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Abstract. Hemangiosarcoma (HSA) is a malignant neoplasm 
that occurs in humans and canines with a poor prognosis 
owing to metastatic spread, despite effective treatment. The 
frequency of spontaneous HSA development is higher in 
canines than in humans. Therefore, canine HSA is a useful 
model of intractable human disease, which requires early detec‑
tion and an effective therapeutic strategy. A high frequency 
of the p110α phosphatidylinositol‑4,5‑bisphosphate 3‑kinase 
catalytic subunit alpha (PIK3CA) mutations is detected in a 
comprehensive genome‑wide analysis of canine cases of HSA. 
The present cloned the full‑length cDNA of canine PIK3CA 
and identified a mutation in codon 1047 from canine cases 
of HSA and cell lines that were established from these. The 
enforced expression of the 1047th histidine residue (H1047)
R or L mutants of canine PIK3CA in HeLa cells enhanced 
epidermal growth factor receptor (EGFR) signaling via Akt 
phosphorylation. PIK3CA mutant canine HSA cell lines exhib‑
ited the hyperphosphorylation of Akt upon EGF stimulation 
as well. Alpelisib, a molecular targeted drug against PIK3CA 
activating mutations, exerted a significant antitumor effect in 

canine PIK3CA‑mutated HSA cell lines. By contrast, it had 
no significant effect on canine mammary gland tumor cell 
lines harboring PIK3CA mutations. On the whole, the find‑
ings of the present study suggest that alpelisib may be highly 
effective against PIK3CA mutations that occur frequently in 
canine HSA.

Introduction

Angiosarcomas in humans are rare, highly aggressive, 
malignant, endothelial cell tumors of vascular or lymphatic 
origin. Treatment is challenging in a number of cases, and 
the prognosis is poor (1). Canine hemangiosarcoma (HSA) 
is also an aggressive malignant neoplasm with a poor 
prognosis. Surgery and chemotherapy have had limited 
success in prolonging survival and increasing the quality of 
life of canines with HAS (2). HSA tissues overexpress vascular 
endothelial growth factor (VEGF), fibroblast growth factor 
(FGF) and their receptors (1,3). These growth factors generally 
induce tyrosine kinase activation of receptors and activate 
downstream signaling pathways, including the MAPK/ERK 
and phosphatidyl‑inositol‑3 kinase/Akt/mammalian target of 
rapamycin (PI3K/Akt/mTOR) pathways, which are involved in 
tumor progression (4‑6). MAPK/ERK pathways in endothelial 
cells are activated in tumors  (7‑9). The PI3K/Akt/mTOR 
pathway also participates in the pathogenesis of endothelial 
cells  (10,11). Phosphatase and tensin homolog (PTEN) 
mutation, which is an antagonist of PI3K, has been detected in 
human and canine HSA cases (12,13), and the hyperactivation 
of the Akt/mTOR pathway has been reported in sporadic human 
HSA cases (14). However, the role of the PI3K/Akt/mTOR 
pathway in canine HSA has not yet been well investigated (15).

HSA occurs in ~50,000 canines per year in the United 
States (16), and its frequency is higher than that in humans, 
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rendering this a useful model for the study of human intractable 
disease that requires early detection and effective therapeutic 
strategy. Developments in genome‑wide approaches have 
enabled the comprehensive analysis of disease‑related gene 
mutations in humans and animals  (17,18). Mutated canine 
genes related to HSA have been searched using exome 
sequencing, and the 1047th histidine residue (H1047) of p110α 
phosphatidylinositol‑4,5‑bisphosphate 3‑kinase catalytic 
subunit alpha (PIK3CA) was found to be highly mutated (19). 
PIK3CA acts downstream of the EGFR pathway. In human 
tumor cases, mutations of the 1047th histidine (e.g., H1047R 
and H1047L) of PIK3CA have been shown to induce the 
hyperactivation of EGFR signaling. Akt phosphorylation and 
tumor cell proliferation are enhanced by this mutation (20). 
The importance of the PIK3CA mutation in canine HSA is 
well recognized; however, the open reading frame of canine 
PIK3CA has not yet been cloned, at least to the best of our 
knowledge. The present study thus cloned canine PIK3CA 
and produced mutants by substituting the H1047 residue and 
investigated functional alterations in EGFR signaling via Akt 
phosphorylation. The anti‑proliferative effects of alpelisib, 
which suppresses the hyperactivation of EGFR signaling by 
the PIK3CA mutation (21), on canine HSA cell lines were also 
investigated.

