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Abstract: As the most common gene mutation found in cancers, p53 mutations are detected in up
to 96% of high-grade serous ovarian carcinoma (HGSOC). Meanwhile, mutant p53 overexpression
is known to drive oncogenic phenotypes in cancer patients and to sustain the activation of EGFR
signaling. Previously, we have demonstrated that the combined inhibition of EGFR and MDM2-p53
pathways, by gefitinib and JNJ-26854165, exerts a strong synergistic lethal effect on HGSOC cells. In
this study, we investigated whether the gain-of-function p53 mutation (p538?48Q) overexpression
could affect EGFR-related signaling and the corresponding drug inhibition outcome in HGSOC.

The targeted inhibition responses of gefitinib and JNJ-26854165, in p538%48Q-overexpressing cells,
3R248Q

3R248Q

were extensively evaluated. We found that the phosphorylation of AKT increased when p5
was transiently overexpressed. Immunocytochemistry analysis further showed that upon p5
overexpression, several AKT-related regulatory proteins translocated in unique intracellular patterns.
Subsequent analysis revealed that, under the combined inhibition of gefitinib and JNJ-26854165,
the cytonuclear trafficking of EGFR and MDM2 was disrupted. Next, we analyzed the gefitinib
and JNJ-26854165 responses and found differential sensitivity to the single- or combined-drug
inhibitions in p53R?*Q-overexpressing cells. Our findings suggested that the R248Q mutation
of p53 in HGSOC caused significant changes in signaling protein function and trafficking, under
EGFR/MDM2-targeted inhibition. Such knowledge could help to advance our understanding of
the role of mutant p53 in ovarian carcinoma and to improve the prognosis of patients receiving
EGFR/MDM2-targeted therapies.

p53R248Q - pyerexpression;

Keywords: epidermal growth factor receptor (EGFR); AKT;

mouse double minute 2 homolog (MDM2); combination therapy

1. Introduction

Epithelial ovarian cancer is the most prevalent (~90%) type of ovarian carcinoma [1]
and could be further divided into subtypes, based on histopathology, gene alterations,
and prognosis [2]. Among the five main subtypes, high-grade serous ovarian carcinoma
(HGSOC) accounts for the highest proportion (~70%) [3]. HGSOC is known to have a
high risk of recurrence and platinum-based chemotherapy drug resistance, due to genetic
changes in tumor suppressor p53, encoded by TP53 [4]. As one would expect, ovarian
cancer has the highest rate of somatic TP53 mutation among all cancers [5]. In fact, TP53
is mutated in up to 96% of HGSOC, with arginine 248 (R248) being the most common
mutated amino acid (p.Arg248GIn and p.Arg248Trp) [6].
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Also, p53 acts as a transcription factor, with most mutations being located in its
DNA-binding domain (DBD) [7,8]. In addition, it has been demonstrated that mutant p53
not only loses its activities, but also displays oncogenic gain-of-function (GOF), such as
accelerating tumor progression and acquiring drug resistance [9]. Since mutant p53 is
known to amplify receptor tyrosine kinase (RTK) signaling [10-15], the association between
gain-of-function p538?48Q and RTK-regulated signaling in HGSOC could be important
for cancer progression. Among the RTK downstream signaling pathways, several studies
have revealed that p53%?48Q promotes cell migration and proliferation, through AKT
signaling [16,17]. However, how the R248Q mutation of p53 affects AKT-dependent
carcinogenesis has not been elucidated. Excessive activation of AKT signaling can mediate
a variety of cellular processes, including cell cycle dysregulation, proliferation, and drug
resistance, all of which are considered to be hallmarks of cancer [18]. In addition, it
has been elucidated that activated AKT translocates to various organelles, where AKT
phosphorylates substrates or interacts with other factors, to regulate a complex network of
processes [19]. For instance, AKT phosphorylates MDM2 on serine 166 and serine 186, to
initiate MDM2's nuclear translocation. MDM2 then acts to promote p53 ubiquitination for
degradation and reduce p53 transcriptional activities [20]. Similarly, the phosphorylation
of EGFR’s serine 229, by AKT, also promotes the nuclear translocation of EGFR [21], which
acts as a co-transcription factor of multiple genes, regulating cell proliferation and tumor
angiogenesis, resulting in enhanced drug resistance and poor patient outcomes [22]. It
should be noted that whether the R248Q mutation of p53 affects AKT-dependent molecular
trafficking has not been determined.

The taxane- and platinum-based chemoresistance in ovarian cancer is known to be
associated with its high mortality rates [23]. Moreover, numerous studies have indicated
that up to 60% of epithelial ovarian cancer displays EGFR overexpression. However, the
treatment of ovarian cancers with the anti-EGFR agent gefitinib alone generates a limited
response [24]. When gefitinib is used together with platinum-based chemotherapy drugs,
the combination therapy would increase the overall response rate in patients with relapsed
ovarian cancer [25]. However, such combination therapy has exhibited limited efficacy in
other clinical trials [26]. Such finding suggests a need to modify the treatment scheme.

Previous studies have shown that up to 80% of ovarian serous borderline tumors
exhibit MDM2 overexpression [27], while the expression of MDM2 is notably low in
benign ovarian tumors or normal ovaries [28]. Biomarker analysis has found that the
co-expression of p53 and MDM?2 is associated with poor outcomes in epithelial ovarian
cancer patients [29]. Furthermore, our previous study demonstrated that the combined
inhibition of EGFR and MDM2-p53 pathways in HGSOC could generate a strong synergistic
anti-cancer effect [30]. These findings led us to explore whether the R248Q mutation of
p53 would affect the drug efficacy and the underlying mechanisms by which EGFR and
MDM2-p53 interact, to produce a synergistic effect.

In this study, we first investigated how p53%248Q overexpression altered the character-
istics of HGSOC. We then explored how the R248Q mutation of p53 regulated the drug
responses and synergistic effect, under the combined inhibition of EGFR and MDM2.

2. Materials and Methods
2.1. Cell Culture

The serous ovarian cancer cell line OVCAR3 (p53R248Q mutation) was obtained from
Dr. Chih-Long Chang (MacKay Memorial Hospital). The TP53 status was annotated
according to the International Agency for Research on Cancer (IARC) TP53 database
(http:/ /p53.iarc.fr/; accessed date: 30 September 2019). The cells were cultured at 37 °C
with 5% CO; in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum,
100 units/mL penicillin, 100 pg/mL streptomycin, 2.5 pg/mL amphotericin B, 2 mg/mL
sodium bicarbonate, 3.57 mg/mL HEPES and 0.11 mg/mL sodium pyruvate.
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2.2. Drugs and Reagents

Gefitinib (LC Laboratories, Woburn, MA, USA) and JNJ-26854165 (AdooQ BioScience,
Irvine, CA, USA) were dissolved in DMSO and stored at —20 °C. EGF (Sigma-Aldrich, St.
Louis, MO, USA) was dissolved in 0.2-um-filtered 10 mM acetic acid and stored at —20 °C.

