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Abstract.
BACKGROUND: Hotspot mutations occurring in the p110� domain of the PIK3CA gene, specifically p110�H1047R/L increase
tumor metastasis and cell motility in triple-negative breast cancer (TNBC). These mutations also affect the transcriptional
regulation of �Np63�, a significant isoform of the p53 protein involved in cancer progression. This study attempts to
investigate the transcriptional impact of p110�H1047R/L mutations on the PIK3CA/�Np63� complex in TNBC carcinogenesis.
METHODS: We performed site-directed mutagenesis to introduce p110�H1047R/L mutations and evaluated their oncogenic
effects on the growth, invasion, migration, and apoptosis of three different TNBC cell lines in vitro. We investigated the
impact of these mutations on the p110�/�Np63� complex and downstream transcriptional signaling pathways at the gene
and protein levels. Additionally, we used bioinformatics techniques such as molecular dynamics simulations and protein-
protein docking to gain insight into the stability and structural changes induced by the p110�H1047R/L mutations in the
p110�/�Np63� complex and downstream signaling pathway.
RESULTS: The presence of PIK3CA oncogenic hotspot mutations in the p110�/�Np63� complex led to increased scattering
of TNBC cells during growth, migration, and invasion. Our in vitro mutagenesis assay showed that the p110�H1047R/L mutations
activated the PI3K-Akt-mTOR and tyrosine kinase receptor pathways, resulting in increased cell proliferation, invasion, and
apoptosis in TNBC cells. These mutations decreased the repressing effect of �Np63� on the p110� kinase domain, leading
to the enhancement of downstream signaling pathways of PI3K and tyrosine kinase receptors and oncogenic transformation
in TNBC. Additionally, our findings suggest that the physical interaction between the DNA binding domain of �Np63�
and the kinase domain of p110� may be partially impaired, potentially leading to alterations in the conformation of the
p110�/�Np63� complex.
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CONCLUSION: Our findings suggest that targeting the p110�H1047R/L mutations in TNBC could be a promising strategy
for developing transcriptional-based therapies. Restoring the interaction between �Np63� and the p110� kinase domain,
which is disrupted by these mutations, may provide a new approach to treating TNBC.

Keywords: PIK3CA mutations, �Np63�, triple-negative breast cancer, ERK activation, tyrosine kinase receptor,
transcriptional-targeted therapies

1. Introduction

Metastatic breast cancer (MBC) is a life-threatening malignancy among women worldwide, resulting
in over 41,000 deaths annually and a 5-year overall survival rate of 59% [1]. Among the subtypes of
MBC, triple-negative breast cancer (TNBC) is a prevalent and highly recurrent subtype with a poor
prognosis [1, 2]. The correlation between histopathological markers and mammographic and imaging
characteristics can aid in the early detection and targeted treatment of TNBC patients [3].

The phosphatidylinositol 3-kinase (PI3K) family, a group of intracellular signal-transducing lipid
kinases, plays a crucial role in TNBC metastasis through its involvement in cell differentiation, growth,
proliferation, apoptosis, and survival [2]. Oncogenic point mutations in the PI3K gene, particularly in
hotspot regions, have been identified as a significant contributor to the poor prognosis and resistance
to standard therapies in patients with MBC [4]. These mutations, along with overexpression of human
epidermal receptor 2 (HER2), are essential factors in the pathogenesis of the MBC [5]. Among the
class, IA PI3K subunit p110� (PIK3CA), several oncogenic hotspot mutations have been reported in
33–40% of the MBC [5–7]. Most mutations in cancer affect the kinase domain of p110�, which is
located in exon 20. Notably, two common mutations, p.H1047R, and p.H1047L have been identified
in various types of cancers.

Tumor protein p63, a member of the p53 family, acts as a tumor suppressor protein and is involved
in the pathogenesis of the MBC [8, 9]. The expression of TP63 results in two distinct isoforms, TAp63
and �Np63, that differ in their N-terminal transactivation domain which is present in the full-length
form of the protein [9, 10]. �Np63� is the predominant isoform of tumor protein p63 and has been
found to act as a crucial inhibitor of cancer metastasis. Its downregulation has been associated with
increased metastasis, invasion, and migration in TNBC [10–13].

Gene expression analysis shows that the mutational inactivation of PI3Ks leads to decreased �Np63�
expression and activity, potentially leading to genetic instability and cancer progression [11, 14–16].
A computational docking study shows that PIK3CA and �Np63� interact, activating PI3K kinase in
TNBC. p110�H1047R/L in exon 20 inhibit �Np63� expression and are associated with a high mortality
rate for patients with HER+ breast cancer [17, 18]. Despite extensive research on the functional and
structural effects of the oncogenic hotspot mutation, the pathological significance of the oncogenic
mutation of p110�H1047R/L at p110�/PIK3CA complex in the TNBC metastasis is still unknown [17,
18].

