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Background: Trastuzumab is an effective drug for the treatment of Her2-positive breast
cancer. But, primary or secondary resistances to trastuzumab have become an important
factor influencing the curative effect. The mechanisms of trastuzumab resistance are some-
what complex. The present work aims to explore the mechanism of trastuzumab resistance
caused by HER-2 mutation in breast carcinomas.

Methods: Firstly, the HER2 wild type (WT) and HER2 mutant (HER2 Q429R, HER2
Q429H and HER2 T798M are the commonest 3 types of mutations) MCF7 cell lines were
established. Cell proliferation inhibition was then assessed by the Cell Counting Kit-8 assay
and BrdU assay. Transwell invasion assays were also conducted to investigate the metastatic
potential influenced by the HER2 mutation. Furthermore, Western blotting and co-immuno-
precipitation were conducted to detect protein levels and the physical interaction of HER2
and trastuzumab.

Results: The results showed that the mutant MCF7 cells were less sensitive to trastuzumab
than the WTMCEF?7 cells. The mutation of HER2 almost had no influence on the expression
of HER2 and the interaction of HER2 and trastuzumab. Finally, the mutation of HER2
weakened the inhibition of trastuzumab in the PI3K/AKT pathways. In addition, the inhibi-
tion of PI3K/AKT signaling-pathway increased the trastuzumab-sensitivity of HER2-mutant
MCEF7 cells.

Conclusions: Dysregulation of the PI3K-AKT signaling-pathway was a key mechanism
inducing the trastuzumab-resistance to HER2 mutant breast cancer cells.

Keywords: HER2, trastuzumab, resistance, PI3K

Introduction
The human epidermal growth factor receptor (ErbB) family of transmembrane
RTKs' has been demonstrated to play a pivotal role in the occurrence and devel-
opment of various malignant tumors.” Studies have shown that there are a few
critical mutations in the tyrosine kinase domain of HER-2 proteins in a variety of
cancers including the head and neck cancer, lung cancer and breast cancer.’®
Around 25% of breast cancers have HER2-gene amplifications or protein/mRNA
over-expressions. Deregulations of HER2-gene, through over-expressions or gene’s
amplifications, have been demonstrated of importance in cancer’s tumorigenesis or
proliferation. The over-expression of HER2 is able to confer stronger responses to
specific anti-HER2 therapies for the breast cancer.

HER2 oncoprotein is one of the class-1 transmembrane-receptors with tyrosine-
kinase activities and plays important roles in the oncogenic activations of lots of
signaling pathways, like the phosphoinositide 3-kinase (PI3K) pathway and
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mitogen-activated protein kinase (MAPK) pathway.’
Trastuzumab is a monoclonal antibody that directly targets
part of the HER2 tyrosine kinase receptor, which is an
effective drug for the treatment of HER2-positive breast
cancer.® But, primary or secondary resistances to trastuzu-
mab have become a key factor affecting the curative
effects.” Moreover, most Her-2 positive patients will
have resistances to trastuzumab after a period of time of
trastuzumab treatments. The mechanisms of trastuzumab
resistance are relatively complex.'® Recently, several stu-
dies have demonstrated that PI3K/AKT/mTOR pathway
played an important role in the trastuzumab resistance.’
Through transmitting signal-transduction events in
response to extracellular stimulations, the PI3K/AKT/
mTOR pathway plays important roles in the cell physiol-
ogy, including cell proliferations, growths, survivals, moti-
The activation of PI3K/Akt
signal-pathway has been shown to be an important

lities, and metabolisms. !

mechanism of trastuzumab-resistance.”"'? Assessments of
PI3K-pathway activations may function as one of the key
biomarkers to identify patients less likely to respond well
to trastuzumab.

In the present research, the human breast carcinoma
cell line MCF7 was used to establish the HER2 wild type
(WT) and HER2 mutant MCF7 cell models, analyzed the
characteristics of each kind of cell lines, and deeply inves-
tigated the mechanisms controlling the in vitro trastuzu-
mab-resistance in breast cancers. Moreover, we found that
the dysregulation of the PI3K-AKT signaling pathway was
one of the major mechanisms leading to resistance to
trastuzumab in HER2 mutant breast cancer cell line. Our
results provide supporting evidence for future investiga-
tions combining inhibitors of the PI3-kinase pathway with
trastuzumab-based therapy.