2.3. Plasmids Construction and Overexpression

The wild-type p53 (wtp53) and p53R*#8Q mutation (p53R%48Q) plasmids were
constructed in house. The full-length wtp53 and p538%48Q sequences were made
from A2780 and OVCARS3 cells. Total cDNA was amplified by using KAPA HiFi
DNA polymerase (KAPABIOSYSTEMS). The primer sequences were the following:
5'-CTCGAGGCCTGAGGTTGGCTCTGACT-3 and 5'-GAATTCGGCACAAACACGCACCTCAA-3'.
The PCR products were constructed into pJET1.2/blunt cloning vector (Fermentas) and
sub-cloned into pEGFP-N1 vector (Addgene). The final plasmids were sequence verified.
Cells were transfected with plasmids at a final concentration of 1 pg/mL using jetPRIME
(Polyplus) following the manufacturer’s protocols.

2.4. Western Blot Analysis

The detailed experimental procedure was performed as previously described [31].
The anti-p-EGFR (#2220), p-AKT (#4060), AKT (#4691), p-MAPK (#4370), MAPK (#4695),
and p21 (#2947) antibodies were obtained from Cell Signaling Technology. The anti-EGFR
(GTX628888), p53 (GTX102965) and GAPDH (GTX627408) antibodies were obtained from
GeneTex. Each experiment was performed in triplicate and repeated at least three times.

2.5. Immunocytochemistry (ICC)

OVCARS cells were seeded on sterile glass coverslips prior to the experiments. The
detailed experimental procedure was performed as previously described [31]. The anti-
EGEFR (green signal, #2232), AKT (#4691), and FOXO3a (#2497) antibodies were obtained
from Cell Signaling Technology. The anti-EGFR (purple signal, GTX628888) and MDM2
(GTX110608) antibodies were obtained from GeneTex. The anti-mutant p53 (OP29) antibody
was obtained from Merck. Phalloidin and Hoechst 33342 were obtained from Invitrogen.
Each experiment was performed in triplicate and repeated at least three times.

2.6. Cell Viability Assay

OVCARS cells were seeded in 96-well plates at a density of 5 x 10° cells/well. Cells
were transfected with empty plasmid only (1 pg/mL) or with the p53R?48Q construct
(1 pg/mL) for 18 h and then treated with drugs of different concentrations for 48 h.
Following the manufacturer’s protocols, 10 uL cell counting kit-8 (CCK-8, Dojindo) cell
proliferation reagent was added to 96-well plates and incubated at 37 °C and 5% CO,
for 1 to 2 h. The optical densities to reflect cell viability were determined by absorbance
wavelength at 450 nm. The IC5, values were calculated by GraphPad Prism 6 (GraphPad
software, San Diego, CA, USA). Each experiment was performed in triplicate and repeated
at least three times.

2.7. Analysis of Combination Index

The combination index (CI) values were calculated by CompuSyn calculation software
as described by Chou and Talalay [32]. First, the cell viability assay data were converted
into the fraction affected (Fa) under specified drug treatment conditions. Next, the Fa
values of single agents or drug combinations were uploaded into CompuSyn and generated
the CI values, the Fa-CI plots and the isobolograms as instructed by the user manual.

2.8. Statistics

The data were processed by SigmaPlot v.10 (Systat Software) and expressed as the
means £+ SEM (standard error of the mean). The statistical significance was determined by
p values < 0.05 using Student’s ¢-test.
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3. Results
3.1. Overexpression of p53%°#3Q was Associated with p-AKT Expression in OVCAR3 Cells

Since EGFR (a member of the RTK family) is aberrantly overexpressed and activated
in ovarian cancer [33,34], we first investigated whether p53R243Q overexpression affected
EGFR downstream signaling in OVCARS3 cells (HGSOC cell line with p538248Q). In partic-
ular, AKT has been shown to be involved in p538?48Q-related cancer progression [16,17].
Therefore, we examined the EGFR downstream marker AKT, under the condition of
p53R?48Q overexpression, by Western blot. We stimulated pre-starved OVCARS3 cells with
epidermal growth factor (EGF), to activate the EGFR signaling. As expected, we found that
the augmented expression of the p538248Q groups in OVCARS3 cells had a higher expression
level of p-AKT (Figure 1A). Furthermore, we also observed the slight increasing trend of the
statistical results in the p53R?48Q and p53R?48Q + EGF groups compared to the wtp53 and
wtpb3 + EGF groups (Figure 1B). Further, siRNA assay validated the association between
P53 mutation and p-AKT level (Figure S1). Taken together, these data suggested that the
R248Q mutation of p53 augmented p-AKT signaling in OVCARS3 cells.
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Figure 1. p53%248Q resulted in regulation of p-AKT. (A) The level of p-AKT was increased after p538?48Q overexpression in
OVCARS3 cells. It should be noted that OVCARS3 cells were transiently transfected with either empty plasmid (1 pg/mL),
wtp53 (1 pg/mL), or 1)53RZ48Q (1 pg/mL) for 24 h and then stimulated with EGF for 15 min. GAPDH expression was
measured to serve as a loading control. (B) The band intensity of the immunoblots was quantified using Image]J software.
The relative intensities of p-AKT expression were normalized with the control group. (wtp53: wild-type p53 plasmid;
p53R248Q: p53R248Q mytation plasmid).
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3.2. p53R?48Q Overexpression and EGF Stimulation Resulted in Similar Cytonuclear Trafficking of
AKT, EGFR, MDM2, and FOXO3a

AKT signaling is known to mediate the intracellular trafficking of various receptors
and regulatory proteins. We thus investigated how the R248Q mutation of p53 altered the
intracellular molecular trafficking of EGFR, MDM2, and FOXO3a, in association with AKT
(Figure 2).
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Figure 2. p538?48Q overexpression and EGF stimulation altered the intracellular localization patterns of AKT, EGFR, MDM2
and FOXO3a. In this experiment, we first transfected OVCAR3 cells with or without the p538*43Q expression plasmid
(1 pg/mL) for 24 h and then serum-starved the cells for another 24 h. Before confocal imaging, we stimulated the cells in
the presence or absence of EGF (50 ng/mL) for 15 min. That is, the following four conditions were analyzed: the “control”
group, in which the cells were serum-starved only; the “+EGF” group, in which the cells were treated with EGF after serum
starvation; the “p53R8248Q overexpression” group, in which the cells were transfected with p53R?48Q before serum starvation;
and the “p53R248Q overexpression + EGF” group, in which the cells were transfected with p53R248Q, serum-starved, and
then treated with EGF. Since the cells were only transiently transfected with p538248Q, we immunostained the cells with an
anti-mutant p53 antibody to ensure that the transfected cells overexpressed p53R2#8Q. (A) Confocal image analysis revealed
that most AKT translocated into the nucleus completely after EGF stimulation or p53%%48Q overexpression. However, when
the cells were overexpressed with pS3R248Q and then stimulated with EGF, some AKT remained in the cytoplasm. (B) In
the control group, most EGFR accumulated on the cell membrane, while some EGFR distributed evenly in the cytoplasm.
After EGF stimulation or p538?48Q overexpression, EGFR appeared to converge and translocate towards the nucleus. When
overexpressed with p538%48Q and then stimulated with EGF, EGFR could not be detected on the cell membrane. (C) In the
control group, MDM2 could be detected in the cytoplasm. After EGF stimulation, MDM2 dynamically converged around the
nucleus. Such phenomena could also be observed after overexpression of p538248Q. With both p538?48Q overexpression and
EGF stimulation, MDM2 translocated into the nucleus. (D) FOXO3a, which mostly accumulated in the nucleus in the control
group, was evenly distributed in the cytoplasm after treatment with either EGF stimulation, p53R248Q overexpression, or
both. The cells were immunostained with anti-AKT antibody, anti-EGFR antibody, anti-MDM?2 antibody, anti-FOXO3a
antibody (shown in green), and anti-mutant p53 antibody (shown in purple); actin in red and DNA in blue were shown by
Phalloidin staining and Hoechst staining, respectively. The right images were enlarged view of the yellow boxed region.
The scale bar represented 10 pm.