Materials and methods

cDNA cloning, sequencing and mutagenesis of canine 
PIK3CA. cPIK3CA was amplified by polymerase chain 
reaction (PCR) using the following oligonucleotide primers: 
cPIK3CA‑F (5'‑ctg​gga​ccc​gat​gtg​gtt​aga​g‑3') and 
cPIK3CA‑R (5'‑gaa​atg​aac​tag​ttt​agt​gct​c‑3'). 
These primers were designed based on canine‑predicted 
canine PIK3CA (cPIK3CA) sequences (GenBank accession 
no. XM_022414352.1). RNA was obtained from canine total 
kidney RNA (Zymo Research Corp.). The total RNA (4 µg) 
was denatured at 70˚C for 10  min, cooled immediately, 
and reverse transcribed, using 200 units of SuperScript III 
(Thermo Fisher Scientific Inc.), 25 pmol of random primer, and 
10 nmol dNTPs in total volume of 20 µl at 37˚C for 50 min. 
PCR amplification was performed using PrimeSTAR (Takara 
Bio, Inc.). PCR was conducted for 30 cycles, each consisting 
of denaturation at 96˚C for 30 sec, annealing at 55˚C and 
extension at 72˚C for 3 min. Sequence data were determined 
for at least five independent clones using an ABI 3730 plat‑
form (Applied Biosystems; Thermo Fisher Scientific Inc.). 
For sequence analysis, human PIK3CA (GenBank acces‑
sion no. NP_006209.2) and cPIK3CA (GenBank accession 
no.  LC625864.1) were compared using Genetyx software 
ver. 15 (Genetyx Corporation) (Fig. S1). dATP was added to 
the PCR products using a 10X A‑attachment kit (Toyobo Life 
Science) and cloned into pGEM‑T Easy (Promega Corporation). 
To construct the H1047R and H1047L mutants, nucleotide 
substitutions were performed by PCR mutagenesis using a 
pGEM‑T Easy vector carrying the wild‑type (WT) sequence 
as the template and the following oligonucleotide primers: 
cPIK3CA‑H1047R‑F (5'‑GAA​TGA​TGC​ACG​TCA​TGG​
TGG​CTG‑3'), cPIK3CA‑H1047R‑R (5'‑CAG​CCA​CCA​TGA​
CGT​GCA​TCA​TTC‑3'), cPIK3CA‑H1047L‑F (5'‑GAA​TGA​
TGC​ACT​TCA​TGG​TGG​CTG‑3') and cPIK3CA‑H1047L‑R 

(5'‑CAG​CCA​CCA​TGA​AGT​GCA​TCA​TTC‑3'). These clones 
were subcloned into the Halo‑tagged expression vector 
pFN21A (Promega Corporation) containing Sgf I/PmeI sites.

Canine cell lines, formalin‑fixed and paraffin‑embedded 
(FFPE) tissue sample preparation and sequencing. Genomic 
DNA of canine cell lines or FFPE tissues from paraffin scrolls 
(Table SI) was extracted from canine tumor samples using the 
ReliaPrepTM gDNA Tissue Miniprep System (for cell lines: 
Promega Corporation) or QIAamp DNA FFPE Tissue kit (for 
FFPE samples: Qiagen GmbH) following the manufacturer's 
instructions, respectively. PCR amplification was performed 
using PrimeSTAR (Takara Bio, Inc.). PCR was conducted for 
30 cycles, each consisting of denaturation at 96˚C for 30 sec, 
annealing at 55˚C and extension at 72˚C for 1 min. The primer 
pairs used for amplifying and sequencing canine cPIK3CA 
exon 21 were 5'‑CTC​AAT​GAT​GCT​TGG​CTC​TGG‑3' and 
5'‑cta​atg​ctg​ttc​atg​gat​tgt​g‑3'.