Materials and methods

PCR amplification and cloning in T vector
The PCR reaction was performed in 50 uL of the solution
containing: 4 pL of oligo mix, 1 pL of ANTP, 2 puL of
cDNA, 5 pL of 10X PCR buffer, 0.3 uL Pfu DNA poly-
merase, 36 plL of distilled water and 1 pL of each of
primers. The sequences of the primers used in this study
are shown in Table 1. The second PCR solution contain-
ing: 1 pL of PCR product, 5 pL of 10X PCR buffer, 1 pL
of ANTP, 1 pL of each of primers, 41 pL of distilled water,
0.3 uL Pfu DNA polymerase. PCR product was cloned
into T vector using clonExpress® Entry One Step Cloning

Kit (Vazyme Biotech Co., Nanjing, China) and trans-
formed in competent cell (E. coli DH5a, Takara Bio Inc.,
Otsu, Japan). The analysis of recombinant colony was
done by sequencing.

Table 1 The primers used in this study

Cell culture and cell transfection

Human breast carcinoma cell line MCF7 was obtained
from the American Type Culture Collection (Manassas,
VA, USA). MCF7 cell is a commonly used breast cancer
cell line that has been promoted for >40 years by multiple
research groups and has been considered the most repre-
sentative. MCF7 cells were routinely cultured in complete
DMEM (Gibco, Grand Island, NY, USA) containing 10%
fetal bovine serum (Gibco) with 100 units/mL penicillin
and 100 pg/mL streptomycin (Sigma, St-Louis, MO, USA)
in a humidified incubator at 37°C containing 5% CO,,
with 95% humidity (Thermo Scientific SW-CJ-1FD incu-
bator; Thermo Scientific, Waltham, MA, USA). Cells were
separately cultured onto six-well plates and transfected
with 2 pg of each plasmid in each well using 4 pL of
Lipofectamine 200 (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions.

Cytometry analysis
MCF7 cells were disaggregated with Trypsin-EDTA for 15
mins at 37°C. Cells were washed and counted to reach a
concentration of 10° cells/mL. Cells were incubated with
specific antibodies: FITC anti-human CD340 (erbB2/
HER-2) antibody and FITC Mouse IgG1, k Isotype Ctrl
(FC) antibody (Biolegend, San Diego, CA, USA), and
analyzed by flow cytometry (BD Biosciences, San Jose,
CA, USA). Experiments were performed in triplicate.
Apoptotic cells were identified using an Annexin V/
FITC kit (KGA108, Nanking, China). According to the
manufacturer’s instructions, cells were then centrifuged
once more, and the supernatants were discarded. The
cells were resuspended in 200 pL of binding buffer at
37°C for 30 mins in the dark; 2 pL Annexin V-FITC

Table | The primers used in this study

Primers Sequence (5’-3’)

F-primer ATGGAGCTGGCGGCCTTGTGC
R-primer TCACACTGGCACGTCCAGA
HER2 Q429R TGTTCTCCGATGTGTAAGGGC
HER2 Q429H TGTTCTCCGATGTGTAAGGGC
HER2 T798M ATCAAGCGACGGCAGCAGAAGA
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solution and 5 pL propidium iodide (1 pg/mL) were added.
Cell suspensions were transferred to flow cytometry test
tubes. The percent of early apoptotic, late apoptotic and
necrotic cells were detected and analyzed by the flow
cytometry. Bivariate analyses were adopted for defining
the cell populations, where FITC (=) and PI () cells were
designated as viable cells, FITC (+) and PI (—) cells were
designated as apoptotic cells, and FITC (+) and PI (+) cells
were designated as late apoptotic or necrotic cells. Results
were representative of three independent experiments with
triplicate samples.