We found that, after either EGF stimulation or p53RZ48Q overexpression, most of the
AKT translocated into the nucleus completely. However, when p53%248Q overexpression
was combined with EGF stimulation, some AKT remained in the cytoplasm (Figure 2A).
Consistent with past studies, our data implied that AKT entered the nucleus in response
to growth factors, to exert regulatory activities [35-37]. Thus, we continued to investigate
how AKT translocation correlated with the intracellular trafficking of EGFR and MDM2.
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Similar, but different, from the aforementioned findings, after EGF stimulation or
p53R248Q gverexpression, both EGFR and MDM2 appeared to converge and translocate to
the periphery of the cell nucleus (Figure 2B,C). In comparison to the control group, we also
observed some EGFR still localized on the cell membrane, while most of the MDM2 translo-
cated to the periphery of the cell nucleus. Interestingly, when p538?48Q overexpression was
combined with EGF stimulation, the EGFR located on the cell membrane and the MDM?2
clustering around the nucleus, were not detected, and most of the MDM?2 translocated into
the cell nucleus.

On the other hand, it has been reported that FOXO3a, a member of the forkhead
box O (FoxO) transcription factor families and a tumor suppressor, accelerates its nuclear
export when it is phosphorylated by nuclear AKT [38]. Therefore, we speculated that
this tumorigenic marker was affected by p53%?*%Q. Based on our data, we found that
FOXO3a, which mostly localized in the nucleus in the control group, distributed uniformly
in the cytoplasm, under the following conditions: after EGF stimulation, with p53R?48Q
overexpression, and p53R?48Q overexpression combined with EGF stimulation (Figure 2D).
These findings suggested that the R248Q mutation of p53 promoted tumorigenesis-related
AKT signaling, by affecting molecular intracellular trafficking.

3.3. Combined Blockade by Gefitinib and [N] Attenuated EGFR and MDM?2 Cytonuclear
Trafficking

The comparable translocation patterns of EGFR and MDM2 implied that the molecular
cytonuclear trafficking may relate to the synergistic effect of combined EGFR and MDM?2
inhibition that has been reported in our previous study [30]. In this present study, we
again used gefitinib (EGFR tyrosine kinase inhibitor) and JNJ-26854165 (referred to as
JNJ; MDM2 E3 ubiquitin ligase domain inhibitor) to determine whether such combined
inhibition would alter the intracellular localization patterns of EGFR and MDM2.

By immunocytochemistry staining analysis, we first reconfirmed that both EGFR and
MDM?2 would translocate from the cytoplasm to the nucleus, in accordance with each other
over time, after EGF stimulation (Figure 52). Next, we found that such nuclear convergence
of EGFR was attenuated under treatment with gefitinib, JNJ, or both. Interestingly, the
nuclear convergence of MDM?2 was only disrupted under the combination treatment of
gefitinib and JNJ (Figure 3A,B).
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Figure 3. Cytonuclear trafficking of EGFR and MDM2 would be disrupted under combined inhibition of EGFR and MDM2
by gefitinib and JNJ. OVCARS3 cells were serum-starved while treated with or without the inhibitors under different
conditions (i.e., 14.4 uM gefitinib, 1.4 uM JNJ, or 1 uM gefitinib + 1 uM JNJ; the ICs5q concentration was derived from our
previous study [30]) for 24 h. The cells were then stimulated with EGF (50 ng/mL) for 0 (control), 15 or 60 min. (A) Confocal
image analysis demonstrated that EGFR and MDM2, which were initially distributed in the cytoplasm, converged and
translocated in sync to the periphery of the nucleus after 15 min of EGF stimulation. However, the convergence pattern of
EGFR was disrupted after 24 h of treatment with gefitinib, JNJ, or their combination. In comparison, the convergence pattern
of MDM2 was disrupted only under the combined treatment of gefitinib and JNJ. (B) After 60 min of EGF stimulation, EGFR
and MDM2 translocated completely into the nucleus. With combined treatment of gefitinib and JNJ for 24 h, some MDM2
could be detected again in the cytoplasm. The cells were immunostained with anti-EGFR antibody (shown in purple) and
anti-MDM2 antibody (shown in green); actin in red and DNA in blue were shown by Phalloidin staining and Hoechst
staining, respectively. The right images were enlarged view of the yellow boxed region. The scale bar represented 10 pm.
(Gef: gefitinib; JNJ: JNJ-26854165).
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These results indicated that the combined inhibition of gefitinib and JNJ could prevent
the converging nuclear translocation of EGFR and MDM2, which might regulate further
signaling and oncogenic activity.

3.4. R248Q Mutation of p53 Increased the Sensitivity of EGFR and MDM?2 Inhibitors

To further explore the impact of p53%?48Q on the cellular response to combination
therapy for HGSOC, we evaluated the anti-cancer efficacy of gefitinib and JNJ in OV-
CARS3 cells with different p53 statuses. As shown in Table S1, the combined inhibition
of EGFR and MDM2 significantly reduced the IC5) values compared to the single agent
treatment. Interestingly, the ICs5g values of gefitinib and JNJ alone reduced to 78% (from
33.74 to 26.47 uM) and 66% (from 21.83 to 14.35 uM), when the cells were overexpressing
p53R248Q. On the other hand, the combined inhibition resulted in a slight reduction (from
8.57 to 8.18 uM) in ICsy.