Histological analysis. With permission from the University Ethics 
Committee, we obtained tissue samples from the Department 
of Veterinary Pathology, School of Veterinary Science, Nippon 
Veterinary and Life Science University (approval no. 11‑50, 
May  27, 2018). All samples were classified by veterinary 
pathologists in accordance with the World Health Organization 
classification (22) (Table SI). FFPE cancer tissues were sliced 
at a thickness of 4 µm and the sections were placed on slides, 
following which hematoxylin and eosin (H&E) staining was 
performed. Tissues resected were fixed in 10% neutral buffered 
formalin for 24 h at 25˚C, processed routinely and embedded in 
paraffin wax. FFPE cancer tissues were sliced at a thickness of 
4 µm and the sections were placed on slides, following which 
hematoxylin and eosin (H&E; Muto pure chemicals, Tokyo, 
Japan) staining was performed. H&E sections were examined 
using a light microscope (BX53, Olympus Corporation).

Cells and cell culture. HeLa cells were purchased from the 
American Type Culture Collection (ATCC). Canine mammary 
gland tumor (CMT) and HSA cell lines were established and 
characterized in previous studies (15,23). The HeLa cells and 
CMT cell lines were maintained in Dulbecco's modified Eagle's 
medium (FUJIFILM Wako Pure Chemical Corporation), 
and HSA cell lines were maintained in RPMI‑1640 medium 
(FUJIFILM Wako Pure Chemical Corporation), supplemented 
with 10% fetal bovine serum, penicillin and streptomycin 
(FUJIFILM Wako Pure Chemical Corporation) and incubated 
at 37˚C in a 5% CO2 atmosphere.

Transfections. HeLa cells (2x105/well in 6‑well plates, 
500 µl medium/well) were transfected with 1 µg pFN21A 
vector (Promega Corporation) containing cPIK3CA WT or 
H1047R‑L mutant plasmids using FuGENE HD Transfection 
Reagent (Promega Corporation). An empty pFN21A vector 
was transfected as a control. At 48 h (37˚C incubation) after 
the cells were transfected, they were used for western blot 
analysis.

Stimulation with anticancer agents and EGF stimulation for 
Akt phosphorylation. Following a 24 h‑incubation at 37˚C, 
the cells were arranged in 6‑well plates at a concentration 
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of 2x105 cells/well. The medium was replaced with alpelisib 
(LC Laboratories) or doxorubicin (FUJIFILM Wako Pure 
Chemical Corporation) at suitable concentrations (alpelisib: 
0, 1, 2, 5, 10, 20, 50 and 100 µM; doxorubicin: 0, 0.1, 0.5, 1, 
5, 10 and 50 µM) followed by incubation for 24 h at 37˚C, 
following which the cells were treated with EGF (PeproTech, 
Inc., 100 ng/ml) for 30 min.

Western blot analysis. Cells that were treated with EGF 
and/or drugs were lysed with mammalian lysis buffer 
(Promega Corporation) supplemented with a protease 
inhibitor cocktail (Promega Corporation). Protein concen‑
trations were determined using a BCA protein assay kit 
(Nacalai Tesque). The protein extract from the cells (10 µg) 
was mixed with 2X loading buffer and separated on 5‑20% 
gradient SDS‑PAGE [Dream Realization and Commucation 
(DRC); https://www.drc2002.com/index.html]. The separated 
proteins were transferred to polyvinylidene difluoride (PVDF) 
membranes. The membranes were blocked with EzBlock 
Chemi reagent (ATTO Corporation) for 1 h at 25˚C. Western 
blot analysis was performed using the following primary anti‑
bodies for 16 h at 4˚C: Rabbit polyclonal anti‑Halo (1:1,000; cat. 
no. G9281, Promega Corporation), rabbit monoclonal anti‑Akt 
(Pan; 1:1,000; cat. no.  4691), p‑Akt (Ser473; 1:1,000; cat. 
no. 4060), Akt1 (1:1,000; cat. no. 2938, CST), Akt2 (1:1,000; 
cat. no. 3063), p‑Akt1 (1:1,000; cat. no. 9018) p‑Akt2 (1:1,000; 
cat. no. 8599) (all from Cell Signaling Technology, Inc.) and 
mouse monoclonal anti‑α‑tubulin (1:2,000; cat. no. 013‑25033, 
FUJIFILM Wako Pure Chemical Corporation). Horseradish 
peroxidase‑conjugated secondary antibodies for 1 h at 25˚C 
and EzWestLumi plus (ATTO Corporation) were used to detect 
antibody‑bound proteins, and band intensities were quantified 
by densitometry using ImageJ ver. 1.53e software (National 
Institutes of Health).