Western blot analysis and CCK8 assay
About 1x107 cells were gathered and lysed in RIPA buffer
(Beyotime Biotech, Nantong, China) in the presence of
protease inhibitor (PMSF) and phosphatase inhibitor (Na-
ortho-vanadate, NaF). Cell Counting Kit (CCKS8) assay is a
one-bottle solution; no premixing of components is
required. CCK8, being nonradioactive, allows sensitive col-
orimetric assays for the determination of the number of
viable cells in cell proliferation and cytotoxicity assays.
The detection sensitivity of CCKS8 is higher than the other
tetrazolium salts such as MTT, XTT, MTS or WST-1. For
CCKS8 assay, 100 pL cell suspensions (3,000 cells/well)
were dispensed in 96-well plates and pre-incubated for 24
hrs to allow cell attachments (humidified atmosphere, 37°C,
5% CO,). After 24 hrs pre-incubation, cells were treated
with different concentrations (1, 3.16, 10, 31.6, 100, 316,
1,000, 3,160, 10,000 nM) of trastuzumab and incubated for
4 days. This design was chosen as a compromise that allows
assessing the statistical significance of treatment effects at
the replicated concentrations while still allowing for the
possibility to describe concentration-response trends over a
broad range of test concentrations.'® Subsequently, the cells
were then incubated with 10 uL of CCKS8 (Beyotime
Biotech) per well at 37°C for 4 hrs in the incubator. The
absorbance at 460 nm (A460) was examined using a scan-
ning multi-well spectrophotometer (Thermo Scientific). We
determined the trastuzumab concentration and exposure
time for CCKS8 assay according to Yang et al’s reported
methods. '

Proliferation (BrdU) assay and transwell

invasion assays

Cell proliferation was determined using 5'-bromo-2'-deox-
yuridine (BrdU) staining kit (Ebioscience, San Diego, CA,
USA). Briefly, cells were labeled with BrdU (10 uM) for 2

hrs prior to be harvested, and then cells were fixed by the
fixing solution at 4°C overnight. The ensuing steps were
carried out according to the manufacturer’s protocol. OD
values were measured by a spectrophotometer microplate
reader set at a dual wavelength of 450/550 nm.
Evaluations of the cell migrations and invasions were
assessed using Transwell Permeable Supports (Corning
Inc., Corning, NY, USA). Invasive cells at the bottom of
the membrane were fixed with methanol and then stained
with 0.1% crystal violet for 20 mins. The number of
invasive cells was finally counted.

Co-immunoprecipitation

The cells were gathered and lysed in RIPA buffer
(Beyotime Biotech) in the presence of protease inhibitor
(PMSF). The lysates were centrifuged for 15 mins at
13,000xg. After centrifugation, the supernatant was incu-
bated with the indicated antibody and subsequently with
A-protein agarose beads at 4°C overnight. Then, each
sample was centrifuged at 3,000 rpm at 4°C for 3 mins,
and the pellet was washed three times with 1X immuno-
precipitation buffer and eluted by boiling in protein sample
buffer under reducing conditions. Sample proteins were
then separated by 10—-12% SDS-PAGE before the proteins
were transferred onto PVDF membranes (Millipore). After
blocking in 5% skimmed milk for 1 hrs, the membranes
were rinsed and probed with 1:1,000-diluted primary anti-
bodies against HER2 (Abcam, Cambridge, MA, USA)
overnight at 4°C, followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies for 2 hrs at room
temperature. Next, the immune-reactive protein bands
were visualized using the ECL detection reagents
(Beyotime Biotech) and X-ray film. Finally, the blots
were scanned, and densitometric analysis was performed
on the scanned images using Image J Software.

Statistical analysis

All data were expressed in the form of mean values +
standard error. Comparisons among multiple groups were
made with a one-way ANOVA followed by Dunnett’s test.
P<0.05 was used for statistical significance.