For a more intuitive comparison, we summarized the data as in Figure 4, to highlight
the significant reduction in effective drug concentration, under combined inhibition. A
synergistic effect was observed, whether cells were pre-transfected with the p53R248Q
plasmid or not (Figure 4A,B). Interestingly, gefitinib and JNJ alone were more effective when
OVCARS3 cells were pre-transfected with the p538?48Q plasmid (Figure 4C,D). However,
the combined inhibition effect remained similar, regardless of whether the OVCARS3 cells
were pre-transfected with the p53R?48Q plasmid or not (Figure 4E). Taken together, these
results suggested that the R248Q mutation of p53 increased the sensitivity of OVCAR3
cells to EGFR and MDM?2 inhibition, to various degrees.
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20 20
- 15 - 15
5 - s e
g g
£ 2 =
] ]
5 10 5 10
o o
o S
H 2
[=) [=}
] ]
2 0s 2 0s
00 00 3
® o & ® e
& & Ny
s &
o <)
Gefitinib INJ Gefitinib + JNJ
20 20 20
— 15 = 15 — 15
£ ] s
£ £ N £
8 3 38
o
g H g
s <) [
3
g 08 2 0 g 05
00 00 00
s N o ) o

;
3 & o &
& ® ¢ o

<
o o

R

[

A

Figure 4. Overexpression of p53R248Q in OVCARS cells increased sensitivity to gefitinib or JNJ. In this experiment, OVCAR3
cells were pre-transfected with either empty plasmid (1 pg/mL) or p5382#8Q (1 ug/mL) for 18 h and then exposed to the
inhibitors alone or in combination for another 48 h. The doses of gefitinib and JNJ ranged from 5 to 40 uM and 1 to 36 uM,
respectively. The concentrations of gefitinib and JNJ in combination were prepared in a one-to-one ratio, with doses
ranging from 0.5 to 12 pM. The effects on cell proliferation were assessed by CCK-8 assay; the half maximal inhibitory
concentration (ICsg) values (in 1og10) were calculated by GraphPad Prism 6. (A) In the absence or (B) in the presence of
p53R248Q gverexpression, the combined treatment of gefitinib and JNJ significantly reduced the ICsq values for each agent in
OVCARS cells (*** p < 0.001 vs. gefitinib and JNJ). (C,D) The sensitivities to gefitinib or JNJ alone increased significantly in
p53R248Q

treatment of gefitinib and JNJ was applied to the plasmid-only transfected cells and the p53R248Q-overexpressing cells.

-overexpressing cells (** p < 0.01; *** p < 0.001). (E) No significant difference was found when the combination



Int. . Mol. Sci. 2021, 22, 8784

9o0f 16

3.5. R248Q Mutation of p53 Decreased the Synergistic Lethal Effect of Gefitinib and JNJ

To better evaluate the synergistic effects exerted by combined inhibition in different
p53 statuses, we adapted the well-known Chou and Talalay’s combination index (CI)
method, to perform in-depth analysis. It should be noted that a CI value less than one is
defined as drug synergism [32,39].

The CI analysis revealed that, in the absence of the overexpression of p538248Q, the
area below the CI = 1 line was larger than that of the p538?48Q overexpression group
(Figure 5A,B). We also generated isobolograms, to quantify the drug synergism at different
effective doses (EDs). In comparison to the p538?48Q overexpression group, the symbols
(colored as specified) were farther from the corresponding colored lines, and the CI values
were also lower in the absence of the overexpression of p53R?43Q (Table S2, Figure 5C,D).

The CI values and the synergism grading were summarized in Table S2.

Plasmid only p53R248Q gyerexpression
2 O G 2r \ QO G+
\ \ oo ]
\ \\‘
'\l‘ \\\
1"\\\ “:‘ O
T o)
c \\ o) cl Q
Qo | T I
0 0
0 05 1 0 05 1
Fa
Plasmid only p53R248Q gyerexpression
750 300
Dose A Dose A
375 150
B
obnlly S o SN

0 150 ; 300 0 100 : 200
DoseB Dose B

Figure 5. Synergistic effects of gefitinib and JNJ on OVCARS cells with different p53 statuses were shown in Fa-CI plots
and isobolograms. Based on the Chou and Talalay methods, the combination index (CI) values were calculated using
CompuSyn software to determine the degree of synergistic effectiveness of the drug combination. The analysis revealed that
overexpression of })53R248Q reduced the synergistic effect of gefitinib and JNJ. (A,B) In the Fa-CI plots, the fraction affected
(Fa; from zero to one) represented the ratio of dead cells-to-total cells in response to drug treatments. Circled symbols
indicated the CI values of each Fa. The CI values provided a quantitative definition of synergistic (CI < 1), additive (CI = 1),
and antagonistic (CI > 1) effects derived from the drug combination. (G + J: gefitinib + JNJ) (C,D) In the isobolograms, the
individual doses of JNJ (represented by x-axis) and gefitinib (represented by y-axis) that achieved 90% (Fa = 0.9), 75% (Fa =
0.75), and 50% (Fa = 0.5) inhibitory effects were indicated by green lines, red lines, and blue lines, respectively. Symbols
(EDgy was marked as green triangles; EDy5 was marked as red squares; ED5y was marked as blue circles) above the lines, on
the lines, and below the lines represented antagonistic, additive, and synergistic effects, respectively. When the symbols
were located below and distant from the lines, it represented strong synergism.
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In OVCARS cells overexpressing p538248Q, the drug combination displayed slight
synergism (CI = 0.87) at ED5p, but changed to moderate (CI = 0.72) and enhanced synergism
(CI=0.67) at ED75 and EDgg. Interestingly, OVCAR3 cells without p53R248Q overexpression
showed enhanced synergism (CI = 0.65) at lower doses (EDsg). This finding implied that a
higher dose of gefitinib and JNJ (EDgg) was required to reach synergism in OVCARS3 cells
overexpressing p53R?#8Q. In contrast, a lower dose of drug combination (i.e., EDsg) exerted
synergism in OVCAR3 cells without p53R?48Q overexpression. Such data supported that
the overexpression of p538248Q may attenuate the synergistic lethal effect of gefitinib and
JNJ.

3.6. MAPK and p21 Regulated the Effects of Single and Combined Treatment of Gefitinib and JNJ

To provide more clues about the regulatory effect of p538243Q on the observed differ-
ential sensitivity to gefitinib and JNJ, we analyzed the expression profiles of MAPK and
p21 (a p53 target gene associated with cell cycle and apoptosis pathways), under different
conditions of gefitinib and JNJ concentration and combination.

As expected, the enhanced expression of p53 was detected, which served to vali-
date the overexpression of p53R%48Q after transfection. Next, the results revealed that
p-MAPK was significantly reduced by gefitinib, in a dose-dependent manner (Figure 6A).
Moreover, at a dose of 10 uM, gefitinib exerted a slight MAPK-reduction effect in p53R248Q-
overexpressing cells compared to the cells without overexpression (Figure S3A). We also
found that the expression level of p21 was significantly increased by JNJ, in a dosage-
dependent manner. Upon examination and comparison of the two DMSO control groups,
we found that the expression level of p21 was lower in p53%?48Q-overexpressing cells
(Figure 6B). However, with increasing JNJ dose, p21 increased significantly (approximately
25-fold) in p53R?48Q-overexpressing cells, compared to the cells without overexpression
(approximately 3.5-fold) (Figure S3B). Strikingly, the effects were reversed when JNJ was
combined with gefitinib (Figure 6C, Figure S3C,D).

