Am J Cancer Res 2022;12(7):3067-3082
www.ajcr.us /ISSN:2156-6976/ajcr0142739

Original Article
PI3K inhibitors in trastuzumab-resistant HER2-positive
breast cancer cells with PI3K pathway alterations

Wei-Pang Chung23, Wei-Lun Huang?#, Chun-Hui Lee23, Hui-Ping Hsu®, Wan-Ling Huang?, You-Yu Liu?®,
Wu-Chou Su'?

1Department of Oncology, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung
University, Tainan, Taiwan; 2Center of Applied Nanomedicine, National Cheng Kung University, Tainan, Taiwan;
3Institute of Clinical Medicine, College of Medicine, National Cheng Kung University, Tainan, Taiwan; “Department
of Medical Laboratory Science and Biotechnology, College of Medicine, National Cheng Kung University, Tainan,
Taiwan; °Department of Surgery, National Cheng Kung University Hospital, College of Medicine, National Cheng
Kung University, Tainan, Taiwan; ®Institute of Basic Medical Science, College of Medicine, National Cheng Kung
University, Tainan, Taiwan

Received March 8, 2022; Accepted June 8, 2022; Epub July 15, 2022; Published July 30, 2022

Abstract: The activation of the PI3K signaling pathway resulting from genetic alterations induces carcinogenesis
and resistance to anticancer therapies. Breast cancer is a major malignancy that is associated with dysregulation of
the PI3K signaling pathway. PIK3CA mutations and PTEN loss occur in every subtype of breast cancer. PI3K inhibi-
tors are being evaluated in breast cancer after the success of an alpha isoform-specific PI3K inhibitor in estrogen re-
ceptor (ER)-positive/HER2-negative metastatic breast cancer. Some preclinical data indicate the potential for PI3K/
mTOR targeting in combination with trastuzumab for HER2-positive breast cancer with or without expression of the
estrogen receptor. However, the role of this therapy in HER2-positive breast cancer with PIK3CA mutations and/or
PTEN loss remains unclear. We examined three HER2-positive, ER-negative breast cancer cell lines to determine the
efficacy of a novel alpha isoform-specific PI3K inhibitor in combination with trastuzumab. The results indicated that
this combination was effective in PIK3CA-mutant or PTEN-deficient breast cancer cells by inducing apoptosis and
inhibiting the expression of downstream proteins. PTEN loss by siRNA modulation in parental HER2-positive cancer
cells with PI3K signaling pathway alterations could not confer resistance to alpelisib or GDC-0077 plus trastuzumab.
We selected the CK-MB-1 cell line without alterations in the PI3K pathway to demonstrate that PI3K inhibitors plus
trastuzumab represented a biomarker-specific treatment. In vivo effects of alpelisib plus trastuzumab were tested
and confirmed in a mouse model, showing the combination strategy offered the best opportunity to achieve tumor
volume reduction. With known safety profiles, this cytotoxic chemotherapy-free regimen warrants further attention
as a biomarker-driven strategy for treating HER2-positive breast cancer.
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Introduction the phosphatase and tensin homolog (PTEN)/
phosphoinositide 3-kinase (PI3K)/v-akt murine
thymoma viral oncogene homolog (AKT) path-
way [9, 10]. Patients harboring these gene
mutations have a poor prognosis [10, 11].

Studies showed that resistance may be over-

Human epidermal growth factor receptor 2
(HER2)-positive breast cancer accounts for
20% of the entire breast cancer population [1].
Patients with this subtype had a poor outco-

me until the development of anti-HER2 agents
[2-8]. Anti-HER2 monoclonal antibodies, tyro-
sine kinase inhibitors, and antibody-drug con-
jugates have markedly improved the outcomes
of affected patients. However, resistance re-
mains a major issue that hampers the efficacy
of anti-HER2 strategies. The major mechanism
of resistance to these agents is alterations of

come by PI3BK, mammalian target of rapamy-
cin (MTOR) or PIBK/mTOR dual inhibitors [12].
Although efforts have been made to include
everolimus, an mTOR inhibitor, in the treatment
regimens for HER2-positive metastatic breast
cancer, efficacy is modest and does not con-
tribute significantly, based on results of the
BOLERO-1 and BOLERO-3 studies [13, 14].


http://www.ajcr.us

PI3K inhibitors in HER2-positive breast cancer

Another concern regarding mTOR inhibition is
that it induces feedback activation of AKT [15],
thus PI3K inhibition or PI3K/mTOR dual inhibi-
tion may represent a better strategy to block
this pathway. Nevertheless, dactolisib, buparl-
isib, and taselisib have not been effective in
human diseases primarily because of intolera-
ble side effects [16-19]. Thus, the use of pan-
class PI3K inhibitors results in greater toxici-
ty than efficacy in breast cancer. Alpelisib, an
alpha isoform-specific PI3K inhibitor, was in-
vestigated in the SOLAR-1 study that targeted
hormone receptor (HR)-positive/HER2-negative
breast cancer [20]. With an acceptable toxicity
profile, alpelisib plus fulvestrant resulted in
better progression-free survival compared with
fulvestrant monotherapy in patients harboring
PIK3CA mutations that failed previous endo-
crine therapy. Besides alpelisib, GDC-0077 is
another alpha isoform-specific PI3K inhibitor
exhibiting potent PI3K inhibition [21], which has
been evaluated in HR-positive/HER2-negative
breast cancer.