MTT assay. The cytotoxic effects of alpelisib and doxorubicin 
were evaluated using MTT assay. The cells were plated in 
96‑well plates at a density of 5x103 cells/well. After 24 h, the 
medium was replaced with 75 µl medium containing alpelisib 
or doxorubicin at various concentrations (0, 0.1, 0.5, 1, 5, 10 
and 50 µM) and incubated for 24, 48 or 72 h at 37˚C. At the end 
of the treatment period, 7.5 µl MTT (5 mg/ml PBS) was added 
to each well. The cells were then incubated for 4 h at 37˚C in 
an incubator (WAKENYAKU Co., Ltd.). The colored crystals 
of the produced formazan crystals were dissolved in 150 µl 
DMSO. The purple blue formazan formed was measured 
using a MULTISKAN FC (Thermo Fisher Scientific, Inc.) at 
570 nm. The optical density of each sample was compared 
with the control optical density, and graphs were plotted using 
SkanItTM Software ver. 4.1 (Thermo Fisher Scientific, Inc.). 
IC50 values were obtained from the generated inhibition curve 
plots.

Tumor cell migration assay. The inhibition of HSA cell 
migration with alpelisib was assessed using a wound healing 
assay (24). HSA cells were seeded in RPMI‑1640 medium 
(FUJIFILM Wako Pure Chemical Corporation), supplemented 
with 10% fetal bovine serum, penicillin and streptomycin 
(FUJIFILM Wako Pure Chemical Corporation) and grown 
in confluent monolayers in 6‑well plates at a density of 

4x105 cells/well for 24 h. A single scratch wound was created 
using a sterile micropipette tip. Subsequently, the cell debris 
was removed by washing the plates twice with PBS, and the 
cell culture medium was refreshed with or without 20 µM 
alpelisib. The cells were cultivated for up to 8 h. Three inde‑
pendent experiments were performed, and the area of cell 
migration was examined using an inverted microscope (DM 
IL LED, Leica Microsystems) and quantified using ImageJ 
ver. 1.53e software (National Institutes of Health).

Caspase‑3/7 activity assay. The HSA cell lines were seeded 
in 96‑well plates at a concentration of 1x104 cells/well and 
treated with DMSO as a vehicle for alpelisib at 5 or 20 µM and 
incubated for 24 h at 37˚C. Caspase‑3/7 activity was measured 
using the Caspase‑Glo  3/7 Assay (Promega Corporation) 
according to the manufacturer's instructions. Luminescence 
was measured using a GloMax 96 microplate luminometer 
(Promega Corporation). Caspase‑3/7 activities following 
alpelisib treatment are shown as relative values to those 
following treatment with the vehicle (DMSO).

Statistical analysis. Data are expressed as the mean ± standard 
deviation. Analysis of variance with Tukey's post hoc test were 
used when multiple comparisons were required. A value of 
P<0.01 was considered to indicate a statistically significant 
difference.