Emerging research has suggested the involvement of tyrosine kinase receptors in modulating the
PI3K/�Np63� pathway in the TNBC [11, 19]. Upon activation, these receptors initiate the downstream
PI3K signaling pathway, which subsequently activates Akt and mTOR. Additionally, these receptors
have been observed to interact with the p110�/�Np63� complex, modulating its activity and promoting
oncogenic transformation in TNBC [11, 20]. Considering the connection between tyrosine kinase
receptors and the PI3K/�Np63� pathway in TNBC, targeting these receptors through therapeutic
means could be a promising treatment approach for this particularly aggressive type of breast cancer
[21].
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This study aimed to investigate the impact of p110�H1047R/L mutations on the PIK3CA/�Np63�
complex in the development of TNBC. By using in vitro models and evaluating the inhibitory function
through homology modeling and protein-protein interaction, the study found that these mutations
resulted in the destabilization of the interaction site between p110� and �Np63� in the PI3K/AKT-
dependent pathway. The results suggest this destabilization of may play a role in TNBC development
which may provide hints for developing new therapeutic strategies in TNBC.

2. Materials and methods

2.1. Ethical considerations

This study was approved by the Ethics Review Board of the Affiliated Hospital of Southwest Med-
ical University (Approval No. KY2019041) following the Declaration of Helsinki (1983 Revision).
Furthermore, all laboratory assessments were conducted according to the local guidelines of the Ethics
Committee of the Oncology Department at the Affiliated Hospital of Southwest Medical University,
Sichuan, China.

2.2. Cell lines

The human breast ductal carcinoma cell line (BT-549), human breast adenocarcinoma cell line
(MDA-MB-231), and non-metastatic human breast cancer cell line (MCF-7) were obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were grown in a
combination of DMEM, Ham’s F-12 medium with reduced Ca2+ (0.04 mM; Invitrogen, Carlsbad, CA,
USA), supplemented with 1% penicillin-G/streptomycin, epidermal growth factor (20 ng/mL), cholera
toxin (100 ng/mL), insulin (10 �g/mL), hydrocortisone (500 ng/mL), and Chelex-treated horse serum
(5%). The cells were cultured at 37◦C with 5% CO2, and to assess their morphology the cells were
plated at a low confluence, allowed to grow for 8–12 days, fixed with methanol, stained with 0.1%
crystal violet in 70% ethanol, and observed under a light microscope.

2.3. Plasmid construction and transfection

The human wild-type (WT) p110� and its mutant versions (p.H1047R and p.H1047L) were produced
through PCR amplification using the templates pSG5-p110�-WT (V), pSG5-p110�H1047R, and pSG5-
p110�H1047L (from Addgene, Watertown, MA, USA). The amplified products were then subcloned into
a pLentim3-blasticidin vector [22]. A p110�-specific shRNA was created by inserting specific oligos
into a pSG5-ampicillin vector obtained from Thermo Fisher Scientific (Table 1). The presence of the
pSG5:p110� DNA construct was confirmed through restriction digestion and sequencing. To assess the
transfection efficiency, BT-549 cells were transfected with pMD2.G, psPAX2 packaging plasmids, and
the corresponding backbone plasmid using Lipofectamine 3000 as per the manufacturer’s instructions
[23, 24]. At 48 hours post-transfection, the cells were harvested and analyzed through Western blot
analysis after being incubated at 37◦C.

2.4. Generation of mutant p110α plasmids

The p110�H1047R/L mutants were created using the QuikChange® Site-Directed Mutagenesis Kit
according to the manufacturer’s instructions [25]. The process involved PCR amplification to create the
mutant versions of the p110� gene. After PCR amplification, the product was treated with DpnI enzyme
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Table 1