Therefore, we are still looking for an effective
and safe biomarker-driven strategy to treat
patients with HER2-positive metastatic breast
cancer with notorious PIK3CA mutations. As
more knowledge of novel alpha isoform-speci-
fic PIBK inhibitors becomes available, we can
evaluate their efficacy in PIK3CA-mutant HER2-
positive breast cancer. In the present study, we
examined the efficacy of alpelisib and GDC-
0077 together with trastuzumab in three tras-
tuzumab-resistant HER2-positive breast can-
cer cell lines in vitro and in vivo. Notably, PTEN
loss in cancer cells has been reported to cau-
se resistance to PI3K inhibitors and contribute
to worse outcomes in patients [22, 23]. The
issue of PTEN loss with or without concomitant
PIK3CA mutation was also addressed. By intro-
ducing a combination with an alpha isoform-
specific PI3K inhibitor and trastuzumab, we aim
to provide an effective cytotoxic chemotherapy-
free regimen that may be further evaluated in
human clinical trials.

Materials and methods
Cell lines, cell culture, and reagents

BT-474 cells (RRID: CVCL_0179) were obtained
from the Bioresource Collection and Research
Center (BCRC, Taiwan) and maintained in Hybri-
Care medium [American Type Culture Collection
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(ATCC), Manassas, VA, USA] supplemented wi-
th 10% fetal bovine serum (FBS) (Gibco by Li-
fe Technologies, Waltham, MA, USA). HCC19-
54 (RRID: CVCL_1259) and HCC1569 (RRID:
CVCL_1255) cells were obtained from ATCC
and maintained in RPMI-1640 medium (Gibco
by Life Technologies) supplemented with 10%
FBS. UACC893 (RRID: CVCL_1782) cells were
obtained from the ATCC and maintained in Lei-
bovitz’'s L-15 medium (Merck KGaA, Darms-
tadt, Germany) supplemented with 10% FBS.
CK-MB-1 cells were collected and established
from a patient with breast cancer-associated
malignant ascites and maintained in RPMI-
1640 medium supplemented with 10% FBS
[24]. All cell lines were maintained at 37°Cin an
atmosphere of 5% CO,, except for UACC893
cells, which were maintained at 37°C without
CO,. All cell lines have been authenticated by
short tandem repeat profiling within the last
two years. Trastuzumab was purchased from
the pharmacy at the National Cheng Kung Uni-
versity Hospital and manufactured by Genen-
tech (San Francisco, CA, USA). Trastuzumab
was diluted with phosphate-buffered saline
(PBS). Alpelisib and GDC-0077 were purchased
from Selleck Chemicals (Houston, TX, USA)
dissolved in dimethyl sulfoxide (DMSO, Merck
KGaA) for in vitro experiments.

Western blot analysis

For the preparation of cell lysates, the harvest-
ed samples were incubated on ice in whole cell
extract lysis buffer for 30 min. Lysates were
centrifuged at 12,000 rpm for 10 min and the
protein concentration was measured using the
Bradford assay (Bio-Rad, Hercules, CA, USA).
For western blot analysis, 15-100 pg of lysates
(depending on the target proteins assayed)
were boiled for 10 min in sample buffer and
then separated on sodium dodecyl sulfate-poly-
acrylamide gels. Proteins were transferred to
polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA) and blocked with 5% non-
fat milk in 20X tris-buffered saline with 2%
Tween® 20 detergent. The primary antibodies
used were as follows: HER2, beta-actin (Merck
KGaA), ERa (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), PTEN, phospho-S*2AKT, AKT,
phospho-5244/523056  S6, cleaved-PARP, PARP,
cleaved-caspase 3, and caspase 3 (Cell Sig-
naling Technology, Beverly, MA, USA). Anti-
rabbit and anti-mouse secondary antibodies
were purchased from Jackson ImmunoResearch
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(West Grove, PA, USA). Imagel) software (Na-
tional Institutes of Health, USA) was used to
determine the intensity of each band relative to
the control after normalizing to the intensity of
beta-actin.

Colony formation assay

Breast cancer cells (n=1000) were seeded in-
to 100 mm? petri dishes for 24 h and treated
with the indicated agents for another 24 h.
After treatment, cells were cultured with medi-
um and changed every seven days. After 21
days of maintenance, the colonies were rinsed
with PBS then fixed with 25% acetic acid in
methanol and stained with 0.05% crystal violet
dye in water. A qualified colony was defined as
consisting of at least 50 cells and numbers
were counted by Image) software.

In vitro antiproliferation activity analysis

Cells were seeded at concentrations of 1.5x
104-3x10* cells/200 ul/well in 96-well plates
for 24 h and treated with the indicated agents
for 72 h. After treatment, the MTT proliferation
assay was performed according to the manu-
facturer’s instructions. Briefly, 20 pl of MTT
reagent (5 mg/ml, Merck KGaA) were added
to each well and incubated for 3 h. Because of
the mixed (adherence and suspension) growth
properties of HCC1569 cells, the WST-1 assay
(Takara Bio Inc., Shiga, Japan) was selected
and performed according to the manufacturer’s
instructions. After the required incubation peri-
od, 20 L of WST-1 reagent was added to each
well and incubated for 30 min and 1 h. The
results were determined by measuring the ab-
sorbance of the solution at a wavelength of
490 nm using a spectrophotometer.