These results implied that in the presence of p538248Q overexpression, the augmented
sensitivity to gefitinib or JNJ, and the weakened synergistic effect of the combined treatment,
might be associated with the alternating expression of MAPK and p21.
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Figure 6. MAPK and p21 regulated the effects of single and combined treatment of gefitinib and JNJ. OVCARS3 cells were
pre-transfected with either empty plasmid or p538248Q plasmid before treatment with various doses of gefitinib (10, 20 or 30
uM), JNJ (5, 10, or 15 uM), or gefitinib + JNJ (2 + 2, 4 + 4, or 8 + 8 uM) for 24 h. (A) The level of p-MAPK was significantly
reduced with increasing doses of gefitinib. The dosage-dependent inhibition of p-MAPK displayed an even more profound
effect in the p53R248Q_overexpression group. The level of p21 was upregulated in both groups with increasing doses of
gefitinib. The dosage-dependent upregulation of p21 was not significantly different between the two groups. (B) With
increasing doses of JNJ, the level of p-MAPK decreased slightly in the plasmid-only group, while sustained level of p-MAPK
was detected in the p538?48Q_overexpression group. The level of p21 was upregulated significantly with increasing doses
of JNJ. Despite the lower level of p21 in the DMSO control of the p538?48Q-overexpression group, the dosage-dependent
upregulation of p21 was greater in the p538248Q_overexpression group than in the plasmid-only group. (C) With increasing
doses of the gefitinib-JNJ combination, the level of p-MAPK significantly decreased in the plasmid-only group, but not in
the p538248Q_gverexpression group. Moreover, the level of p21 increased with a profound effect in the plasmid-only group,
but not in the p538?48Q_overexpression group. GAPDH expression was measured to serve as a loading control.

4. Discussion

11 of 16

In this study, we provided new evidences to highlight the effects of the R248Q mutation
of p53 on intercellular trafficking and the cellular responses to EGFR/MDM2-targeted
inhibition in HGSOC.

Mutant p53 is generally considered to accelerate carcinogenesis, by carrying out a
dominant-negative effect on wild-type p53 and by manifesting gain-of-function activi-
ties [40]. In this study, our findings implied that the phosphorylation of AKT would be
affected in OVCARS3 cells via p53%?48Q overexpression (Figure 1). For the effects of en-
hanced p-AKT signaling in HGSOC, we first speculated that the subcellular localization
of AKT, as well as AKT-related molecular trafficking, may be altered under the influence
of p53R?48Q_ This hypothesis was supported by the evidences that nuclear AKT, induced
by various growth factors and stimuli, has been shown to promote tumorigenesis, by
controlling cell cycle progression, promoting cell survival and DNA repair, and counter-
acting apoptosis [19]. In this study, we had further examined the trafficking patterns of
AKT, EGFR, MDM2, and FOXO3a, upon EGF stimulation and p53RZ48Q overexpression
(Figure 2). Our data revealed that these molecules’ trafficking patterns, under p53R?48Q
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overexpression, exert a comparable effect to that of EGF stimulation. Based on our findings,
we proposed a hypothetical model of molecular trafficking in response to EGF stimulation

and p53R?48Q gverexpression (Figure 7A).
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Figure 7. Hypothetical models to integrate molecular trafficking and synergistic lethal effects of gefitinib and JN]J with

p53R248Q gverexpression. (A) This model scheme depicted the signal transduction and molecular trafficking under p538?48Q
overexpression and/or EGF stimulation in OVCARS3 cells. (B) This model scheme depicted the molecular regulation under
gefitinib and /or JNJ treatments in OVCAR3 cells with p53R248Q overexpression.

In this model scheme, the R248Q mutation of p53 could amplify the phosphorylation
of AKT, similarly to the stimulation of EGFE. The resulting p-AKT would further phospho-
rylate EGFR and MDM2, to facilitate their converging nuclear translocation. Furthermore,
nuclear AKT would further phosphorylate FOXO3a, to dispel it from the nucleus. Sur-
prisingly, the combined p53R248Q overexpression and EGF stimulation did not lead to the
augmentation of nuclear AKT. In contrast, such combined treatment could promote more
EGFR and MDM2 to translocate towards or into the nucleus. To the best of our knowl-
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edge, such phenomena have not been reported previously. We speculated that the AKT
phosphorylation, induced by EGFR activation and p53R?#8Q overexpression, resulted in
antagonism, while the dual phosphorylation, induced by nuclear AKT and EGF on EGFR,
led to synergism. The difference in the translocation pattern of MDM2 may arise from the
differential signaling of nuclear AKT and cytoplasmic AKT. The underlying mechanisms
shall be further explored in future studies.

To view this study in a broader context, evidences accumulated over the past 20 years
have helped to characterize the function of nuclear AKT, which phosphorylates various
transcription factors, including members of the FOXO transcription factor families [41].
The phosphorylated FOXO3a would be expelled from the nucleus and weaken its tran-
scriptional capacity. As a result, the expression level of its target gene, such as p21, was
reduced [42] (Figure 6). Nuclear EGFR has been shown to act as a co-transcription factor,
alongside STAT3, E2F1, and STATS, to initiate the transcription of several cell cycle regula-
tory genes, such as Cyclin D1, Aurora A, and Myc [22]. Nuclear MDM?2 mainly diminishes
the cellular level of p53 and inhibits its transcriptional activity [20,43,44]. Therefore, the
nuclear localization of AKT, EGFR, and MDM?2, and the exclusion of nuclear FOXO3a,
have been linked with enhanced drug resistance, poor prognosis, and unfavorable overall
survival in various cancers [22,45-48].

To date, the combination of paclitaxel- and platinum-based drugs is a standard first-
line treatment for ovarian cancer. However, chemoresistance to these drugs may lead to an
unfavorable 5-year survival rate in advanced patients [49]. To overcome drug resistance,
we suggested a novel combination therapy strategy, with EGFR and MDM?2 inhibition, in
our previous study [30]. In the present study, we further identified that the disruption
of cytonuclear trafficking, by the dual inhibition of EGFR and MDM?2, might contribute
to the synergistic effect of gefitinib and JNJ (Figure 3). In addition, we demonstrated
that the R248Q mutation of p53 enhanced the efficacy of gefitinib and JNJ alone, but
reduced the synergistic effect of their combination (Figures 4 and 5). Our data further
validated this observation, by showing the differential effect of p-MAPK inhibition and the
differential effect of p21 induction, under different gefitinib and JNJ treatment conditions
(Figure 6). These findings suggested that the degree of synergism of gefitinib and JNJ
depended not only on the cytonuclear trafficking of the signaling mediators, but also on
the mutation of p53.

Based on our findings, the proposed model (Figure 7B) underlined the mechanistic
roles of p-MAPK and p21 under the treatment of gefitinib and JNJ, in the presence of
p53R248Q gyerexpression. It should be noted that MDM2 is known to ubiquitinate the
pro-apoptotic transcription factor FOXO3a via activated MAPK signaling [50]. As expected,
with p53R?48Q gyerexpression, gefitinib may cooperate with p538248Q, to reduce p-MAPK.
Our model further explained how the reduction in p-MAPK was primarily influenced
by p53824Q  and secondarily influenced by MDM2. Hence, the relevant cell signaling
would be disrupted by JNJ, while gefitinib, in the presence of p53R?48Q overexpression,
could not exert its expected effects on p-MAPK and p21 (Figure 7B). This model has the
potential to revise the therapeutic approach for cancer treatment, which suggests the use
of gefitinib or JNJ alone if the R248Q mutation of p53 is detected in HGSOC patients; if
the R248Q mutation of p53 is not detected, the combination of gefitinib and JNJ should be
recommended. While additional work is needed to confirm these predictions, we foresee
that further understanding the relationship between the p53 mutation and the altered
regulatory mechanisms, could enhance our knowledge of ovarian carcinogenesis and the
implementation of precision cancer medicine.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1jms22168784/s1.