Results
The generation of HER2-mutantbreast

cancer cells
Recombinant plasmid was sequenced by dideoxy chain
termination method and compared with HER2 gene (3,768
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Figure | The assessment of HER2 expression in the transfected cells. The levels of
HER2 in transfected MCF7 cells were quantified by flow cytometry. The mean
fluorescence signal £ SD (n=3) (A). The expression of Her2 in transfected MCF7
cells was detected by SDS-PAGE/immunoblotting with anti-HER2 antibodies.
Conversely, there was zero expression of HER2 in MCF7+control vector cells.
GAPDH was used as internal control (B). These experiments were repeated in
triplicate, quantified, and represented. Results are the average + SD of triplicate
determination.

bp/3,768 bp) by www.ncbi.nlm.nih.gov/blast-showed high
homology of 98% (as shown in Figure S1A—C). The com-
parison of gene sequence in the recombinant plasmid HER2
Q429R, HER2 Q429H, HER2 T798M and Her2 was shown
in Figure 1D-F. Flow cytometric analysis of Her2 demon-
strated that MCF7 cells and MCF7 cells transfected with
control vector showed a low HER2 level, while MCF7 cells
in the presence of HER2, HER2 Q429R, HER2 Q429H,
HER2 T798M showed a high HER2 level (as shown in
Figure 1A). The HER2 expression was also confirmed by
SDS-PAGE/immunoblotting. Consistent with the flow cyto-
metry results, the expression of Her2 in transfected MCF7
cells was detected by SDS-PAGE/immunoblotting with
anti-HER2 antibodies. Conversely, there was zero expres-
sion of HER2 in MCF7+control vector cells (Figure 1B).

HER2 mutant MCF7 cells were resistant

to trastuzumab

Trastuzumab undoubtedly provides a major advancement in
the treatment of breast cancer alone or in combination with
chemotherapy. However, the resistance to trastuzumab is
common.'> Mutant-expressing MCF7 cells were used to
investigate the resistance to trastuzumab after the mutation

of HER2. Cells were treated with trastuzumab (1 pg/mL) for
4 days. The results showed that compared with the control
vector group, MCF7+HER2, MCF7+HER2 Q429R, MCF7
+HER2 Q429H and MCF7+HER2 T798M were less sensi-
tive to the trastuzumab (as shown in Figure 2A). Moreover,
the mutant MCF7 cells were less sensitive to the trastuzumab
than the WTMCEF?7 cells. The BrdU assay was also used to
evaluate the anti-proliferative activity of mutant-expressing
MCEF7 cells. Similarly, WTMCEF7 cells were more sensitive
to trastuzumab than the mutant MCF7 cells (as shown in
Figure 2B and C). These results indicated that the mutations
of HER2 played an important part in the resistance to
trastuzumab.

The effect of the trastuzumab on the apoptosis of
mutant-expressing MCF7 cells was then assessed by
Annexin V. As shown in Figure 3A and B, following a
24 hrs trastuzumab treatment (1 pg/mL), HER2 WT cells
exhibited 3.2+0.45 and 4.0+0.34 fold-changes in the num-
ber of Annexin V-positive cells, as compared with the
HER2 Q429R and HER2 T798M cells, respectively.
Transwell invasion assay was used to explore the metas-
tasis potential of the mutant-expressing MCF7 cells. As
shown in Figure 3C and D, following a treatment with
trastuzumab (1 pg/mL), HER2 WT cells showed a reduced
invaded cell number, while the HER2 Q429R and HER2
T798M cells exhibited resistance in the trastuzumab-trea-
ted invasion.

The mutation of HER2 almost had no
influence on the expression of HER2 and

the interaction of HER2 and trastuzumab
To identify the difference of the expression of HER2 in the
mutant-expressing cells, immunofluorescence staining was
performed. As shown in Figure 4A, up-regulations of
HER2 were detected in HER2 WT cells and the mutant-
expressing cells when compared with the control group.
However, there were no significant differences in the
expression of HER2 between the HER2 WT cells and the
mutant-expressing cells.