In vitro apoptosis analysis

Annexin V cell staining was used to detect
apoptosis. Cells were collected and resuspend-
ed in annexin V binding buffer and stained wi-
th annexin V-FITC and propidium iodide (PI) (BD,
Franklin Lakes, NJ, USA) for 15 min at room
temperature according to the manufacturer’'s
instructions. Cells were then analyzed using
flow cytometry (FACSCalibur, BD).

Combination index (Cl)
The combination index of drugs was simulated

by CompuSyn software [25]. Data were ob-
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tained from the antiproliferative effects of the
indicated drugs and the combination 72 h after
treatment. Synergy is defined as CI<1, an addi-
tive effect as Cl=1, and antagonism as CI>1.

Small interfering RNA (siRNA) knockdown of
PTEN (siPTEN)

Cells were transiently transfected by siRNA
(assay ID: s61222) for 48 h with Lipofecta-
mine 3000 (Thermo Fisher, Waltham, MA,
USA). Lipofectamine 3000 reagent was mixed
in serum-free medium at 17X dilution. For the
other tube, 1 yg PTEN siRNA was mixed in
serum-free medium, then P3000 reagent was
added. Diluted Lipofectamine 3000 reagent
was subsequently added to the siRNA-P3000
containing tube. Transfection solution was in-
cubated at room temperature for 10-15 min.
The mixture was incubated with cells and gently
swirled to distribute evenly.

Caspase 3 and 7 activity

Magic Red reagents are substrates for cas-
pase 3 and 7, and fluorescence is emitted as a
result of enzyme activity. For the detection of
caspase 3 and 7 activity, 30X-diluted Magic
Red reagents were added and incubated for
1 h at 37°C after the cells were treated with
the indicated agents for 18 hours. Stained cells
were subsequently evaluated by fluorescence
microscopy.

Orthotopic xenograft mouse model and in situ
TUNEL assays

Five- to six-week-old BALB/cAnN.Cg-Foxn1"/
CrINarl female mice were bred and cared for by
following the institutional guidelines. HCC1954
cells (3x10°) in 100 yL PBS were inoculated
into the mammary gland of each mouse to
establish a xenograft mouse tumor model.
Tumor size was determined by measuring the
length and width. Tumor volume was calculated
using the equation: (length x width?)/2. Mice
were randomly allocated into three groups
with each treatment group containing six mice
once tumors reached an average size of 150-
200 mmé2. The solvent for alpelisib consisted
of 10% DMSO, 40% PEG 300, 5% Tween 80
(Merck KGaA), and 45% saline (Taiwan Biotech
CO., LTD., Taiwan), whereas trastuzumab was
prepared with PBS. Oral administration was
performed with feeding needles, ST-F173 (Shi-
neteh Instruments CO., LTD., Taiwan). The con-
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trol group received oral solvent 5 days per
week, whereas the other two groups received
oral alpelisib at 30 mg/kg/day five days per
week or oral alpelisib five days per week plus
intraperitoneal injection of trastuzumab at 30
mg/kg/day twice per week. Tumor volume was
measured twice weekly and the body weight
of mice was recorded daily. Mice were sacri-
ficed after 29 days of treatment. Tumors were
harvested and formalin-fixed/paraffin-embed-
ded tissues were prepared. Tissue sections
were stained with TUNEL reagent using the
Fluorescein In Situ Apoptosis Detection Kit
(green, Roche Diagnostics, Rotkreuz, Switzer-
land) according to the manufacturer’s instruc-
tions, then counterstained with Hoechst 33342
dye (blue, staining nuclei, Merck KGaA) and
HER2 antibody/PE-Texas Red-conjugated sec-
ondary antibody (red, cell membrane, Merck
KGaA). Tissue sections were examined using
ECLIPSE Ti (Nikon, Tokyo, Japan) fluorescence
microscopy at a magnification of 200X. The
images collected were then analyzed by Image)
software and the numbers of TUNEL positive
cells per field were calculated. The animal pro-
tocol discussed previously has been reviewed
and approved by the Institutional Animal Care
and Use Committee, National Cheng Kung
University (110012).

Statistical analysis

Each in vitro experiment was repeated at le-
ast three times to confirm the replicability of
results. The data were presented as the mean
+ standard deviation and analyzed using a two-
tailed Student’s t-test. The growth curves of the
tumor xenografts show the tumor volume at
each measured time points. Each plot repre-
sents the mean tumor volume, whereas error
bars represented the standard error. The cur-
ves for body weight present the daily mean
weight + the standard error for each group. The
data for mean tumor volume and body weight in
three groups were examined using a two-way
ANOVA with GraphPad Prism version 9.1.2 for
Windows (GraphPad Software, La Jolla CA,
USA, www.graphpad.com). The positive tissue
TUNEL signals were statistically analyzed by
the Kruskal-Wallis test embedded in GraphPad
Prism. P-values less than 0.05 were consider-
ed statistically significant and are indicated
by asterisks as follows: “P<0.05, “*P<0.01,
**P<0.001, ""*P<0.0001.
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Results

Effects of PI3K inhibitors in HER2-positive
trastuzumab-resistant breast cancer cells