Author Contributions: Conceptualization, K.-Y.T. and Y.-].C.; methodology, Z.-Y.L. and K.-Y.T,;
data analysis and interpretation, Z.-Y.L. and K.-Y.T.; writing—original draft preparation, Z.-Y.L.
and K.-Y.T,; writing—review and editing, S.-J.C. and Y.-].C.; supervision, S.-].C. and Y.-].C.; project


https://www.mdpi.com/article/10.3390/ijms22168784/s1
https://www.mdpi.com/article/10.3390/ijms22168784/s1

Int. . Mol. Sci. 2021, 22, 8784 14 of 16

administration, Y.-].C.; funding acquisition, S.-].C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Hsinchu MacKay Memorial Hospital (grant No. MMH-
TH-10807).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No data available.

Acknowledgments: The OVCARS3 cell line was generous gift from Chih-Long Chang (MacKay
Memorial Hospital).

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

Abbreviations

CIL: combination index; ED: effective dose; EDsq 75 99: 50%, 75%, 90% effective dose, respectively;
EGF: epidermal growth factor; EGFR: epidermal growth factor receptor; Fa: fraction of affected
cells; FOXO3a: forkhead box O3; HGSOC: high-grade serous ovarian carcinoma; ICsy: half-maximal
inhibitory concentration; JNJ: JNJ-26854165, also known as Serdemetan; MAPK: mitogen-activated
protein kinase, also known as ERK; MDM2: mouse double minute 2 homolog; p53R248Q: p53 R248Q
mutant; p-AKT: phosphorylated AKT; PI3K: phosphoinositide 3-kinase; p-MAPK: phosphorylated
MAPK; RTK: receptor tyrosine kinase

References

1. Sankaranarayanan, R.; Ferlay, ]. Worldwide burden of gynaecological cancer: The size of the problem. Best Pract. Res. Clin. Obstet.
Gynaecol. 2006, 20, 207-225. [CrossRef]

2. McCluggage, W.G. Morphological subtypes of ovarian carcinoma: A review with emphasis on new developments and pathogen-
esis. Pathology 2011, 43, 420-432. [CrossRef] [PubMed]

3. Reid, BM.; Permuth, J.B,; Sellers, T.A. Epidemiology of ovarian cancer: A review. Cancer Biol. Med. 2017, 14, 9-32. [CrossRef]

4. Brachova, P.; Mueting, S.R.; Carlson, M.J.; Goodheart, M.].; Button, A.M.; Mott, S.L.; Dai, D.; Thiel, KW.; Devor, E.J.; Leslie, KK.
TP53 oncomorphic mutations predict resistance to platinum and taxanebased standard chemotherapy in patients diagnosed with
advanced serous ovarian carcinoma. Int. J. Oncol. 2015, 46, 607-618. [CrossRef] [PubMed]

5. 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]

6. Cole, AJ.; Dwight, T,; Gill, AJ.; Dickson, K.A.; Zhu, Y.; Clarkson, A.; Gard, G.B.; Maidens, ]J.; Valmadre, S.; Clifton-Bligh, R.;
et al. Assessing mutant p53 in primary high-grade serous ovarian cancer using immunohistochemistry and massively parallel
sequencing. Sci. Rep. 2016, 6, 26191. [CrossRef]

7. Olivier, M.; Eeles, R.; Hollstein, M.; Khan, M.A.; Harris, C.C.; Hainaut, P. The IARC TP53 database: New online mutation analysis
and recommendations to users. Hum. Mutat. 2002, 19, 607-614. [CrossRef] [PubMed]

8.  Hamroun, D.; Kato, S.; Ishioka, C.; Claustres, M.; Beroud, C.; Soussi, T. The UMD TP53 database and website: Update and
revisions. Hum. Mutat. 2006, 27, 14-20. [CrossRef]

9.  Oren, M,; Rotter, V. Mutant p53 gain-of-function in cancer. Cold Spring Harb. Perspect. Biol. 2010, 2, a001107. [CrossRef]

10. Adorno, M.; Cordenonsi, M.; Montagner, M.; Dupont, S.; Wong, C.; Hann, B.; Solari, A.; Bobisse, S.; Rondina, M.B.; Guzzardo, V.;
et al. A Mutant-p53/Smad complex opposes p63 to empower TGFbeta-induced metastasis. Cell 2009, 137, 87-98. [CrossRef]

11.  Muller, P.A; Caswell, P.T,; Doyle, B.; Iwanicki, M.P.; Tan, E.H.; Karim, S.; Lukashchuk, N.; Gillespie, D.A.; Ludwig, R.L.; Gosselin,
P; et al. Mutant p53 drives invasion by promoting integrin recycling. Cell 2009, 139, 1327-1341. [CrossRef] [PubMed]

12.  Sauer, L.; Gitenay, D.; Vo, C.; Baron, V.T. Mutant p53 initiates a feedback loop that involves Egr-1/EGF receptor/ERK in prostate
cancer cells. Oncogene 2010, 29, 2628-2637. [CrossRef]

13.  Wang, W.,; Cheng, B.; Miao, L.; Mei, Y.; Wu, M. Mutant p53-R273H gains new function in sustained activation of EGFR signaling
via suppressing miR-27a expression. Cell Death Dis. 2013, 4, 574. [CrossRef]

14. Muller, PA.J.; Vousden, K.H. Mutant p53 in cancer: New functions and therapeutic opportunities. Cancer Cell 2014, 25, 304-317.
[CrossRef] [PubMed]

15. Yallowitz, A.R.; Li, D.; Lobko, A.; Mott, D.; Nemajerova, A.; Marchenko, N. Mutant p53 amplifies epidermal growth factor
receptor family signaling to promote mammary tumorigenesis. Mol. Cancer Res. MCR 2015, 13, 743-754. [CrossRef]

16. Hanel, W,; Marchenko, N.; Xu, S.; Yu, S.X.; Weng, W.; Moll, U. Two hot spot mutant p53 mouse models display differential gain of

function in tumorigenesis. Cell Death Differ. 2013, 20, 898-909. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bpobgyn.2005.10.007
http://doi.org/10.1097/PAT.0b013e328348a6e7
http://www.ncbi.nlm.nih.gov/pubmed/21716157
http://doi.org/10.20892/j.issn.2095-3941.2016.0084
http://doi.org/10.3892/ijo.2014.2747
http://www.ncbi.nlm.nih.gov/pubmed/25385265
http://doi.org/10.1101/cshperspect.a001008
http://www.ncbi.nlm.nih.gov/pubmed/20182602
http://doi.org/10.1038/srep26191
http://doi.org/10.1002/humu.10081
http://www.ncbi.nlm.nih.gov/pubmed/12007217
http://doi.org/10.1002/humu.20269
http://doi.org/10.1101/cshperspect.a001107
http://doi.org/10.1016/j.cell.2009.01.039
http://doi.org/10.1016/j.cell.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/20064378
http://doi.org/10.1038/onc.2010.24
http://doi.org/10.1038/cddis.2013.97
http://doi.org/10.1016/j.ccr.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24651012
http://doi.org/10.1158/1541-7786.MCR-14-0360
http://doi.org/10.1038/cdd.2013.17
http://www.ncbi.nlm.nih.gov/pubmed/23538418