Primers and oligonucleotides used in this study

Oligonucleotide Sequence Application

Human sh-p110�-1 GAGTGGAGCCACTGAACTAT shRNA
Human sh-p110�-2 CTTCCATATCCCTTTGTTCTA shRNA
Human shC GAAGCAGCACGACTTCTTC shRNA
�Np63-F GATTCATATTGTAAGGGTCTCGG qRT-PCR
�Np63-R GGGCATTGTTTTCCAGGTA qRT-PCR
ERK1/2-F CCTGGAAGCCTCGAGAGATGTCTA qRT-PCR
ERK1/2-R TCCATTCAGCTCGAGTTCTGCACC qRT-PCR
AKT-F TCTATGGCGCTGAGATTGTG qRT-PCR
AKT-R CTTAATGTGCCCGTCCTTGT qRT-PCR
p-ERK1/2-R CTGGCAGGGTGAAGTTGG qRT-PCR
GAPDH-F GGCCTCCAAGGAGTAAGACC qRT-PCR
GAPDH-R AGGGGAGATTCAGTGTGGTG qRT-PCR
Human sh-p110�-1 GAGTGGAGCCACTGAACTAT shRNA
Human sh-p110�-2 CTTCCATATCCCTTTGTTCTA shRNA
Human shC GAAGCAGCACGACTTCTTC shRNA
�Np63-F GATTCATATTGTAAGGGTCTCGG qRT-PCR
�Np63-R GGGCATTGTTTTCCAGGTA qRT-PCR
ERK1/2-F CCTGGAAGCCTCGAGAGATGTCTA qRT-PCR
ERK1/2-R TCCATTCAGCTCGAGTTCTGCACC qRT-PCR
AKT-F TCTATGGCGCTGAGATTGTG qRT-PCR
AKT-R CTTAATGTGCCCGTCCTTGT qRT-PCR

to eliminate the parental, non-mutated version of the p110� plasmid. Next, the mutated plasmids were
transformed into XL1-Blue super-competent cells using a heat shock method on an LB agar plate. After
overnight incubation at 37◦C, the integrity of the newly generated plasmids was confirmed through
sequencing using an upstream primer to ensure the successful incorporation of the desired mutations
into the p110� gene.

2.5. Western blot analysis

The Western blotting procedure was carried out using conventional techniques following previously
described protocols [26, 27]. Primary antibodies for p63, DPL, and ACTIN were procured from Santa
Cruz Biotechnology, while Cell Signaling Technologies provided antibodies for Akt, p-Akt, Erk1/2,
p-Erk1/2, and p110�.

2.6. qRT-PCR

The RNA extraction procedure was conducted using the RNAeasy Plus Mini Kit (Qiagen), following
the manufacturer’s guidelines. Reverse transcription of RNA into cDNA was carried out with the M-
MLV First Strand Kit (Invitrogen). To determine �Np63 expression, qPCR was performed on a CFX96
real-time PCR system (Bio-Rad) using SoFast EvaGreen Supermix (Bio-Rad). The detailed qRT-PCR
reaction plan was previously described [28–30].
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2.7. Transwell invasion assay

The Transwell invasion assay was conducted using 6.5 mm diameter polycarbonate filters (8 �M
pore size) covered with 35 �L of high-concentration Corning Matrigel Matrix. Corning Costar 24-
well cell culture inserts were used for the assay [31]. Initially, 5 × 105 cells were seeded on top of the
chamber, containing 1% FBS, and allowed to invade for 24 hours at 37◦C. Following the incubation
period, the chambers were washed with PBS, and the cells were fixed with methanol for 20 minutes.
Giemsa stain was used to stain the cells for 15 minutes. Five randomly selected fields were manually
counted, and the assay was visualized through an inverted microscope. Representative samples of the
assay were taken and images were captured.

2.8. Tumor metastatic potential assay in vitro

The migration ability of BT-549 cells was evaluated using a wound-healing assay. BT-549 cells
(5 × 105 cells/well) transfected with WT, V, or both p110�H1047R and p110�H1047L mutants were used
for the assay as previously described [32]. Scratch wounds were created in the 90% confluent cell
monolayer using a sterile 200-�L pipette tip. The cells were then rinsed with 3x PBS and incubated
in a serum-free medium at 37◦C for 24 hours. The migration of cells was observed at 0–24 hours after
the scratch wound was created using a phase-contrast microscope (Olympus Cor., Tokyo, Japan), and
the migratory differences were analyzed using ImageJ Wound Healing Tool plug-in software.

2.9. Cell growth, migration, and apoptosis assays

Cell growth, migration, and apoptosis assays were performed to assess the effects of the
p110�H1047R/L mutants on BT-549 cells. Real-time analysis of these cellular processes was conducted
using a real-time cell analyzer (xCELLigence RTCA DP, Roche, Germany), which provided accurate
and precise quantification of the parameters of interest [30, 33]. Standard flow cytometry with the FITC
Annexin V Apoptosis Detection Kit (BD Biosciences, San Diego, CA, USA) was used to analyze the
cell cycle and apoptosis according to the manufacturer’s instructions [26]. Flow cytometry data were
acquired on a FACS Canto II flow cytometer and analyzed using FlowJo software (TOMY Digital
Biology, Tokyo, Japan).