HCC1954 and UACC893 are ER-negative/
HER2-positive breast cancer cell lines bearing
PIK3CA mutations with intact PTEN protein
expression (Figure 1A). HCC1569 is an ER-
negative/HER2-positive breast cancer cell line
without PIK3CA mutation, but with lost PTEN
protein expression. These cell lines exhibit re-
sistance to the trastuzumab anti-HER2 mono-
clonal antibody (Figure 1B) and the maximal
concentration of trastuzumab used was 50-
fold higher than the IC,, of the trastuzumab-
sensitive BT-474 cell line [12]. In contrast,
alpelisib and GDC-0077, known as alpha iso-
form-specific PI3K inhibitors, showed marked
antiproliferative effects in these cells (Figure
1C, 1D). The IC, value of alpelisib in HCC1954,
UACC893, and HCC1569 cells was 1.950+
0.184 pM, 0.870+0.171 pM, and 4.073+0.429
UM, respectively. The IC,, value for GDC-0077
in HCC1954, UACC893, and HCC1569 cells
was 0.082+0.016 uM, 0.007+0.001 uM, and
3.853+0.865 uM, respectively. Although HCC-
1569 cells were relatively less sensitive to
PI3K inhibition compared with the other two
cell lines, the antiproliferative effect of PI3K
inhibitors in HCC1569 cells was concentration-
dependent. In addition, a soft agar colony for-
mation assay was also done to alternatively
evaluate the effects of PI3K inhibitors on the
resistant cell lines. Cells were treated with
alpelisib at a concentration of 0.5 and 8 uM,
and with GDC-0077 at a concentration of 0.3
and 4.8 uM. Both drugs inhibited colony forma-
tion in a concentration-dependent manner

(Figure S1).

Activation of the PI3BK/AKT signaling pathway
inhibits apoptosis and promotes the survival of
cancer cells [26]. Thus, PI3K inhibitors are ex-
pected increase apoptosis. We examined PI3K
inhibitors to determine whether there were
enhanced apoptosis in HER2-positive resistant
breast cancer cells. HCC1954, UACC893, and
HCC1569 cells were treated with alpelisib and
GDC-0077 separately. Alpelisib was used at
concentrations of 0.5, 2, and 8 yM. GDC-0077
was used at concentrations of 0.3, 1.2, and 4.8
MM. Cells were stained with annexin V/PI and
evaluated by flow cytometry. After treatment
with PI3K inhibitors, we observed increased
apoptosis in cells with PIK3CA mutations or
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Figure 1. Characteristics of resistant HER2-positive cell lines. A. HER2 expression and lack of estrogen receptor
expression was confirmed through protein analysis in three resistant cell lines. HCC1569 cells, unlike two other
cell lines, had no PTEN expression. B. All three cell lines showed resistance to trastuzumab within the range of
0.5-16 pyg/mL. C, D, Prominent antiproliferative effects are shown after resistant cells were treated with different
concentrations of alpelisib and GDC-0077. At the same concentration of PI3K inhibitor, HCC1569 cells exhibited
relative resistance compared with HCC1954 and UACC893 cells. Cell viability was determined by MTT assay 72
hours after incubation with the indicated drugs and normalized that of non-treated cells. Each plot indicates the
mean value of at least triplicate measurements and error bars indicate the SD.

PTEN loss (Figure 2A, 2B). Because of the lon-
ger doubling time of UACC893 cells [27, 28],
apoptosis was more pronounced after 72 hours
of treatment rather than 48 hours (Figure 2A,
2B; Figure S2). We found that targeting the
PI3K pathway could induce apoptosis. These
results were confirmed by western blot analy-
sis. Using the identical dosage as that in the
flow cytometry experiments, the up-regulation
of cleaved-PARP expression in cell lysates was
clearly observed after exposure to the PI3K
inhibitors (Figure 2C). Therefore, dysregulation
of apoptosis in these resistant cells could be
ameliorated by these two alpha isoform-specif-
ic PI3K inhibitors.

Synergistic effects of PI3K inhibitors plus
trastuzumab are specific for HER2-positive,
PIK3CA mutated, and/or PTEN loss breast
cancer cells

Continuous HER2 blockage is the primary strat-
egy to manage HER2-positive breast cancer
even if resistance has developed [29]. Since it
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is beneficial to suppress the HER2 pathway,
we evaluated the efficacy of PI3K inhibitors in
combination with trastuzumab in vitro. We used
the software, CompuSyn [25], to calculate the
combination index of alpelisib plus trastuzum-
ab and GDC-0077 plus trastuzumab. The range
of concentration was 0.125-4 yM, 0.0125-3.2
UM, and 0.5-16 ug/mL for alpelisib, GDC-0077,
and trastuzumab, respectively. A combination
index <1 indicates synergy and all results were
<1 except for alpelisib at 4 yM plus trastuzum-
ab at 16 yg/mL in HCC1954 cells and GDC-
0077 at 0.4 uM plus trastuzumab at 16 pyg/mL
in UACC893 cells (Figure 3A; Tables S1, S2).
These two exceptions may have been caused
by prominent antiproliferative effects from
monotherapy with alpelisib or GDC-0077 at a
concentration higher than the IC5O, thus further
synergistic effects from the combination could
not be demonstrated. These results suggest
that PI3K inhibitors in combination with trastu-
zumab result in synergistic effects against
PIK3CA mutated or PTEN-deficient breast can-
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Figure 2. PI3K inhibitors induce apoptosis in trastuzumab-resistant breast cancer cells with PIK3CA mutations or
PTEN loss. A. Three cells lines were treated with alpelisib at the indicated concentrations. Cells were stained with
annexin V/Pl and analyzed by flow cytometry to determine the proportion of apoptotic cells. HCC1954 and HCC1569
cells were collected 48 hours after treatment, whereas UACC893 cells were analyzed at 72 hours. The x-axis indi-
cates the intensity of annexin V, whereas the y-axis indicates PI. B. Cells lines were treated with GDC-0077 at the
indicated concentrations and the proportion of apoptotic cells were analyzed. C. Lysates were collected 24 hours af-
ter alpelisib or GDC-0077 treatment and subjected to immunoblotting for detection of cleaved-PARP antibody. Equal
loading of proteins was verified using beta-actin. The numbers under each blot represent the intensity of cleaved-
PARP relative to that of the control. Experiments were repeated at least three times and the results are summarized
as bar charts. Each bar represents the mean + SD. P-value: "P<0.05, ""P<0.01, and ***P<0.001.