Int. . Mol. Sci. 2021, 22, 8784 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lee, ].G.; Ahn, ].H,; Jin Kim, T.; Ho Lee, J.; Choi, J.H. Mutant p53 promotes ovarian cancer cell adhesion to mesothelial cells via
integrin beta4 and Akt signals. Sci. Rep. 2015, 5, 12642. [CrossRef]

Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Kempf, R.C.; Long, ]J.; Laidler, P.; Mijatovic, S.; Maksimovic-Ivanic, D.; Stivala, F.;
Mazzarino, M.C.; et al. Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity
to therapy-implications for cancer and aging. Aging 2011, 3, 192-222. [CrossRef]

Martelli, A.M.; Tabellini, G.; Bressanin, D.; Ognibene, A.; Goto, K.; Cocco, L.; Evangelisti, C. The emerging multiple roles of
nuclear Akt. Biochim. Biophys. Acta 2012, 1823, 2168-2178. [CrossRef]

Mayo, L.D.; Donner, D.B. A phosphatidylinositol 3-kinase/ Akt pathway promotes translocation of Mdm2 from the cytoplasm to
the nucleus. Proc. Natl. Acad. Sci. USA 2001, 98, 11598-11603. [CrossRef]

Huang, W.C.; Chen, YJ.; Li, L.Y.; Wei, Y.L.; Hsu, S.C.; Tsai, S.L.; Chiu, P.C.; Huang, W.P.; Wang, Y.N.; Chen, C.H.; et al. Nuclear
translocation of epidermal growth factor receptor by Akt-dependent phosphorylation enhances breast cancer-resistant protein
expression in gefitinib-resistant cells. J. Biol. Chem. 2011, 286, 20558-20568. [CrossRef]

Brand, TM.; Iida, M.; Luthar, N.; Starr, M.M.; Huppert, E.J.; Wheeler, D.L. Nuclear EGFR as a molecular target in cancer. Radiother.
Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2013, 108, 370-377. [CrossRef]

Vasey, P.A. Resistance to chemotherapy in advanced ovarian cancer: Mechanisms and current strategies. Br. |. Cancer 2003, 89,
523-528. [CrossRef] [PubMed]

Siwak, D.R.; Carey, M.; Hennessy, B.T.; Nguyen, C.T.; McGahren Murray, M.].; Nolden, L.; Mills, G.B. Targeting the epidermal
growth factor receptor in epithelial ovarian cancer: Current knowledge and future challenges. J. Oncol. 2010, 2010, 568938.
[CrossRef] [PubMed]

Gui, T; Shen, K. The epidermal growth factor receptor as a therapeutic target in epithelial ovarian cancer. Cancer Epidemiol. 2012,
36, 490-496. [CrossRef]

Sheng, Q.; Liu, J. The therapeutic potential of targeting the EGFR family in epithelial ovarian cancer. Br. ]. Cancer 2011, 104,
1241-1245. [CrossRef] [PubMed]

Mayr, D.; Kanitz, V.; Anderegg, B.; Luthardt, B.; Engel, ].; Lohrs, U.; Amann, G.; Diebold, J. Analysis of gene amplification and
prognostic markers in ovarian cancer using comparative genomic hybridization for microarrays and immunohistochemical
analysis for tissue microarrays. Am. J. Clin. Pathol. 2006, 126, 101-109. [CrossRef]

Ginath, S.; Menczer, J.; Friedmann, Y.; Aingorn, H.; Aviv, A.; Tajima, K.; Dantes, A.; Glezerman, M.; Vlodavsky, I.; Amsterdam, A.
Expression of heparanase, Mdm?2, and erbB2 in ovarian cancer. Int. J. Oncol. 2001, 18, 1133-1144. [CrossRef]

Dogan, E.; Saygili, U.; Tuna, B.; Gol, M.; Gurel, D.; Acar, B.; Koyuncuoglu, M. p53 and mdm? as prognostic indicators in patients
with epithelial ovarian cancer: A multivariate analysis. Gynecol. Oncol. 2005, 97, 46-52. [CrossRef]

Chang, S.J.; Liao, E.C.; Yeo, H.Y.; Kuo, WH.; Chen, H.Y,; Tsai, Y.T.; Wei, Y.S.; Chen, Y.J.; Wang, Y.S.; Li, ] M.; et al. Proteomic
investigating the cooperative lethal effect of EGFR and MDM2 inhibitors on ovarian carcinoma. Arch. Biochem. Biophys. 2018, 647,
10-32. [CrossRef]

Lai, Z.Y,; Yeo, H.Y,; Chen, Y.T.; Chang, K.M.; Chen, T.C.; Chuang, Y.].; Chang, S.J. PI3K inhibitor enhances the cytotoxic
response to etoposide and cisplatin in a newly established neuroendocrine cervical carcinoma cell line. Oncotarget 2017, 8,
45323-45334. [CrossRef]

Chou, T.C,; Talalay, P. Quantitative analysis of dose-effect relationships: The combined effects of multiple drugs or enzyme
inhibitors. Adv. Enzym. Regul. 1984, 22, 27-55. [CrossRef]

Lafky, ].M.; Wilken, J.A.; Baron, A.T.; Maihle, N.J. Clinical implications of the ErbB/epidermal growth factor (EGF) receptor
family and its ligands in ovarian cancer. Biochim. Biophys. Acta 2008, 1785, 232-265. [CrossRef] [PubMed]

Hudson, L.G.; Zeineldin, R.; Silberberg, M.; Stack, M.S. Activated epidermal growth factor receptor in ovarian cancer. Cancer
Treat. Res. 2009, 149, 203-226. [CrossRef]

Meier, R.; Alessi, D.R.; Cron, P.; Andjelkovi¢, M.; Hemmings, B.A. Mitogenic activation, phosphorylation, and nuclear transloca-
tion of protein kinase Bf3. J. Biol. Chem. 1997, 272, 30491-30497. [CrossRef]

Borgatti, P.; Martelli, A.M.; Tabellini, G.; Bellacosa, A.; Capitani, S.; Neri, L.M. Threonine 308 phosphorylated form of Akt
translocates to the nucleus of PC12 cells under nerve growth factor stimulation and associates with the nuclear matrix protein
nucleolin. J. Cell. Physiol. 2003, 196, 79-88. [CrossRef]

Leinninger, G.M.; Backus, C.; Uhler, M.D.; Lentz, S.I.; Feldman, E.L. Phosphatidylinositol 3-kinase and Akt effectors mediate
insulin-like growth factor-I neuroprotection in dorsal root ganglia neurons. FASEB |. 2004, 18, 1544-1546. [CrossRef] [PubMed]