To test the interactions between trastuzumab and
HER2, immune-precipitates of trastuzumab were detected
by the anti-HER2 antibody (as shown in Figure 4B).
Immuno-reactive signals of HER2 and trastuzumab were
clearly detected in the immune-precipitates of anti-HER2.
When compared with the control group, the immune-reac-
tive signals of the mutant-expressing cells and the HER2
WT cells were much stronger. In addition, there were no
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Figure 2 The effect of trastuzumab on the cell proliferation of HER2 Mutant MCF7 cells. (A) HER2 WT, HER2 Q429R, HER2 Q429H and HER2 T798M cells were treated
with increasing concentrations of trastuzumab (I pg/mL) for 4 days. CCK8 assay was performed at the end of treatment and dose—inhibition curves were produced by
Graphpad Prism software. The experiment was performed at least three times at different times. Results are shown as percentage of control surviving rate. Error bars, SD.
(B and C) Cell proliferation was determined using BrdU staining kit. Cells were treated with increasing concentrations of trastuzumab (I pg/mL). The experiment was
performed at least three times at different times. Results are shown as percentage of control surviving rate. Error bars, SD **P<0.01.

significant differences between the mutant-expressing
MCEF7 cells and the HER2 WT cells.

The mutation of HER2 weakened the
inhibition of trastuzumab in the PI3K/
AKT pathway

HER?2 is involved in the oncogenic activations of numerous
signaling pathways, like the PI3K pathways and the MAPK
pathways.'®!” Western blot analysis was performed to ana-
lyze the roles of HER2 on the expressions of PI3K/AKT
signaling pathway key proteins in MCF7 cells with incuba-
tion trastuzumab. When compared with the control group, the
expression of HER3 and AKT stayed the same in the HER2
WT cells and the mutant-expressing cells following the treat-
ment of trastuzumab for 24 hrs (as shown in Figure 5A). The
expression of HER2, PTEN and P275'?! was up-regulated.
The expression of PI3K, p-AKT and mTOR was inhibited
when compared with the control group. Furthermore, the
mutant-expressing cells showed a decreased expression of
PTEN and P27%'"! and an increased expression of PI3K, p-
AKT and mTOR when compared with the HER2 WT cells

following the treatment of trastuzumab for 24 hrs. Previous
reports demonstrated that trastuzumab can inhibit the MAPK-
and PI3K-pathways for cell lines overexpressing HER2, but
not on HER2-overexpressing cancers that have received pre-
operative treatments as a monotherapy.'® In this study, PI3K
pathways were inhibited by trastuzumab in HER2 WT cells,
but not in the mutant-expressing cells. These results revealed
that the mutation of HER2 might have changed the PI3K/
AKT cascade signal transmission, which might weaken the
inhibition of trastuzumab in the PI3K/AKT pathway.

The inhibition of PI3K/AKT signaling
increases the trastuzumab sensitivity of
HER2-mutant MCF7 cells

In the previous studies,' the trastuzumab-resistant NCI-
N87/TR cells were treated with a PI3K inhibitor
(LY294002). Western blotting showed that when the cells
were co-treated with LY294002 and trastuzumab, there
was no difference between the HER2 WT cells and the
HER2-mutant MCF7 cells with the expression of HER3,
AKT, HER2, PTEN, P27K1P1, p-AKT and mTOR (as
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Figure 3 The effect of trastuzumab on the apoptosis and invasion of mutant-expressing MCF7 cells. (A) The effect of trastuzumab treatment on apoptosis was assessed by
Annexin V/ FITC assay. Annexin V-positive cells were counted using flow cytometry. (B) Graphs exhibit apoptosis rate = number of Annexin V positive staining cells/number
of total cells x100%. As shown in (A) and (B), following a 24 hrs trastuzumab treatment (I pg/mL), HER2 WT cells exhibited 3.2+0.45 and 4.0+0.34 fold-changes in the
number of Annexin V-positive cells, as compared with the HER2 Q429R and HER2 T798M cells, respectively. Transwell invasion assay was used to explore the metastasis
potential of the mutant-expressing MCF7 cells. (C) Representative images of the trastuzumab treatment on the invasion of mutant-expressing MCF7cells in a Transwell
invasion assay. The photographs were taken at a magnification of x20. (D) Quantitative analysis of the number of invasive cells, as determined by counting cells under a
microscope. As shown in (C) and (D), following a treatment with trastuzumab (I pg/mL), HER2 WT cells showed a reduced invaded cell number, while the HER2 Q429R
and HER2 T798M cells exhibited resistance in the trastuzumab-treated invasion. Data are presented as the mean * SD; **P<0.01. Comparisons were made by one-way
ANOVA followed by Dunnett’s test.