cer cells. To determine the effects on cells with
concurrent PIKBCA mutations and loss of
PTEN function, we evaluated the PI3K inhibi-
tors in combination with trastuzumab in HCC-
1954 cells that were pretreated with siRNA to
induce down-regulation of PTEN protein. The
effect of siPTEN on decreasing the production
of PTEN protein lasted over 144 hours follo-
wing its application (Figure 3B). We selected
the concentrations of alpelisib, GDC-0077, and
trastuzumab based on the results of the syner-
gy experiments and the IC_, values obtained
for the HCC1954 parental cells. Alpelisib at a
concentration of 2 uM was administered with 8
ug/mL trastuzumab, whereas GDC-0077 was
tested at 0.1 uM in combination with 1 yg/mL
trastuzumab. Although knocking down the
function of PTEN could disrupt PI3K pathway
signaling independent of PIK3CA mutation, the
combination treatment with PI3K inhibitors and
trastuzumab still exhibited efficacy in these
cells with concurrent PIK3CA mutations and
decreased PTEN protein (Figure 3B).

The selection of biomarkers with predictive
values is important for the development of
novel agents or combination strategies. To
strengthen the positive predictive values of
PIK3CA mutations and loss of PTEN protein in
cells treated with PI3K inhibitors plus trastu-
zumab, we selected a cell line, CK-MB-1, known
as HER2-positive trastuzumab-resistant bre-
ast cancer cells without PIKBCA mutation and
with intact expression of PTEN [24] to test its
response to PI3K inhibitors plus trastuzumab.
Trastuzumab alone, PI3K inhibitors alone, or
the combination exhibited little antiprolifera-
tive effects against CK-MB-1 cells (Figure 3C).
This poor response was not altered by increas-
ing the alpelisib and GDC-0077 concentrations
higher than the IC, values obtained for HCC-
1954, UACC893, and HCC1569 cells. These
findings suggest a strategy for using PI3K inhib-
itors plus trastuzumab in cells with an active
PI3K signaling pathway.
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By suppressing the PI3K downstream signal-
ing pathway, combination treatment with PI3K
inhibitors and trastuzumab induces marked
apoptosis in resistant breast cancer cells

The unchanged expression of phospho-AKT
and phospho-S6 compared with the control
indicated that the downstream signaling pa-
thway was not suppressed after exposure to
trastuzumab in HCC1954, UACC893, and HCC-
1569 cells (Figures 4A, 4B, S3, S4). In con-
trast, at IC, values, down-regulation of phos-
pho-AKT and -S6 was observed once PI3K
inhibitors were administered. The combination
treatment of alpelisib plus trastuzumab or
GDC-0077 plus trastuzumab elicited similar
effects. We further evaluated the relationship
between the suppressive effects and apopto-
sis of tumor cells. PI3K inhibitors with or with-
out trastuzumab contribute to prominent apo-
ptosis as evidenced by up-regulation of clea-
ved-caspase 3 and cleaved-PARP. Moreover,
the combination of alpelisib or GDC-0077 with
trastuzumab exhibited the potential to induce
more apoptosis-associated proteins compa-
red with PI3K inhibitors alone (Figures S3, S4).
We confirmed these apoptotic events using
the Magic Red Caspase 3/7 Assay Kit after
resistant cancer cells were treated with PI3K
inhibitors plus trastuzumab. A considerably
redder fluorescent signal was observed in cells
treated with alpelisib or GDC-0077 plus tras-
tuzumab compared with the control groups
(Figure 5). This suggests that apoptosis of
resistant breast cancer cells is triggered on-
ce the HER2-PI3K pathway has been adequate-
ly blocked. Since PI3K inhibitors and trastu-
zumab have synergistic effects in trastuzumab-
resistant breast cancer cells and the combina-
tion strategy induces more prominent apopto-
sis, the differences between PI3K inhibitors
with or without trastuzumab should be further
examined in vivo.
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Figure 3. Synergy of PI3K inhibitors plus trastuzumab is specific for PI3K pathway alteration-related resistance.
A. Alpelisib plus trastuzumab and GDC-0077 plus trastuzumab both exhibit synergistic effects (Cl <1) in resistant
breast cancer cells. B. HCC1954 cells were transiently transfected with siRNA resulting in PTEN knockdown. The
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combination strategy with one PI3K inhibitor and trastuzumab still results in prominent antiproliferative effects in
HCC1954 cells exhibiting a partial loss of PTEN protein. Experiments were repeated in triplcate and the results are
summarized as bar charts representing the mean * SD. P-value: “P<0.05, **P<0.01, **P<0.001, and ***P<0.0001.
C. CK-MB-1 cells are neither PIK3CA mutant nor PTEN deficient. PI3K inhibitors or trastuzumab showed no efficacy
in CK-MB-1 cells either as monotherapy or in combination.
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Figure 4. PI3K inhibitors with or with-
out trastuzumab induce down-reg-
ulation of phospho-AKT, phospho-
S6, and apoptosis. A. HCC1954,
UACC893, and HCC1569 cells were
treated with the indicated agents.
Lysates were collected 24 hours
after treatment. The cells treated
with alpelisib and alpelisib plus
trastuzumab showed down-regula-
tion of phospho-AKT and phospho-
S6. Within the same groups, over-
expression of cleaved-PARP and
cleaved-caspase 3 were observed.
The control and trastuzumab gro-
ups did not show the above protein
cleavage. B. Three breast cancer
cell lines were treated with the in-
dicated agents. GDC-0077 with or
without trastuzumab contributed
to down-regulation of phospho-AKT
and phospho-S6, and up-regula-
tion of cleaved-PARP and cleaved-
caspase 3, whereas the other two
groups did not. The trastuzumab
concentration was 2 ug/mL. The al-
pelisib concentrations were 2, 0.5,
and 4 uM for HCC1954, UACC893,
and HCC1569 cells, respectively.
The GDC-0077 concentrations were
0.8, 0.4, and 3.2 uM for HCC1954,
UACC893, and HCC1569 cells, re-
spectively. Numbers under each
western blot represent the intensity
of the protein relative to the control.