Results

Isolation of the H1047R and H1047L mutations from canine 
HSA. Genomic DNA was isolated from tumor FFPE samples 
from 19 canine HSA samples. PCR amplification of exon 21 
of cPIK3CA containing the 3140th nucleotide coding H1047 
revealed two genetic alternations in samples 7 and 9. Sample 7 
exhibited a definite heterozygous 3140 A/G peak, wherein 
histidine was replaced with arginine at residue 1407 (H1407R) 
(Fig. 1A). On the other hand, sample 9 exhibited a minimal 
3140 A/T peak (Fig. 1B). When this PCR product was cloned and 
sequenced, the 3140T clone was confirmed, in which histidine 
was replaced with leucine at residue 1407 (H1407L) (Fig. 1B). 
No other somatic mutations in H1047 of cPIK3CA were found 
in these samples. Representative H&E‑stained normal (Fig. 1C) 
and HSA samples (Fig. 1D and E) with H1047R (case no. 7 in 
Table SI) or H1047L (case no. 9) are shown. Microscopically, 
the neoplasm was composed of neoplastic endothelial cells 
with large round‑to‑oval nuclei that form irregular vascular 
channels compared to normal vascular channels.

The enforced expression of PIK3CA mutants induces the 
hyperphosphorylation of Akt in HeLa cells. The Halo‑tagged 
(WT: 1047H) and mutant (1047R or 1047 L) of cPIK3CA 
were forcibly expressed into HeLa cells. Both 1047R and 
1047L mutants induced the hyperphosphorylation of Akt 
with/without EGF stimulation compared to the untransfected 
cells and WT‑transfected cells (Fig. 2). In particular, Akt2 was 
phosphorylated by cPIK3CA mutant transfection.

Seven of eight of canine HSA cell lines have mutated alleles 
that code 1047L. Exon 21 of PIK3CA from eight canine cell 
lines (JuA1, JuB2, JuB2‑1, JuB4, Re12, Re21, Ud2 and Ud6), 
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Figure 1. Detection of canine PIK3CA 3140A (1047His) mutation. (A) Electropherograms of Sanger sequencing of canine PIK3CA. Normal sample exhibited 
homozygous 3140A (1047His) peak (left panel). HSA sample no. 7 exhibited articulated heterozygous 3140A/G (H1047R) peak. (right panel). (B) HSA sample 
no. 9 exhibited minimal 3140A>T (H1047L) peak (left panel). One of the cloned samples shows 3140T (H1047L) peak (right panel). Photomicrographs of 
canine (C) normal spleen, (D) no. 7, (E) and no. 9 HSA samples. HSA tissues show representative pathogenesis as indicated by hematoxylin and eosin staining. 
The normal vascular channels are indicated by arrowheads, and irregular vascular channels are indicated by arrows. Scale bar, 50 µm. PIK3CA, p110α 
phosphatidylinositol‑4,5‑bisphosphate 3‑kinase catalytic subunit alpha; HSA, hemangiosarcoma.

Figure 2. Phosphorylation profiles of Akt of HeLa cells with the enforced expression of PIK3CA mutants, which were stimulated with 100 µM EGF for 30 min. 
(A) Expression levels of Halo‑tagged PIK3CA, Akt (pan), p‑Akt (Ser473), Akt1, p‑Akt1, Akt2, and p‑Akt2 were determined by western blotting. α‑tubulin was 
used as a loading control. (B) Graphs depict densitometric analysis of the western blots. The intensities of the p‑Akt, p‑Akt1, and p‑Akt2 bands were quantified 
by densitometry and normalized to those of α‑tubulin. PIK3CA, p110α phosphatidylinositol‑4,5‑bisphosphate 3‑kinase catalytic subunit alpha.
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which were established from canine spontaneous HSA cases, 
were PCR‑amplified and directly sequenced (15). Apart from 
Re21, the JuA1 cells had a 1047L heterozygous mutation and 
the JuB4 cells had a homozygous 1047L mutation (Fig. 3A). 
Following stimulation with 100 ng/µl EGF in three different 
representative cell lines [Re21 (1047H/H WT), JuA1 (1047H/L 
heterozygous) and JuB4 (1047 L/L homozygous)] for 30 min, 
all three cell lines exhibited the hyperphosphorylation of Akt 
at Ser473 (Fig. 3B and C). The JuB4 cells exhibited the phos‑
phorylation of both Akt1 and Akt2 upon EGF stimulation. By 
contrast, the JuA1 cells exhibited only Akt1 phosphorylation 
upon EGF stimulation (Fig. 3B and C).