shown in Figure 5B). When compared with the trastuzu-
mab alone, the regulations of PTEN and P27%'"!
optimized. These results revealed that trastuzumab in com-
bination with LY294002 re-regulated the PI3K/AKT sig-
naling pathway of the HER2-mutant MCF7 cells, and
increased the sensitivity to trastuzumab.

were

To further confirm the sensitivity caused by the com-
bination treatment, the CCK8 assay was performed to
determine the cell viability. As shown in Figure 5C-F,
the HER2 WT cells were more sensitive when treated
with trastuzumab (1 pg/mL) and lapatinib (1 pmol/L),
trastuzumab (1 pg/mL) and dasatinib (10 pmol/L), trastu-
zumab (1 pg/mL) and LY294002 (10 umol/L).

Discussion

HER?2 is over-expressed widely in breast cancers. ErbB2
over-expressions are identified in around 25-30% of human
breast cancers, and are closely related to the tumorigenesis,

cancer progressions and poor prognoses.”’?! Trastuzumab
is a recombinant antibody that has been approved by the
FDA for the treatment of HER2-positive breast cancers.®
Although it has substantially improved the outcomes of
patients with ErbB2-positive breast cancers, about 70% of
ErbB2-amplified breast cancers do not respond to
trastuzumab.”>>* There have been some studies that inves-
tigated the underlying mechanisms of trastuzumab-resis-
tance. According to Pohlmann et al’s review, mechanisms
for resistance are grouped into 4 main categories: a)
Obstacles preventing trastuzumab binding to HER2; b)
Upregulation of HER2 downstream signaling pathways; c)
Signaling through alternate pathways; and d) Failure to
trigger an immune-mediated mechanism to destroy tumor
cells.®* In Luque-Cabal et al.’s study, the phosphatidylino-
sitol 3’-kinase/protein kinase B/mammalian target of rapa-
mycin pathway, cross-talk with estrogen receptors, immune
response, cell cycle control mechanisms, and other tyrosine
kinase receptors such as insulin-like growth factor I receptor
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Figure 4 The mutation of HER2 almost had no influence on the expression of HER2 and the interaction of HER2 and trastuzumab. (A) The expression of HER2 (red) was
examined by immunofluorescence analysis with a confocal microscope. Up-regulations of HER2 were detected in HER2 WT cells and the mutant-expressing cells when
compared with the control group. However, there were no significant differences in the expression of HER2 between the HER2 WT cells and the mutant-expressing cells.
DAPI, a blue tint to the nucleus. The photographs were taken at a magnification of x200. (B) Co-immunoprecipitation (IP) was carried out to confirm the physical interaction
of HER2 and trastuzumab. Immuno-reactive signals of HER2 and trastuzumab were clearly detected in the immune-precipitates of anti-HER2. The cell lysate was
immunoprecipitated and subjected to Western blot to detect HER2. The representative result is shown from three repeats with a similar pattern.

are potential pathways involved in trastuzumab resistance.*’
Gajria et al highlighted putative models of trastuzumab-
resistance, including activation of the downstream PI3K-
signaling pathway, accumulation of a constitutively active
form of HER2, and crosstalk of HER2 with other growth
factor receptors. The identification of these specific
mechanisms of trastuzumab resistance has provided a ratio-
nale for the development of several novel HER2-targeted
agents as the mechanisms have largely suggested a contin-
ued tumor dependence on HER2 signaling.® Additionally,
Different therapeutic interventions targeting these pathways
are currently under evaluation. In Bose et al’s study, 13
HER2 mutations were functionally characterized using in
vitro kinase assays, protein structure analysis, cell culture,
The majority of HER2
somatic mutations in breast cancer patients are activating

. 2
and xenograft experiments.?’

mutations that likely drive tumorigenesis. Some patients
had mutations that are resistant to the reversible HER2

inhibitor lapatinib, but are sensitive to the irreversible
HER?2 inhibitor, neratinib. Their results suggest that patients
with HER2 mutation-positive breast cancers could benefit
from existing HER2-targeted drugs.?’