The treatment of alpelisib
plus trastuzumab inhibits the
growth of tumor xenografts
bearing PIK3CA mutations

We examined the response of
HCC1954 xenografts to a con-
trol agent (solvent for alpelisib),
alpelisib, and alpelisib plus tra-
stuzumab. The control and al-
pelisib were administered orally
five days a week. Trastuzumab
was given as an intraperitoneal
injection twice a week. These
treatments lasted for four
weeks and the mice were sacri-
ficed 24 hours after the last
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Figure 5. Increased caspase 3 and 7 activities in trastuzumab-resistant breast cancer cells treated with PI3K in-
hibitors plus trastuzumab. Red fluorescence representes the activities of caspase 3 and 7 in treated cells. The
concentration of drug was the same as that in the combination protocols used for western blot analysis. After treat-
ment with the indicated agents, more red signal was observed in the combination groups compared with the control
groups. The differences in caspase 3 and 7 intensity were statistically significant between the controls and PI3K
inhibitors plus trastuzumab. The bar charts represent the mean caspase 3 and 7 intensity + SD. P-value: *P<0.05,
**P<0.01, and **P<0.001. A plus T: alpelisib plus trastuzumab; G plus T: GDC-0077 plus trastuzumab.

treatment. Growth curves for the xenografts in
the different treatment groups separated after
the second week (Figure 6A). Alpelisib plus
trastuzumab exhibited the best response and
contributed to a prominent reduction of tumor
volume. The differences in final tumor volume
between the combination group and the other
two groups were statistically significant with
P-values <0.0001. In contrast, the alpelisib
only group did not exhibit a significant tumor
volume reduction compared with the control
group. Mice in the combination group appeared
to have less body weight compared with the
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other two groups (Figure 6B). Considering dif-
ferent xenograft volumes (Figure 6A, 6C), the
difference in final body weight between the
alpelisib plus trastuzumab group and the other
two groups may be explained, but was not sta-
tistically significant. No deaths occurred in the
three treatment groups by the end of the
experiment.

Slides were prepared from the harvested xe-
nografts and stained with DAPI, HER2, and
TUNEL. We used the expression of HER2 for
outlining cell structure and differentiating cells
without nuclei from the empty space. We

Am J Cancer Res 2022;12(7):3067-3082
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Figure 6. Alpelisib plus trastuzumab causes prominent inhibition in the growth of HCC1954 xenografts and signifi-
cantly increases apoptosis. A. Each plot indicates the mean value of the tumor volume. Final tumor volume was
summarized and statistically analyzed. B. Each plot represents the mean value of body weight. Box charts show
the distribution of final body weight. C. Images of the xenografts were taken immediately after harvesting. D. DAPI,
HER2, and TUNEL signals were captured in each xenograft. Blue, red, and green fluorescence indicates DAPI, HER2,
and TUNEL signals, respectively. E. Bar charts represent the mean value of positive TUNEL signals in the xeno-
grafts. Error bars represent the standard error in tumor volume and body weight, and SD in TUNEL signals. P-value:
*P<0.05, "*P<0.01, and """*P<0.0001. A plus T: alpelisib plus trastuzumab; n.s.: not significant.

selected representative fields then calculated
positive TUNEL signals, which were observed
within cells and not in the blank area. Strong
HER2 expression was observed in the three
groups after treatment (Figure 6D). Positive
TUNEL signals were evident in the alpelisib plus
trastuzumab group compared with the control
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group and the alpelisib only group. The number
of positive TUNEL signals in each group were
statistically analyzed and the results indicated
that tumor cells treated with alpelisib plus
trastuzumab exhibited more apoptotic events
compared with those in the other two groups
(Figure 6E).
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Discussion