Inhibitory effects of alpelisib on the proliferation of canine HSA 
cell lines. Canine HSA cell lines were treated with increasing 
concentrations of alpelisib (0, 1, 2, 5, 10, 20, 50 and 100 µM) 
for 24, 48 and 72 h. The PIK3CA‑mutant cell lines (JuA1 and 
JuB4) were more sensitive to alpelisib, with a decrease in cell 
proliferation observed in a concentration‑dependent manner, 
compared with the PIK3CA WT cell line (Re21) at 48 and 72 h 
following alpelisib treatment, but not at 24 h (Fig. 4A‑C). The 
IC50 values of the PIK3CA‑mutant cell lines were 11.26 µM 
(48 h) and 7.39 µM (72 h) for the JuA1 cells, and 19.62 µM 
(48 h) and 18.23 µM (72 h) for the JuB4 cells. The PIK3CA 
WT cell line exhibited higher IC50 values for alpelisib treat‑
ment (IC50 values: 52.85 µM at 48 h, 26.63 µM at 72 h). By 
contrast, the Re21 cell line was inhibited more effectively by 
doxorubicin treatment than the JuA1 and JuB4 cells (Fig. 4D). 
Akt phosphorylation at Ser473 was markedly inhibited by 
alpelisib treatment in the JuA1 cells and moderately inhibited 
in the JuB4 cells (Fig. 4E and F). On the other hand, the Re21 
cells exhibited Akt Ser473 phosphorylation following alpelisib 
treatment. The phosphorylation analysis of p‑Akt1 and p‑Akt2 
revealed that the JuA1 cells exhibited decreased p‑Akt1 and 
p‑Akt2 levels.

Alpelisib inhibits cell migration. At 8 h after scratching 
without alpelisib treatment, all cell lines recovered completely 
(Fig. 5A, lower left panels of cell lines, respectively). However, 
with 20 µM alpelisib treatment, only the Re21 cells recovered 
almost completely from the wound after 8 h; the JuA1 and 
JuB4 cells exhibited a significantly delayed wound healing 
ability (Fig. 5B).

Alpelisib induces caspase‑3/7 activities in PIK3CA mutant 
cells. The cells were exposed to alpelisib at a range of concen‑
trations (0, 5 or 20 µM) for 24 h; the Re21 cells did not exhibit 
an increase in caspase‑3/7 activity, while the PIK3CA mutant 
JuA1 and JuB4 cell lines exhibited a significant increase in 
caspase‑3/7 activity following treatment with 5 and 20 µM 
alpelisib (Fig. 5C).

Discussion

The present study demonstrates that there are mutations in 
PIK3CA H1047 in both canine HSA cases and cell lines. In 
humans, the PIK3CA H1047th residue is mutated in a number 
of types of tumors  (25). Although canine PIK3CA is also 
mutated in mammary gland tumor and hemangiosarcoma 
cases (19,26), the cloning and molecular characterization of 
canine PIK3CA have not yet been performed, at least to the 
best of our knowledge. Therefore, the present study cloned 
and characterized canine PIK3CA. The novel cloned canine 
PIK3CA (GenBank accession no.  LC625864) exhibited a 
high homology with human PIK3CA (NP_006209.2), and 
functional domains were well conserved (Fig. S1). The H1047 
residue was conserved in canine PIK3CA in the same posi‑
tion. These structural properties suggest that canine PIK3CA 
possesses EGFR signaling activities.

In the mutation analysis of 19 cases of canine PIK3CA in 
HSA FFPE samples, either a H1047R or H1047L heterozygous 
mutation was detected. Although the 3140A>G (case no. 7: 
H1047R) mutant sequence waveform was absent, a small 