2.10. Homology modeling, protein-protein interaction, and MD simulation

To generate the initial conformation, a crystal structure of the template protein (PDB entry: 2RD0)
with 3.05 Å resolution was used. The PIK3CA sequence alignment was identified using the PDB’s
BLASTp program. MODELLER 9.17 was used to construct 3D models of full-length PIK3CA, and
hotspot mutations were generated in silico using Chimera software [34]. To verify the models’ quality,
PROCHECK, ProSA-web, and QMEAN analysis were used. Clustal Omega was used to conduct mul-
tiple sequence alignments, and the phylogenetic tree analysis was performed to confirm the sequence
similarity of mutations to p110�. Molecular docking with HADDOCK was used to evaluate the binding
sites of the WT and mutant p110� models in complex with �Np63� [35]. The CPORT server was used
to predict the active site for interaction between mutants and WT. Results were analyzed using LigPlot
software and VMD [36]. Molecular dynamics (MD) simulations were performed to study the motion
and fluctuations of three systems containing discrete particles under the influence of internal and exter-
nal forces associated with hotspot mutant residues in human PIK3CA. The conformational diversity of
p.H1047R/L mutations on the functional binding domain of p110� in complex with �Np63� (residues
114–359) was investigated through 50-ns MD simulations using GROMACS MD package (5.1.3) and
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GROMOS96 package (43a1) force field on a Centos Linux system. The simulations were designed
to provide insight into the dynamics of the system and were performed using previously established
methods described in [30, 37–39].

2.11. Statistical analysis

The data were analyzed statistically using SPSS 21.0 software (Chicago, Illinois, USA), and graphs
were created using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA). The biological
assays were performed thrice, and the in vitro quantitative data were analyzed accordingly. Fisher’s
exact test was used to determine the level of enrichment of mutations/aberrations affecting the pathway
in the mutagenesis group in comparison to the WT or V control. A P-value of less than 0.05 was
considered statistical significance threshold, and detailed information about the individual P-values
and statistical analysis are provided in the figure captions.

3. Results

3.1. PIK3CA and ΔNp63α expression enhances scattered cell growth, migration, and invasion in
TNBC cell lines

In previous studies, it was found that high expression of PIK3CA is inversely correlated with overall
survival in the MBC [28]. To investigate the role of the PIK3CA/�Np63� complex and its association
with malignancy in MBC, the expression levels of PIK3CA and �Np63� in both mRNA and protein
levels were assessed in three MBC cell lines (BT-549 and MDA-MB-231) and one non-metastatic
breast cancer cell line (MCF-7) (Fig. 1). The results indicate that the expression of PIK3CA was
significantly higher in two advanced TNBC cell lines and one melanoma cell line when compared
to MCF-7. However, there was no significant difference in PIK3CA expression observed in MDA-
MB-231 cells. The advanced/metastatic TNBC cell line, BT-549, exhibited the highest expression
levels of both PIK3CA and �Np63�. However, it is essential to exercise caution in interpreting these
results, as the data from Fig. 1A and 1B do not conclusively demonstrate a direct association between
elevated �Np63� levels and heightened disease severity or metastatic lesions in TNBC patients. The
expression ratio of PIK3CA to �Np63� was highest in BT-549 and lowest in MDA-MB-231 cells.
Previous research also found that PIK3CA hotspot mutations p. H1047R/L were significantly higher
in the BT-549 TNBC cell line compared to other TNBC cell lines [40]. To evaluate the impact of
p110�H1047R/L overexpression on MBC cell growth, migration, and invasion, pre-p110�H1047R/L were
transiently transfected into BT-549 cells [41], respectively. Results showed that the expression of both
p110�H1047L and p110�H1047R significantly inhibited cell proliferation in BT-549 cells (P < 0.05). The
restoration of p110�H1047L led to reduced cell migration and invasion compared to p110�H1047R. In
contrast, overexpression of p110�H1047R significantly enhanced cell growth, migration, and invasion
(Fig. 1C). Meanwhile, after introducing WT or V p110�, there was little impact on cell migration
and invasion. However, p110� removal in cells expressing p110�H1047L fully restored cell migration
and invasion to levels seen in control cells. Furthermore, the findings revealed that BT-549 breast
cancer cells with inhibited p110�H1047L demonstrated increased migration and invasion after 24 h
of cell culture. The results in Fig. 1D show that control cells had normal morphology and formed
compact colonies, while the expression of p110�H1047R/L led to scattered cell growth with spindle-
like morphology. This suggests that p110�H1047R/L can cause changes in cellular behavior and may be
involved in disease development. Further research is needed to understand the underlying mechanisms.
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Fig. 1. Comparison and impact of p110� and �Np63� expression in breast cancer cells. (A) The relative mRNA expres-
sion levels of p110� and �Np63� in advanced breast cancer cell lines. (B) The protein levels of p110� and �Np63� in
advanced breast cancer cell lines. (C) Cell migration, growth, and invasion were measured using a real-time cell analyzer. (D)
Comparison of cell morphologies of BT-549 cells expressing p110�H1047R/L or vector control. Impact of p110�H1047R/L on
Cell Migration and Invasion in BT-549 Cells. The BT-549 cells were transfected with shRNA-p110�H1047L and p110�H1047R