Despite these, the exact mode of action of trastuzumab
remains partly elucidated, and several studies have sug-
gested that the inhibition of oncogenic signaling may not
be the main mode of action,”® particularly when trastuzu-
mab is administered alone for chemotherapy-naive
patients.””>° Thus, there is an urgent need to investigate
the mechanisms of trastuzumab resistance and to develop
new strategies to circumvent the trastuzumab resistance.

The purpose of the present study is to evaluate the
sensitivity of the HER2 mutated cancer cell lines to the
drug trastuzumab. Trastuzumab responsiveness was eval-
uated in breast cancer cell lines by treating the HER2
mutant and WT cell lines with trastuzumab followed by

a proliferation assay. Consistent with a previous report,*'
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Figure 5 The mutation of HER2 weakened the inhibition of trastuzumab in the PI3K/AKT pathway. The combination with LY294002 and other chemotherapies could
restore the inhibition of PI3K/AKT pathway. (A-B) Protein extracts from the indicated MCF7 cells were immunoblotted with the specified antibodies against PI3K, mTOR,
PTEN, HER2, HER3, AKT, P27%'P!, AKT, p-AKTand GAPDH. (A) The indicated MCF7 cells were incubated with trastuzumab (I pg/mL) for 24 hrs. (B) The indicated MCF7
cells were incubated with trastuzumab (| pg/mL) and LY294002 (10 pmol/L) for 24 hrs. (C-F) The surviving rates were assessed by the CCK8 assay. The indicated cells
were treated with trastuzumab (I pg/mL), trastuzumab (I pg/mL) and lapatinib (I pmol/L), trastuzumab (I pg/mL) and dasatinib (10 pmol/L), trastuzumab (I pg/mL) and
LY294002 (10 pmol/L). (C) MCF7 cells transfected with the control plasmid (C), the HER2-WT cells (D), HER2 T798M cells (E), and HER2 Q429R cells (F).

the mutant MCF7 cells were less sensitive to trastuzumab
than the WTMCEF7 cells in the CCKS8 assay and the cyto-
metry analysis. The Transwell invasion assay also showed
that the mutant MCF7 cells exhibited resistance. These
results indicated that HER2 played an important part in
the resistance to trastuzumab. To explore the mechanisms
of trastuzumab resistance, we firstly examined the expres-
sions of the HER2 and the interactions between trastuzu-
mab and HER?2. It turned out that there were no significant
differences between the mutant-expressing MCF7 cells
and the HER2 WT cells.

Recent researches have focused on the abnormalities
involved in the mechanisms of trastuzumab resistance.
Hyperactivated PI3K pathway is such an important
abnormality, which exists in over 70% of breast cancers.>
Berns et al showed that ectopic expressions of either WT
or oncogenic mutant PIK3CA led to a trastuzumab

resistance phenotype.’ Nagata et al demonstrated that PI3
kinase inhibitors restored trastuzumab sensitivity in
PTEN-deficient cells.** Therefore, the PI3K/AKT pathway
was then evaluated to find out that the regulation of the
PI3K/AKT pathway was weakened in the HER2-mutant
MCEF7 cells. These results revealed that the mutation of
HER2 might have changed the PI3K/AKT cascade signal
transmission, which weakened the inhibition of trastuzu-
mab in the PI3K/AKT pathway.

A typical PI3K inhibitor LY294002 was also used to
confirm the roles of HER2 in the trastuzumab resistance
and to restrain the activity of PI3K/Akt. LY294002, trans-
formed from quercetins, is a typical PI3K inhibitor. The
inhibitor of targeted PI3K’s catalytic subunit p110 can
effectively restrain the growth of tumor cells in vivo and
in vitro, block the PI3K/Akt signaling pathway upstream
in a non-specific way, and thereby induce tumor cell

submit your manuscript

5978

Dove

Cancer Management and Research 2019:1 |


http://www.dovepress.com
http://www.dovepress.com

Dove

Kong et al

apoptosis.** Our results showed that trastuzumab in com-
bination with LY294002 re-regulated the PI3K/AKT sig-
naling pathway of the HER2-mutant MCF7 cells, and
increased the sensitivity to trastuzumab. Several drugs
against PI3K, mTOR, and AKT, such as Everolimus, are
in clinical development. Moreover, the mechanism of tras-
tuzumab resistance is relatively complex. Several other
hypotheses have been raised: the loss of PTEN, activation
of alternative pathways, expression of ligands of the
EGFR family
inaccessibility.'® PI3K/Akt signaling pathway and contin-

and receptor masking or epitope
uous activation state of p-Akt are just two important target
spots for drug resistance of trastuzumab, which need to be
further investigated in future experiments.