Figure 3. PIK3CA mutation profile of eight canine HSA cell lines and phos‑
phorylation profile with EGF stimulation. (A) Electropherograms of Sanger 
sequencing of PIK3CA of 8 canine HSA cell lines. (B) Expression levels of 
Akt (pan), p‑Akt (Ser473), p‑Akt1 and p‑Akt2 examined using western blot 
analysis. α‑tubulin was used as a loading control. (C) Graphs depict densito‑
metric analysis of the western blots. The intensities of the p‑Akt, p‑Akt1 and 
p‑Akt2 bands were quantified by densitometry and normalized to those of 
α‑tubulin. PIK3CA, p110α phosphatidylinositol‑4,5‑bisphosphate 3‑kinase 
catalytic subunit alpha; HSA, hemangiosarcoma.
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waveform of 3140A>T (case no. 9: H1047L) was detected. 
This mutant could be cloned and confirmed; however, there 
may be other invisible mutants in other cases. It has been 

previously reported that the detection limit of rare alleles by 
Sanger sequencing is ~10% (27). High‑resolution methods 
(e.g., pyrosequencing and next‑generation sequencing) may 

Figure 4. Anti‑proliferative activity of alpelisib in canine HSA cell lines. PIK3CA wild‑type or heterozygous/homozygous mutant cell lines were treated with 
increasing concentrations of alpelisib (0, 1, 2, 5, 10, 20, 50 and 100 µM) for (A) 24, (B) 48 and (C) 72 h. Cells were also treated with doxorubicin (0, 0.1, 0.5, 1, 
5, 10 and 50 µM) for 24 h (D). The IC50 values and cell viability using an MTT assay were determined by measuring the absorbance at 560 nm on a microplate 
reader. The values of no treatment were 100%, and the values are shown from four independent experiments as the mean ± SD. (E) Western blot analysis of Akt 
phosphorylation in canine HSA cell lines with 10 µM alpelisib treatment for 6 h. (F) Graphs depicting densitometric analysis of the western blots compared 
with the loading controls. The intensities of the p‑Akt, p‑Akt1, and p‑Akt2 bands were quantified through densitometry and normalized to the intensity of 
α‑tubulin. PIK3CA, p110α phosphatidylinositol‑4,5‑bisphosphate 3‑kinase catalytic subunit alpha; HSA, hemangiosarcoma.
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be able to detect mutations in the 1047th residue of canine 
PIK3CA, which was isolated from tumor tissues  (28,29). 
A definite pathological difference between the presence or 
absence of PIK3CA 1047th residue mutation was not detected 
by microscopic observation.

The analysis of Akt phosphorylation with the enforced 
expression of canine PIK3CA WT or H1047 mutants in HeLa 
cells revealed that H1047R‑ and H1047L‑transfected cells 
exhibited the hyperphosphorylation of Akt; in particular, 
Akt2 but not Akt1 was phosphorylated with or without EGF 

stimulation. In the human mammary tumor cell line, MCF10A, 
the enforced expression of H1047R of human PIK3CA mutant 
was previously shown to specifically induce Akt2 phosphoryla‑
tion (30,31). The Akt isoforms Akt1 and Akt2 play differential 
roles in tumor metastasis (32). Akt1 has been demonstrated to 
suppress, while Akt2 promotes breast cancer cell migration 
and invasion in vitro (33). This result suggests that the canine 
PIK3CA H1047 mutation induces the upregulation of EGFR 
signaling and may promote tumor growth and invasion via 
Akt2 phosphorylation in HeLa cells.