plasmids for 24 hours.
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Our initial invasive screening results showed that p110�H1047R/L knockdown significantly reduced
BT-549 cell proliferation/viability compared to WT (Fig. 2A). In addition, the number of invasive
TNBC cells was significantly lower in the shp110�H1047R (150 ± 11 cells/field) and shp110�H1047L

groups (87 ± 14 cells/field) compared to the Wide group (177 ± 8 cells/field; p < 0.05) and V groups
(283 ± 14 cells/field; p < 0.001) (Fig. 2C). The results of the in vitro wound healing assay showed signif-
icant reductions in migration in both shp110�H1047R and shp110�H1047L groups (Fig. 2B). In addition,
there was a notable decrease in TNBC cell migration in the p110�H1047L group, and p110�H1047R signif-
icantly inhibited cell proliferation in BT-549 cells. Remarkably, after 24 h of cell culture, p110�H1047L

in BT-549 cells exhibited the greatest reduction in migration (Fig. 2D).

3.2. p110αH1047R/L inhibit ΔNp63α expression via Akt1-mediated inhibition and trigger the G2/M
cell arrest

To assess the effect of p110�H1047R/L on BT-549 MBC cell apoptosis and cell cycle distribution,
flow cytometry was used, as shown in Fig. 3A–D. The BT-549 cells expressing p110�H1047R/L showed
a significant decrease in the proportion of cells in the G2/M phase and a significant increase in
the proportion of cells in the G0/G1 phase, respectively. The p110�H1047L also caused progression
from the G0/G1 to G2/M phase (Fig. 3A). The distribution of p110�H1047L -induced cells showed a
lower proportion at the G2/M phase and a higher proportion at the G0/G1 phase (Fig. 3B). Addition-
ally, the apoptosis rate decreased significantly in both p110�H1047R and p110�H1047L (Fig. 3C). The
apoptosis rate was significantly lower in the shp110�H1047R (19.23.56 ± 3.12%) and shp110�H1047L

groups (15.01 ± 3.09%) compared to the control group (79.21 ± 5.66%; p < 0.001; Fig. 3D). The results
suggest that p110�H1047R/L induces TNBC proliferation by suppressing mitotic arrest and apoptosis.

The impact of p110�H1047R/L on �Np63� expression and the Akt1-mediated pathway were assayed
by the qRT-PCR (shown in Fig. 4A) and Western blot analysis (presented in Fig. 4B) utilized. The results
showed that �Np63� expression was partially restored in p110�H1047L after knockdown, leading to
decreased expression of AKT and p-AKT while ERK1/2 remained unchanged. �Np63� was found
to be a common target in p110�H1047L-induced cell motility and tumor metastasis (Fig. 4A). Based on
the study findings, it appears that the tyrosine kinase receptor Akt1 is instrumental in the inhibition of
�Np63� expression, cell migration, and invasion mediated by p110�H1047R/L. Akt1 is known to be a
downstream effector of the PI3K/Akt and tyrosine kinase receptors signaling pathway and is involved
in various cellular processes such as cell survival, proliferation, and migration. The partial restoration
of �Np63� expression after Akt1 knockdown in p110�H1047L cells indicates the involvement of Akt1
in the regulation of �Np63� expression in TNBC cells harboring PIK3CA mutations. Furthermore,
the decreased levels of AKT and p-AKT observed in p110�H1047L cells suggest that the p110�H1047L

mutation may inhibit Akt1 expression and activity, thereby contributing to the downregulation of
�Np63� and the enhanced metastatic potential of TNBC cells. The p110�H1047L partially inhibited
Akt1 expression, suggesting the importance of Akt1 in p110�H1047L-induced �Np63� downregulation
and cell migration and invasion. In p110�H1047L, the levels of AKT and p-AKT decreased, while
ERK1/2 remained unaltered and had more phosphorylation than in the WT. The study emphasizes the
importance of the PI3K/Akt signaling pathway and of Akt1 in TNBC metastasis. The p110�H1047R/L

mutations in the p110�/PIK3CA complex affect �Np63� expression and activity.