Tzivion, G.; Dobson, M.; Ramakrishnan, G. FoxO transcription factors; Regulation by AKT and 14-3-3 proteins. Biochim. Biophys.
Acta 2011, 1813, 1938-1945. [CrossRef]

Chou, T.C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combina-
tion studies. Pharm. Rev. 2006, 58, 621-681. [CrossRef]

Brosh, R.; Rotter, V. When mutants gain new powers: News from the mutant p53 field. Nat. Rev. Cancer 2009, 9, 701-713.
[CrossRef] [PubMed]

Arden, K.C.; Biggs, W.H., 3rd. Regulation of the FoxO family of transcription factors by phosphatidylinositol-3 kinase-activated
signaling. Arch. Biochem. Biophys. 2002, 403, 292-298. [CrossRef]

Zhang, X.; Tang, N.; Hadden, T.J.; Rishi, A.K. Akt, FoxO and regulation of apoptosis. Biochim. Biophys. Acta (BBA) Mol. Cell Res.
2011, 1813, 1978-1986. [CrossRef]


http://doi.org/10.1038/srep12642
http://doi.org/10.18632/aging.100296
http://doi.org/10.1016/j.bbamcr.2012.08.017
http://doi.org/10.1073/pnas.181181198
http://doi.org/10.1074/jbc.M111.240796
http://doi.org/10.1016/j.radonc.2013.06.010
http://doi.org/10.1038/sj.bjc.6601497
http://www.ncbi.nlm.nih.gov/pubmed/14661043
http://doi.org/10.1155/2010/568938
http://www.ncbi.nlm.nih.gov/pubmed/20037743
http://doi.org/10.1016/j.canep.2012.06.005
http://doi.org/10.1038/bjc.2011.62
http://www.ncbi.nlm.nih.gov/pubmed/21364581
http://doi.org/10.1309/N6X5MB24BP42KP20
http://doi.org/10.3892/ijo.18.6.1133
http://doi.org/10.1016/j.ygyno.2004.12.053
http://doi.org/10.1016/j.abb.2018.04.004
http://doi.org/10.18632/oncotarget.17335
http://doi.org/10.1016/0065-2571(84)90007-4
http://doi.org/10.1016/j.bbcan.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18291115
http://doi.org/10.1007/978-0-387-98094-2_10
http://doi.org/10.1074/jbc.272.48.30491
http://doi.org/10.1002/jcp.10279
http://doi.org/10.1096/fj.04-1581fje
http://www.ncbi.nlm.nih.gov/pubmed/15319368
http://doi.org/10.1016/j.bbamcr.2011.06.002
http://doi.org/10.1124/pr.58.3.10
http://doi.org/10.1038/nrc2693
http://www.ncbi.nlm.nih.gov/pubmed/19693097
http://doi.org/10.1016/S0003-9861(02)00207-2
http://doi.org/10.1016/j.bbamcr.2011.03.010

Int. . Mol. Sci. 2021, 22, 8784 16 of 16

43.

44.
45.

46.

47.

48.

49.
50.

Mayo, L.D.; Dixon, J.E.; Durden, D.L.; Tonks, N.K.; Donner, D.B. PTEN protects p53 from Mdm?2 and sensitizes cancer cells to
chemotherapy. J. Biol. Chem. 2002, 277, 5484-5489. [CrossRef] [PubMed]

Moll, U.M.; Petrenko, O. The MDM2-p53 interaction. Mol. Cancer Res. MCR 2003, 1, 1001-1008. [PubMed]

Lo, HW.,; Xia, W.; Wei, Y.; Ali-Seyed, M.; Huang, S.F.; Hung, M.C. Novel prognostic value of nuclear epidermal growth factor
receptor in breast cancer. Cancer Res. 2005, 65, 338-348. [PubMed]

Habashy, H.O.; Rakha, E.A.; Aleskandarany, M.; Ahmed, M.A_; Green, A R; Ellis, 1.O.; Powe, D.G. FOXO3a nuclear localisation is
associated with good prognosis in luminal-like breast cancer. Breast Cancer Res. Treat. 2011, 129, 11-21. [CrossRef] [PubMed]
Chaar, I.; Amara, S.; Khiari, M.; Ounissi, D.; Dhraif, M.; Ben Hamida, A.E.; Gharbi, L.; Mzabi, S.; Bouraoui, S. Relationship
between MDM2 and p53 alterations in colorectal cancer and their involvement and prognostic value in the Tunisian population.
Appl. Immunohistochem. Mol. Morphol. AIMM 2013, 21, 228-236. [CrossRef]

Wang, J.; Xu-Monette, Z.Y.; Jabbar, K.J.; Shen, Q.; Manyam, G.C.; Tzankov, A.; Visco, C.; Wang, ].; Montes-Moreno, S.; Dybkaer,
K.; et al. AKT Hyperactivation and the Potential of AKT-Targeted Therapy in Diffuse Large B-Cell Lymphoma. Am. J. Pathol.
2017, 187, 1700-1716. [CrossRef]

Agarwal, R,; Kaye, S.B. Ovarian cancer: Strategies for overcoming resistance to chemotherapy. Nat. Rev. Cancer 2003, 3, 502. [CrossRef]
Yang, W.; Dolloff, N.G.; El-Deiry, W.S. ERK and MDM2 prey on FOXO3a. Nat. Cell Biol. 2008, 10, 125. [CrossRef]


http://doi.org/10.1074/jbc.M108302200
http://www.ncbi.nlm.nih.gov/pubmed/11729185
http://www.ncbi.nlm.nih.gov/pubmed/14707283
http://www.ncbi.nlm.nih.gov/pubmed/15665312
http://doi.org/10.1007/s10549-010-1161-z
http://www.ncbi.nlm.nih.gov/pubmed/21336599
http://doi.org/10.1097/PAI.0b013e31825f4e20
http://doi.org/10.1016/j.ajpath.2017.04.009
http://doi.org/10.1038/nrc1123
http://doi.org/10.1038/ncb0208-125

	Introduction 
	Materials and Methods 
	Cell Culture 
	Drugs and Reagents 
	Plasmids Construction and Overexpression 
	Western Blot Analysis 
	Immunocytochemistry (ICC) 
	Cell Viability Assay 
	Analysis of Combination Index 
	Statistics 

	Results 
	Overexpression of p53R248Q was Associated with p-AKT Expression in OVCAR3 Cells 
	p53R248Q Overexpression and EGF Stimulation Resulted in Similar Cytonuclear Trafficking of AKT, EGFR, MDM2, and FOXO3a 
	Combined Blockade by Gefitinib and JNJ Attenuated EGFR and MDM2 Cytonuclear Trafficking 
	R248Q Mutation of p53 Increased the Sensitivity of EGFR and MDM2 Inhibitors 
	R248Q Mutation of p53 Decreased the Synergistic Lethal Effect of Gefitinib and JNJ 
	MAPK and p21 Regulated the Effects of Single and Combined Treatment of Gefitinib and JNJ 

	Discussion 
	References

