol. 2015, 5, 57. [CrossRef] [PubMed]

22. Muller, P.A.; Vousden, K.H. p53 mutations in cancer. Nat. Cell Biol. 2013, 15, 2–8. [CrossRef] [PubMed]
23. Malaguarnera, R.; Vella, V.; Vigneri, R.; Frasca, F. p53 family proteins in thyroid cancer. Endocr. Relat. Cancer

2007, 14, 43–60. [CrossRef] [PubMed]
24. Gamble, S.C.; Cook, M.C.; Riches, A.C.; Herceg, Z.; Bryant, P.E.; Arrand, J.E. p53 mutations in tumors derived

from irradiated human thyroid epithelial cells. Mutat. Res. 1999, 425, 231–238. [CrossRef]
25. Quiros, R.M.; Ding, H.G.; Gattuso, P.; Prinz, R.A.; Xu, X. Evidence that one subset of anaplastic thyroid

carcinomas are derived from papillary carcinomas due to BRAF and p53 mutations. Cancer 2005, 103,
2261–2268. [CrossRef] [PubMed]

26. Soares, P.; Lima, J.; Preto, A.; Castro, P.; Vinagre, J.; Celestino, R.; Couto, J.P.; Prazeres, H.; Eloy, C.; Maximo, V.;
et al. Genetic alterations in poorly differentiated and undifferentiated thyroid carcinomas. Curr. Genom.
2011, 12, 609–617. [CrossRef]

27. Donghi, R.; Longoni, A.; Pilotti, S.; Michieli, P.; Della Porta, G.; Pierotti, M.A. Gene p53 mutations are
restricted to poorly differentiated and undifferentiated carcinomas of the thyroid gland. J. Clin. Investig.
1993, 91, 1753–1760. [CrossRef]

28. Sobrinho-Simoes, M.; Maximo, V.; Rocha, A.S.; Trovisco, V.; Castro, P.; Preto, A.; Lima, J.; Soares, P. Intragenic
mutations in thyroid cancer. Endocrinol. Metab. Clin. N. Am. 2008, 37, 333–362. [CrossRef]

29. Benchimol, S. p53-dependent pathways of apoptosis. Cell Death Differ. 2001, 8, 1049–1051. [CrossRef]
30. Chen, X.; Zhu, H.; Yuan, M.; Fu, J.; Zhou, Y.; Ma, L. G-protein-coupled receptor kinase 5 phosphorylates p53

and inhibits DNA damage-induced apoptosis. J. Biol. Chem. 2010, 285, 12823–12830. [CrossRef]
31. Fusco, A.; Santulli, G.; Sorriento, D.; Cipolletta, E.; Garbi, C.; Dorn, G.W., 2nd; Trimarco, B.; Feliciello, A.;

Iaccarino, G. Mitochondrial localization unveils a novel role for GRK2 in organelle biogenesis. Cell Signal.
2012, 24, 468–475. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0014-5793(01)02284-0
http://dx.doi.org/10.1038/bjc.2014.577
http://www.ncbi.nlm.nih.gov/pubmed/25422906
http://dx.doi.org/10.1016/j.bbabio.2008.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19007744
http://dx.doi.org/10.1101/cshperspect.a001008
http://www.ncbi.nlm.nih.gov/pubmed/20182602
http://dx.doi.org/10.1186/1476-4598-8-97
http://dx.doi.org/10.1016/j.clpt.2006.09.006
http://dx.doi.org/10.1073/pnas.1513047112
http://dx.doi.org/10.1155/2018/5801807
http://dx.doi.org/10.1016/j.ejmech.2013.08.039
http://dx.doi.org/10.1002/ehf2.12706
http://dx.doi.org/10.1016/S1097-2765(04)00123-6
http://dx.doi.org/10.3389/fonc.2015.00057
http://www.ncbi.nlm.nih.gov/pubmed/25806354
http://dx.doi.org/10.1038/ncb2641
http://www.ncbi.nlm.nih.gov/pubmed/23263379
http://dx.doi.org/10.1677/erc.1.01223
http://www.ncbi.nlm.nih.gov/pubmed/17395974
http://dx.doi.org/10.1016/S0027-5107(99)00045-7
http://dx.doi.org/10.1002/cncr.21073
http://www.ncbi.nlm.nih.gov/pubmed/15880523
http://dx.doi.org/10.2174/138920211798120853
http://dx.doi.org/10.1172/JCI116385
http://dx.doi.org/10.1016/j.ecl.2008.02.004
http://dx.doi.org/10.1038/sj.cdd.4400918
http://dx.doi.org/10.1074/jbc.M109.094243
http://dx.doi.org/10.1016/j.cellsig.2011.09.026
http://www.ncbi.nlm.nih.gov/pubmed/21983013