3.3. Conformational changes in the WT and mutant structure of the p110α/ΔNp63α complex

The study analyzed the PIK3CA gene’s WT structure and two mutations (p.H1047R and p.H1047L)
in the p110� kinase domain using computational methods. Our results show that the three-helix regions
of the �Np63� protein’s DNA-binding domain (DBD) were located at the p110�/�Np63� interface
and maintained stable interactions with p110�’s kinase domain (Fig. 4D). The results suggested that the



W. Ma et al. / The p110�/�Np63� complex mutations in triple-negative breast cancer 135

Fig. 2. Inhibitory effect of p110�H1047R/L on proliferation and invasion of TNBC cells. Analysis of cell invasion using a
modified Boyden Chamber assay in BT-549 cell lines transfected with WT and p110�H1047L/R-shRNA. (A) Microscopic
images of invaded cells, (B) bar graph representing several cells that invaded matrigel, (C) scratch wound-healing assay of
BT-549 cells transfected with empty vector (V), shRNA (WT), or p110�H1047L/R-shRNA. The movement of cells into the
wounds was observed at 0 and 24 hours after scratching (magnification: 10x). (D) Bar graph showing the number of cells
that migrated into the scratched area. Values are presented as mean ± SEM, n = 3, ∗P < 0.05, and ∗∗P < 0.01 for the V group;
#P < 0.05, and ##P < 0.01 for the WT group.
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Fig. 3. (Continued)
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mutations in the linker motif 797–1068 could potentially affect the interdomain allosteric interactions in
the complex. The three-helix regions (H1, H2, and H3) of the DNA-binding domain (DBD) of �Np63�
were found to be at the interface with p110�, and the hydrophobic cleft could also be affected by the
mutations (Fig. 4E). A molecular dynamics simulation was then performed to assess the stability of
the WT and mutant structures over time. The results showed a continuous loss in compactness and
conformational change in the mutant structures, with the most severe change observed in the p.H1047L
mutant. Further studies are required to confirm these findings.

3.4. Hydrogen bonding in the p110α/ΔNp63α complex

Figure 5 shows the H-bonds in the p110�/�Np63� complex for the WT and both mutant systems.
All residues involved in the binding between p110� and �Np63� are present in the WT (Fig. 5A),
as well as in the p.H1047R (Fig. 5B) and p.H1047L (Fig. 5C) mutant systems. In the WT, Arg299
interacts with Asp1045, while Tyr947 bonds with Tyr261. In the p.H1047R mutant, Arg299 forms a
bond with Asp1045, while Tyr947 bonds with Thr261. In the p.H1047L mutant, Asp1045 interacts with
Arg299, and Tyr947 interacts with Tyr251. The residues Tyr947, Lys948, Glu950, Asn1044, Asp1045,
and His1048 of PIK3CA are involved in H-bonding with the DBD of �Np63�. The common residues
in the H-bond between the p110�/�Np63� complex in the WT and both mutant models are Tyr947-
Tyr251 and Asp1045-Arg299. These findings suggest that mutations in the linker motif 797–1068
could impair interdomain allostery in the p110�/�Np63� complex through the hydrophobic cleft and
H-bonding. Validation through further computational studies is necessary.

3.5. Molecular dynamics simulation analysis of the WT and hotspot mutants of the p110α/δnp63α

complex

A molecular dynamics simulation was conducted to evaluate the structural stability of the WT and the
two hotspot mutant models of the p110�/�Np63� complex. Four snapshots were selected to examine
the effect of mutations on the structure and function of the complex. The tertiary structural stability of
the three models at 20, 30, 40, and 50 ns is shown in Fig. 6. The results indicate a continuous decline
in compactness and conformational changes in the mutant structures until the end of the simulation,
which is supported by the DSSP analysis. The p110�H1047R/L structures both exhibited an increased �-
sheet content in specific regions of PIK3CA residues over the 20–50 ns time frame. The study findings
suggest that the suppression effects between the �Np63� domain and the kinase domain of PIK3CA
become closer at different times, with a visible shift in the orientation of �Np63�, an increase in its
compactness, and motion towards the core binding site. Among all the models examined, the p.H1047L
mutant exhibited the most significant conformational change.

4. Discussion

Here, for the first time, we suggest that the expression of either p110�H1047R or p110�H1047L grad-
ually increases during the development of MBC tumors. The findings indicate that both p110�H1047R

and p110�H1047L inhibit the expression of �Np63�, which could significantly contribute to the onco-