Considering patient quality of life, more cyto-
toxic chemotherapy-free, biomarker-driven regi-
mens have been developed for breast cancer.
However, chemotherapy is still needed as part
of treatment for HER2-positive tumors and
overcome the diverse resistant mechanisms
of the HER2-positive subtype. Thus, antibody-
drug conjugates (ADCs) are being developed to
lower the systemic cytotoxicity compared with
that of cytotoxic drugs [30]. T-DM1 and T-DXd
are ADCs approved for HER2-positive breast
cancer. Although T-DM1 has demonstrated effi-
cacy for PIKBCA-mutated tumors, based on the
EMILIA and T3RESA trials, this benefit may not
be achieved in the first-line phase 3 MARIANNE
trial [31-33]. On the other hand, more clinical
data is needed for T-DXd, as a promising ADC,
to demonstrate efficacy in patients with PIK3CA
mutations [6]. Moreover, concerns regarding
the toxicity of ADCs or shedding payloads in
the circulation [30]. Therefore, there is still a
need for a biomarker-driven strategy for HER2-
positive breast cancer exhibiting alterations in
the PIBK/AKT/mTOR pathway.

Our study revealed promising effects of PI3K
inhibitors in combination with trastuzumab in
PIK3CA-mutant and/or PTEN deficient, HER2-
positive breast cancer cells. Cancer cell growth
was hindered by blocking signaling pathways
and there was also increased apoptosis in-
duced by the combination strategy. Trastuzu-
mab alone had essentially no effect on
HCC1954, UACC893, and HCC1569 cells; how-
ever, the resistance phenotype of these cells
could be circumvented by adding PI3K inhibi-
tors, such as alpelisib and GDC-0077. Syner-
gistic effects were achieved by combining PI3K
inhibitors with trastuzumab. The reason why
this combination works may originate from the
constitutive blockage of the HER2 signal,
together with the inhibition of downstream sig-
naling. This theory has been proven before, but
most combinations are too toxic to be adminis-
tered to patients with breast cancer [12, 17-19].
Finally, alpelisib together with fulvestrant con-
tributed to better progression-free survival in
patients with HR-positive/HER2-negative bre-
ast cancer [20], which indicates that alpelisib
may be useful for other indications. The dose
of alpelisib in the mouse model was selected
based on published studies [34, 35]. To avoid
intolerable toxicities from the combination, we
selected a dose of alpelisib that was lower than
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historical reports and may be the reason why
xenografts responded poorly to alpelisib mono-
therapy. However, we demonstrated the effects
of alpelisib, which may be potentiated by the
combination strategy with trastuzumab. There
were significant apoptotic events in tumors
treated with alpelisib plus trastuzumab, which
complement the results of western blot analy-
sis, flow cytometry, and the activities of cas-
pase 3 and 7. This combination treatment was
well-tolerated based on the fact that no mice
died during the treatment period and no differ-
ences in body weight were observed among the
three groups after considering the weight of the
xenografts.

Tumor cells may develop resistance to PI3K
inhibition through loss of PTEN [22, 23]. We
simulated this condition using siRNA to knock
down the expression of PTEN. The growth of
SiPTEN-treated HCC1954 cells was still affect-
ed by PI3K inhibitors plus trastuzumab. This
indicates that the combination strategy still
works despite resistance via PIK3CA mutation
and/or PTEN loss. In contrast, cancer cells wi-
thout alteration of PI3K or PTEN do not res-
pond to the combination treatment. We found
that the proliferation of CK-MB-1 was barely
inhibited by trastuzumab or PI3K inhibitors.
This poor response was not circumvented by
combining PI3K inhibitors and trastuzumab
together in CK-MB-1 cells. Thus, it was unlike
the synergism observed with PI3K inhibitors
and trastuzumab in HCC1954, UACC893, and
HCC1569 cells. These biomarker-specific re-
sults are consistent with the response of PIK-
3CA mutation-dependent tumors in the SOLAR-
1 trial. Similarly, the AKT inhibitor, capivasertib,
showed activity in HR-positive/HER2-negative
breast cancer [36] and should be further evalu-
ated in HER2-positive breast cancer cells with
PIK3CA mutations or loss of PTEN. After treat-
ment with PI3K inhibitors or AKT inhibitors, pos-
sible mechanisms of resistance, such as
impairment of BRCA1/2 expression, may emer-
ge as issues requiring further elucidation [37,
38].