Figure 5. Anti‑proliferative effects of alpelisib on canine HSA cell migration, and apoptosis induction via the activation of caspase‑3/7. (A) The migration of 
canine HSA cell lines was assessed by the wound healing assay after 8 h of treatment. Representative images of the scratched areas are shown. Microscope 
magnification, x200. (B) Cell migration was quantified using ImageJ software. The values of cell migration of Re21 are 100%, and the values are shown from 
four independent experiments as the mean ± SD. (C) Caspase‑3/7 activity (RLU, relative luminescence units) was quantified 24 h after 5 or 20 µM alpelisib 
treatment. The values are shown from three independent experiments as the mean ± SD. Asterisks on top of the brackets indicate significant differences 
calculated by ANOVA with Tukey's multiple‑comparison test (**P<0.01). NS, not significant; HSA, hemangiosarcoma; WT, wild‑type.
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Canine cell lines established from HSA or mammary 
gland tumor tissue were highly mutated in the H1047th residue 
of PIK3CA (Fig. S2). Herein, the overexpression of the canine 
PIK3CA H1047 mutation induced the phosphorylation of 
Akt2, but not Akt1 in HeLa cells. Alternatively, EGF stimula‑
tion induced the phosphorylation of endogenous canine Akt 
at Ser473 in the canine HSA cell lines, Re21, JuA1, and JuB4. 
JuA1 and JuB4, which were heterozygous/homozygous for 
the PIK3CA H1047L mutation, and induced the phosphoryla‑
tion of Akt1 upon EGF stimulation, but not in the PIK3CA 
normal cell line, Re21. Given that only JuB4 exhibited Akt2 
phosphorylation, a homozygous H1047L mutation may induce 
a stronger gain‑of‑function in PIK3CA. In canine HSA cell 
lines, the H1047L mutation of PIK3CA induced the phos‑
phorylation of Akt1 and/or Akt2 with EGF stimulation, which 
may result in a severe pathogenesis (34).

Alpelisib (BYL719) is a targeted compound against mutated 
PIK3CA and is ~50‑fold stronger than other isoforms (35). In the 
present study, alpelisib inhibited cell proliferation by suppressing 
Akt phosphorylation and inducing apoptosis via the activation 
of caspase‑3/7 pathways, particularly in PIK3CA‑mutant canine 
HSA cell lines. In MTT assays of canine HSA cell lines exposed 
to alpelisib, the JuA1 cell line, which is heterozygous for the 
H1047L mutation, was the most sensitive, although the JuB4 cell 
line, which is homozygous for the H1047L mutation, exhibited 
moderate sensitivity to alpelisib. JuA1 cells exhibited higher 
viability than JuB4 cells in a previous study (15). Thus, alpelisib 
may exert a potent antitumor effect on PIK3CA mutant tumor 
cells, which have a higher proliferative capacity, by suppressing 
Akt phosphorylation. On the other hand, although alpelisib also 
suppressed Akt phosphorylation in PIK3CA mutant cell lines, 
which were derived from canine mammary gland tumors (23), 
there was no marked difference in the tumor suppressive effect 
between normal and mutant PIK3CA cells (Fig. S2). Additionally, 
20 µM alpelisib also significantly inhibited cell migration in 
PIK3CA mutant cell lines compared with PIK3CA WT cell 
lines. It has been reported that canine HSA cells promote migra‑
tion by interacting with CXCR4 and CXCL12 (36‑38), and the 
overexpression of CXCR4 promotes the invasion and migration 
of non‑small cell lung cancer via EGFR (39). These phenomena 
suggest that the suppression of abnormal EGFR signaling, 
induced by PIK3CA mutation, by alpelisib may be able to control 
canine HSA progression. Furthermore, alpelisib induced signifi‑
cant apoptotic cell death specifically in PIK3CA mutant canine 
HSA cell lines via caspase‑3/7 activation; thus, alpelisib can be 
used as an agent for the treatment of canine HSA. In addition 
to the tumor‑suppressive effect on canine PIK3CA mutant HSA 
in vivo, alpelisib has been confirmed to be safe for use in dogs 
based on safety examinations during drug development processes 
(e.g., https://www.ema.europa.eu/documents/assessment-report/
piqray-epar-public-assessment-report_en.pdf). Therefore, the 
authors aim to investigate its direct clinical effects on canine 
HSA cases in future studies.

In conclusion, the present study detected a PIK3CA H1047 
mutation in canine HSA tissues and cell lines derived from 
canine HSA cases. The H1047R and H1047L mutations in canine 
PIK3CA induced EGFR signaling via Akt hyperphosphoryla‑
tion. Alpelisib suppressed Akt phosphorylation, cell viability and 
migration, and induced apoptosis (determined by caspase‑3/7 
activation) in PIK3CA mutated canine HSA cell lines. These 

data suggest that the H1047 mutation of PIK3CA is a crucial and 
useful marker of canine HSA, and alpelisib may prove to be an 
effective agent against PIK3CA‑mutant canine HSA.
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