Fig. 3. Effect of p110�H1047R/L on cell cycle arrest and apoptosis of TNBC cells. (A) Flow cytometry assessed representative
dot plots of cell cycle and (B) apoptotic cells after Annexin V-FITC/PI staining. (C) Percentage of cell cycle and (D) apoptotic
cells with different concentrations of Anlotinib. Data are presented as mean ± SD of three independent experiments. (∗P < 0.05
and ∗∗P < 0.01 versus V group and #P < 0.05, and ##P < 0.01 versus WT group).
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Fig. 4. Inhibition of �Np63� expression by p110�H1047L via Akt1-mediated inhibition and tyrosine kinase receptor signaling.
The BT-549 cells were transduced with recombinant retroviruses encoding wild-type p110� (WT) and mutant derivatives
(H1047L or H1047R). (A) qRT-PCR data and (B) representative western blot analysis of p110�, �Np63�, and Akt1-mediated
signaling pathways in various groups. (C) Structure and Domain Organization of the p110�/�Np63� Complex. Schematic
representation of the �Np63� and P110� protein isoforms. (D) The tertiary structure of �Np63�. The DBD domain contains
three important helices, H1 (residues 234–236), H2 (residues 245–249), and H3 (residues 348–355), which play a crucial
role in the interaction with PIK3. (E) The p110�/�Np63� complex’s 3D structure highlights its contacts with the kinase,
helical, ABD, RBD, and C2 domains of PIK3CA. The different domains of PIK3CA are colored for visual differentiation,
with the ABD (residues 16–105) in green, the RBD (residues 187–289) in yellow, the C2 domain (residues 330–487) in blue,
the helical domain (residues 517–694) in red, the kinase domain (residues 797–1068) in purple, and the �Np63� DBD in
pink. Western blotting was performed on whole-cell lysates (50–70 �g) using GAPDH as a control. Values are presented as
mean ± SEM, n = 3, ∗P < 0.05 and ∗∗P < 0.001 compared to the V group and #P < 0.05, and ##P < 0.01 versus the WT group.
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Fig. 5. A model of the p110�/�Np63� complex interaction. The residues involved in the binding interaction between p110�
and �Np63� are shown in wild-type (WT) (A), the p.H1047R mutant system (B), and the p.H1047L mutant system (C).
Tyr947, Lys948, Glu950, Asn1044, Asp1045, and His1048 of PIK3CA participate in the H-bonding with the �Np63� DBD
domain. The residues present in the H-bond between the p110�/�Np63� complex in WT and both hotspot mutant models
are Tyr947-Tyr251 and Asp1045-Arg299 (D-F).

genic Akt1-mediated cell motility and cancer metastasis. The p110�H1047L-activated PI3K/Akt and
tyrosine kinase receptors signaling pathway results in a greater increase in cell migration, scattered
cell growth, and invasion in MBC compared to the p110�H1047R-activated pathways. The functional
effect of p110�H1047R/L was dependent on human breast tumor cells and was able to suppress several
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Fig. 6. Stability of the tertiary structure of the wild-type (WT) and hotspot mutant forms of the p110�/�Np63� complex.
The structures of the p110� (blue color) and �Np63� (red color) domains were derived from simulations of 20, 30, 40,
and 50 ns. The �Np63� domain of the mutant forms showed increased interaction over various time intervals but showed
differences in interaction sites compared to the WT.

malignancy parameters [11, 42]. In our study, we found that the p.H1047L mutation in the p110�
protein caused a structural change in the helix motif, altering the activation-loop conformation and
disrupting the interaction site between p110� and �Np63� in an AKT-dependent manner. Our MD
simulation analysis showed that both p110�H1047R and p110�H1047L mutations resulted in the loss of
H-bonds in the protein core and disturbed proper folding due to their location on the protein surface.
This is the first report that sheds light on the structural changes resulting from these disease-causing
mutations in the context of the p110�/�Np63� complex [43]. The mutation at that residue could dis-
turb the interactions with �Np63� or the other parts of the protein [44, 45]. Additionally, the mutations
at p110�H1047R/L may result in alterations in the hydrophobic interactions between the p110� protein
and other molecules due to their differing hydrophobicity. This finding was further supported by the
3D model results, which showed the mutations’ placement on the active site of the p110� protein [46].
Thus, it is crucial to consider their impact on downstream interactions, such as the PI3K/ERK/MAPK
signaling pathways. The results of this study also suggest that the tyrosine kinase receptor is affected by
these mutations. Further investigation is needed to determine which specific tyrosine kinase receptor
is more likely to be involved in the p110�/�Np63� complex. These findings highlight the potential
for the development of new treatments for TNBC by targeting both the PI3K downstream signaling
pathway and the tyrosine kinase receptor.

The p110�H1047R/L mutations are considered common, and impact the lipid membrane composition
and the activity of the mutated systems, particularly p.H1047L, by altering the substrate interactions
with the kinase-bound PI3Ks compared to the WT PIK3CA [11, 21, 28, 47]. The hotspot mutations
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offer a promising target for precision therapeutic approaches and improved patient management for the
MBC treatment [48]. Studies have revealed the role of �Np63� proteins as metastasis inhibitors in a
different type of BC [10, 14, 49]. There is evidence suggesting that the reduced expression of �Np63�
is a result of alternative splicing and is linked to elevated cellular motility and cancer metastasis. This
phenomenon is observed in the presence of induced oncogenic signaling pathways, such as PI3K,
Ras, Her2, and Akt [10, 50–52]. Downregulation of the tumor-suppressor protein p63 is caused by the
activation of oncogenic hotspot mutations in the PI3KCA gene, which activate the PI3K signaling and
PI3K/Akt and tyrosine kinase receptors signaling pathways and trigger tumorigenicity through various
pathways such as Akt-FOXO, Akt-mTOR, Akt-IKK, and Akt-GSK3� [53, 54].