Our study has some limitations. Firstly, we only used
one single cell line to assess the mechanisms of resistance
caused by the mutations. We did not conduct other sets of
experiments in another cell line. We understand that our
results would be more convincing if their findings could be
replicated in a panel of cell lines with different hormone
receptor statuses. However, in the present study, we
mainly focused on the Her-2-related resistance using the
MCF7 cell line which is a commonly used breast cancer
cell line that has been promoted for >40 years by multiple
research groups and has been considered the most repre-
sentative, and we think that should be sufficient to draw a
conclusion to some degree. Of course, in our other unpub-
lished studies, we also used SK-BR-3, a breast cancer cell
line isolated by the Memorial Sloan—Kettering Cancer
Center in 1970 that is used in studies seeking to overcome
trastuzumab resistance to HER2-overexpressing breast
cancers. Secondly, we used the Western blot to prove
that when compared with the control group, the expression
of HER3 and AKT stayed the same in the HER2 WT cells
and the mutant-expressing cells following treatment with
trastuzumab for 24 hrs (Figure 5A and so does Figure 5B).
We understand that the densitometry may better reveal this
finding. However, in the present study, we mainly focused
on protein expression differences, and we think that
although a Western blot experiment may not be optimal,
it should be sufficient to draw a conclusion. Also, when we
explored if the HER2 WT cells were more sensitive when
treated with trastuzumab and lapatinib, trastuzumab and
dasatinib, trastuzumab and LY294002, we only choose the
most commonly used drug concentrations (Figure 5SC-F).
Although we understand that setting a range of different
concentrations may be more comprehensive, in the present
study, we mainly focused on the sensitivity rather than

determining an optimal concentration. The concentration-
comparing work is also under investigation in our labora-
tory. Unfortunately, results are unavailable at this point.
Similarly, the mechanism of cancer cell death induced by
trastuzumab was performed only using Annexin V method
rather than further TUNEL assay and PI staining, and a
cell cycle arrest was not conducted in the situation that
increase of the trastuzumab-sensitivity of HER2-mutant
MCEF7 cells by the inhibition of PI3K/AKT signaling path-
way in HER2-mutant MCF7 cells was obtained. We have
already started broadening the cell biological methods and
molecular biological strategies, and hope these results
could be presented in our next article in the near feature.
Thirdly, despite considering very specific MCF7 muta-
tions, the PI3K/Akt/mTOR pathway has been already
demonstrated to be implicated in trastuzumab resistance
in HER2-overexpressing breast cancer. Also, preclinical
studies have indicated that inhibitors of this pathway can
act synergistically with trastuzumab in resistant cells.**2¢
Seeing this, we have already been broadening the experi-
mental settings including using the xenograft mouse mod-
els of breast cancer which transplanted Her-2 mutation cell
lines in vivo to improve the research significance. What is
novel about this present research is that the HER2 WT and
HER2 mutant MCF7 cell models were established, and the
characteristics of each kind of cell lines were analyzed.
The mechanism was investigated from the perspective of
HER2 mutation.

Conclusions

Taken together, our findings showed that dysregulation of
the PI3K-AKT signaling pathway was one of the major
mechanisms leading to the resistance to trastuzumab in
HER2 mutant breast cancer cells. Our study provides a
theoretical basis for further improving the effect of trastu-
zumab targeted breast cancer treatment.

Abbreviation list

HER2, human epidermal growth factor receptor 2; PI3K,
phosphatidylinositol 3-kinase; WT, wild type; MAPK,
mitogen-activated protein kinase; ErbB2, receptor tyro-
sine-protein kinase.
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