Cancers 2020, 12, 3530 15 of 15

32. Sorriento, D.; Fusco, A.; Ciccarelli, M.; Rungi, A.; Anastasio, A.; Carillo, A.; Dorn, G.W., 2nd; Trimarco, B.;
Iaccarino, G. Mitochondrial G protein coupled receptor kinase 2 regulates proinflammatory responses in
macrophages. FEBS Lett. 2013, 587, 3487–3494. [CrossRef] [PubMed]

33. Franco, A.; Sorriento, D.; Gambardella, J.; Pacelli, R.; Prevete, N.; Procaccini, C.; Matarese, G.; Trimarco, B.;
Iaccarino, G.; Ciccarelli, M. GRK2 moderates the acute mitochondrial damage to ionizing radiation exposure
by promoting mitochondrial fission/fusion. Cell Death Discov. 2018, 4, 25. [CrossRef] [PubMed]

34. Cipolletta, E.; Gambardella, J.; Fiordelisi, A.; Del Giudice, C.; Di Vaia, E.; Ciccarelli, M.; Sala, M.; Campiglia, P.;
Coscioni, E.; Trimarco, B.; et al. Antidiabetic and Cardioprotective Effects of Pharmacological Inhibition of
GRK2 in db/db Mice. Int. J. Mol. Sci. 2019, 20, 1492. [CrossRef] [PubMed]

35. Sorriento, D.; Ciccarelli, M.; Cipolletta, E.; Trimarco, B.; Iaccarino, G. “Freeze, Don’t Move”: How to Arrest
a Suspect in Heart Failure—A Review on Available GRK2 Inhibitors. Front. Cardiovasc. Med. 2016, 3, 48.
[CrossRef]

36. Sorriento, D.; Santulli, G.; Franco, A.; Cipolletta, E.; Napolitano, L.; Gambardella, J.; Gomez-Monterrey, I.;
Campiglia, P.; Trimarco, B.; Iaccarino, G.; et al. Integrating GRK2 and NFkappaB in the Pathophysiology of
Cardiac Hypertrophy. J. Cardiovasc. Transl. Res. 2015, 8, 493–502. [CrossRef]

37. Aschebrook-Kilfoy, B.; Sabra, M.M.; Brenner, A.; Moore, S.C.; Ron, E.; Schatzkin, A.; Hollenbeck, A.;
Ward, M.H. Diabetes and thyroid cancer risk in the National Institutes of Health-AARP Diet and Health
Study. Thyroid 2011, 21, 957–963. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 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/10.1016/j.febslet.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24036448
http://dx.doi.org/10.1038/s41420-018-0028-7
http://www.ncbi.nlm.nih.gov/pubmed/29531822
http://dx.doi.org/10.3390/ijms20061492
http://www.ncbi.nlm.nih.gov/pubmed/30934608
http://dx.doi.org/10.3389/fcvm.2016.00048
http://dx.doi.org/10.1007/s12265-015-9646-0
http://dx.doi.org/10.1089/thy.2010.0396
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Cell Culture 
	GRK2 Overexpression and Silencing 
	Endoplasmic Reticulum Extracts 
	Immunoprecipitation and Western Blotting 
	Immunoprecipitation and Nano-LC-MS/MS Analysis 
	Measurement of Mitochondrial Calcium Content 
	Proliferation Assay 
	In Vivo Study 
	Statistical Analysis 

	Results 
	GRK2 Induces Cancer Cell Proliferation by Regulating p53 
	GRK2 Inhibits p53 Signaling through Its Catalytic Activity 
	GRK2 Regulates p53 Levels by Interfering with Its Degradation 
	KRX-C7 Induces p53 Mitochondrial Pathway of Apoptosis 
	KRX-C7 Inhibits Tumor Growth In Vivo 

	Discussion 
	Conclusions 
	References