Although ADCs are now the standard of care,
as a second-line treatment or beyond, for
patients with HER2-positive metastatic breast
cancer, their efficacy in patients harboring PIK-
3CA mutations remains inconclusive. There-
fore, alpelisib plus T-DM1 had been tested in
a phase | trial to address this issue [39].
Although some responders were observed in
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this trial, it is uncertain whether the combina-
tion had synergistic effects at a cost of more
toxicity. Out of all patients, 41% had grade 3/4
maculopapular rashes and 18% had grade 3/4
thrombocytopenia with the regimen of alpelisib
plus T-DM1. A clear benefit has not yet emerged
for combining tyrosine kinase inhibitors with
ADCs for HER2-positive breast cancer. The effi-
cacy of neratinib plus T-DM1, tucatinib plus
T-DM1, and tucatinib plus T-DXd are still under
investigation in clinical trials [40-42]. Trastu-
zumab in combination with chemotherapy, oth-
er monoclonal antibodies, endocrine therapy,
or small molecule drugs have been studied
and shown efficacy with tolerable side effects
in the HER2-positive subtype of breast cancer
[4, 7, 43, 44]. As the backbone of anti-HER2
therapy, trastuzumab is an important drug
that can not only inhibit the HER2 signaling
pathway but can also induce cell-mediated
cytotoxicity. Moreover, its safety profile has
been established and allowing it to be com-
bined with other novel drugs. Therefore, our
research has confirmed synergistic effects of
PI3K inhibitors and trastuzumab both in vitro
and in vivo. This biomarker-oriented treatment
strategy may provide insight for designing
clinical trials for patients with HER2-positive
metastatic breast cancer who fail anti-HER2
treatments. The combination with alpelisib,
trastuzumab, and pertuzumab is now under
investigation as maintenance therapy in a
first-line setting for metastatic HER2-positive
breast cancer [45]. However, it is too early to
judge whether this combination can be applied
to first-line maintenance therapy. As quite a
few patients bear PIK3CA and/or PTEN mu-
tations after HER2-directed treatments [46],
the biomarker-driven combination with alpelisib
plus trastuzumab could be a strategy for later-
line patients, which is worth further investiga-
tion in human studies.
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Figure S1. Colony formation assays. A. HCC1954, UACC893, and HCC1569 cells were treated with DMSO, alpelisib (0.5 uM), and alpelisib (8 uM). B. Cells were
treated with DMSO, GDC-0077 (0.3 uM), and GDC-0077 (4.8) uM. Bar charts represent quantification of the colonies and are shown as the mean + SD. P-value:
P<0.01, ""P<0.001, and "**P<0.0001.
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Figure S2. PI3K inhibitors induce apoptosis in UACC893 cells. Cells were treated with alpelisib and GDC-0077 at the
indicated concentrations then stained with annexin V/PI. Apoptotic events were analyzed by flow cytometry 48 hours
after treatment. Bar charts represent the mean percentage of apoptotic cells + SD. P-value: “*P<0.05.

Table S1. Combination index of alpelisib plus trastuzumab in HCC1954, UACC893, and HCC1569

cells
HCC1954

Trastuzumab (ug/mL) Alpelisib (uM) Effect Combination index

0.5 0.125 0.7777 0.07750

1.0 0.25 0.7385 0.14249

2.0 0.5 0.6969 0.26286

4.0 1.0 0.647 0.48090

8.0 2.0 0.5279 0.79202

16.0 4.0 0.3742 1.23856
UACC893

Trastuzumab (ug/mL) Alpelisib (uM) Effect Combination index

0.5 0.125 0.8003 0.27131

1.0 0.25 0.6761 0.31380

2.0 0.5 0.5638 0.41967

4.0 1.0 0.4629 0.59725

8.0 2.0 0.3509 0.80744

16.0 4.0 0.2163 0.91832
HCC1569

Trastuzumab (ug/mL) Alpelisib (uM) Effect Combination index

0.5 0.125 0.8732 0.18533

1.0 0.25 0.8488 0.24848

2.0 0.5 0.84 0.43589

4.0 1.0 0.7923 0.46663

8.0 2.0 0.7433 0.54423

16.0 4.0 0.5975 0.29471
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Table S2. Combination index of GDC-0077 plus trastuzumab in HCC1954, UACC893, and HCC1569

cells
HCC1954
Trastuzumab (ug/mL) GDC-0077 (uM) Effect Combination index
0.5 0.05 0.8286 0.40245
1.0 0.1 0.734 0.19876
2.0 0.2 0.6709 0.18681
4.0 0.4 0.6485 0.29128
8.0 0.8 0.5579 0.22590
16.0 1.6 0.4418 0.14113
UACC893
Trastuzumab (ug/mL) GDC-0077 (uM) Effect Combination index
0.5 0.0125 0.8938 0.60198
1.0 0.025 0.8358 0.77614
2.0 0.05 0.6681 0.69091
4.0 0.1 0.4937 0.73441
8.0 0.2 0.3376 0.83433
16.0 0.4 0.2487 1.14560
HCC1569
Trastuzumab (ug/mL) GDC-0077 (uM) Effect Combination index
0.5 0.1 0.8722 0.15071
1.0 0.2 0.8397 0.22781
2.0 0.4 0.8306 0.42484
4.0 0.8 0.7281 0.44795
8.0 1.6 0.6111 0.50962
16.0 3.2 0.3995 0.41043
HCC1954 UACCB893 HCC1569
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Figure S3. Quantification of western blots for cells treated with alpelisib and trastuzumab. The intensity of each
indicated protein relative to the control was calculated and represented as a bar chart. Error bars indicate the SD.
P-value: "P<0.05, "P<0.01, ""P<0.001, and """P<0.0001.
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Figure S4. Quantification of western blots for cells treated with GDC-0077 and trastuzumab. The intensity of each
indicated protein relative to the control was calculated. Bar charts represent the mean + SD. P-value: "P<0.05,
"P<0.01, ""P<0.001, and ***P<0.0001.