According to this study, the ERK/p63 signaling pathways induced by the p110�H1047L mutation
transactivate genes involved in the development of MBC. The ERK checkpoint targets molecules
involved in regulating cell migration, and its decrease has been associated with a poor prognosis
in patients with urothelial cancer [55, 56]. The study shows that a decrease in p-Erk1/2 (not Erk1/2)
effectively reversed the cell migration caused by the p63 ablation [55, 57]. Phospho-ERK1/2 is activated
through the AKT signaling pathway and further evaluations are needed to determine if p110�H1047L

acts as a downstream molecule in the AKT pathway [58–61]. Negative modulation of these epigenetic
regulators may provide a promising approach for the ERK-targeted therapy [62].

This pathway clinical trials are assessing the efficacy of tyrosine kinase inhibitors in cancer treat-
ments [63, 64]. In the TNBC, the dysregulation of the tyrosine kinase receptor pathway often leads to
the promotion of tumor growth and oncogenic transformation through the activation of downstream
signaling pathways, such as Akt-FOXO, Akt-mTOR, Akt-IKK, and Akt-GSK3� [65–68]. Mutations
in the PI3KCA gene, particularly the p110�H1047R/L mutations, activate the PI3K/Akt and tyrosine
kinase receptors signaling pathway and trigger oncogenic transformation in TNBC cells [11, 19, 21].
These mutations also decrease the inhibitory effect of the tumor-suppressor protein �Np63� on the
p110� kinase domain, enhancing the downstream signaling activity and promoting the tumorigenicity
[69]. Overall, a deeper understanding of the tyrosine kinase receptors signaling pathway and its role in
cancer could lead to the development of more effective and targeted therapies for cancer patients [64].

The activation of MBC signaling pathways, such as PI3K and mTOR, was shown to increase cancer
cell motility and promote tumor metastasis through the repression of �Np63� expression in an in
vitro assay [70]. The results of the present study exhibited the importance of the dysregulation of the
�Np63�-p110� pathway for TNBC metastasis. However, in vivo models are necessary to decipher
the specific contribution of each p63 isoform, as well as isoform interactions with the other members
of the p110� and p53 family, to develop strategies for more effective treatments and prevention of
BC metastasis [19]. Considering the resistance of FOXO3a-�Np63� to Akt phosphorylation, and
consequently its role as a constitutive activator of p110�H1047R/L in the MBC, further research is
essential to confirm triggering the contribution of the �Np63�-p110� to susceptibility to MBC in
Akt/FOXO signaling pathways [19, 71]. The FOXO3a could be analyzed in �Np63� expression
through the p63 knockdown in the MBC [11, 19].

Further research is necessary to investigate the impact of p110�H1047R/L on angiogenesis, as well as
their effects on FOXO3a, AKT, and ERK1/2 expression and phosphorylation in MBC cell lines and
mouse xenograft models. The role of p110� in cancer and its impact on tumor growth and metastasis
could then be better understood. Clinical studies are necessary to confirm the prognostic value of p110�
mutation levels in MBC and determine if more aggressive therapy is required for certain patients. The
correlation between PI3KCA and p63 expression with �Np63� downregulation in human breast
cancers highlights the importance of the �Np63�-p110� signaling pathway in cancer development
[72]. To comprehensively relate p110� expression to the metastatic potential and advanced disease,
it is recommended to incorporate a non-metastatic PIK3CA model in future research endeavors. This
approach will allow for a more thorough exploration of the role of p110� in cancer progression and
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enhance our understanding of its clinical implications. In addition, in vivo model research is needed
to determine the effect of HER2 activation on cell motility and tumor metastasis by suppressing
�Np63� expression. The formation of the p110�/�Np63� complex in BT-549 cells can be confirmed
by conducting in vitro co-immunoprecipitation assays using WT or over-expressed p110�H1047L/R

hotspot mutations.
In conclusion, this study sheds light on the significance of the �Np63�-p110� pathway in the

development of TNBC and the possible involvement of p110�H1047R/L in reducing�Np63�’s inhibitory
effect on p110�. The results also underscore the significance of downstream signaling pathways of
tyrosine kinase receptors in promoting tumorigenesis. Further investigations are needed to deepen
our understanding of the complex interplay between p110� PIK3CA/�Np63� and their functional
specificity in cancer, and to devise new therapeutic approaches for TNBC.
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