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Abstract
Background  Recent studies have shown that the activation of PI3K/AKT signaling pathway is an essential molecular mecha-
nism participating in trastuzumab resistance in HER2 + GC (gastric cancer). However, how can we effectively inhibit AKT 
activity associated with drug resistance during trastuzumab treatment? Screening inhibitors against the upstream receptors 
of PI3K/AKT signaling pathway or interacting proteins of members has become an important way.
Methods  In this study, western blot, qRT-PCR, CCK8, Co-IP and other techniques were used to explore possible mechanisms 
participating in trastuzumab resistance in vitro. Besides, the xenograft mouse model and GC tissue samples from patients 
were used to further validate the in-vitro results.
Results  The expression of XB130 adaptor protein was remarkably increased in GC cell lines resistant to trastuzumab, and 
knockdown of XB130 could reverse the resistance via downregulating p-AKT. In addition, p-SRC (Tyr416) was increased in 
resistant cells, which could facilitate the binding of XB130 to PI3K p85α. It was also discovered that XB130 could negatively 
regulate PTEN gene transcription, and thus a positive feedback loop was formed between SRC-XB130-PTEN.
Conclusions  In HER2 + GC, XB130 contributes to trastuzumab resistance by stimulating the PI3K/AKT signaling pathway 
through binding to PI3K p85α under the mediation of SRC kinase and regulating PTEN gene transcription, and in turn form-
ing a positive feedback loop between SRC-XB130-PTEN.
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Abbreviations
Co-IP	� Co-immunoprecipitation
EGFR	� Epidermal growth factor receptor
GC	� Gastric cancer
HER2	� Human epidermal growth factor receptor 2
IHC	� Immunohistochemistry
NC	� Negative control
OE	� Over expressed
PD	� Progressive disease
PI3KAP	� Phosphatidylinositol 3-kinase-associated 

protein

PTEN	� Phosphatase and tensin homologue
shRNA	� Small hairpin RNA
TRNCs	� Trastuzumab-resistant NCI-N87 cells
TRMCs	� Trastuzumab-resistant MKN45 cells

Introduction

GC (gastric cancer) is a prevalent tumor in China, with the 
3rd highest incidence and mortality rate as shown by the 
latest data [1]. As more studies focus on molecular biol-
ogy, molecular targeted therapy for GC has aroused schol-
ars’ interest, among which human epidermal growth factor 
receptor 2, abbreviated as HER2, was the first target found 
to be effective [2]. Trastuzumab, a monoclonal humanized 
antibody against HER2, can attenuate tumor cell growth 
via antagonizing delivery of the HER2 signaling pathway 
[3]. In clinical practice, trastuzumab treatment significantly 
prolonged the overall survival of patients suffering from 
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HER2 + metastatic GC, however, most patients developed 
drug resistance within 1 year of effective treatment [4].

XB130, which belongs to the actin filament-related pro-
tein family, is a newly identified junctional protein [5]. It 
contains two PH domains and multiple binding sites for SH2 
and SH3 domains, which can activate tumor-related PI3K/
AKT and other signals pathway. At the same time, it is also 
activated by phosphorylation of various tyrosine kinases, 
such as HER2, EGFR (epidermal growth factor receptor) 
and SRC [6–8]. Therefore, it is widely involved in the dif-
ferentiation, proliferation, invasion and metastasis of tumor 
cells [9, 10], which is considered a potential molecular 
marker for the diagnosis and treatment of tumors [10–12].

In our study, it was found that XB130 mediated the devel-
opment of trastuzumab resistance in GC by binding to PI3K 
p85α and modulating the PI3K/AKT pathway under the 
mediation of SRC kinase. Moreover, it was also observed 
that XB130 formed a positive feedback loop between SRC-
XB130-PTEN by regulating PTEN gene transcription and 
regulated trastuzumab resistance. Taken together, the results 
indicated that XB130 was a potential biomarker in monitor-
ing the course of HER2 + gastric cancer and a novel target 
in ameliorating the resistance to trastuzumab.

Materials and methods

Cell lines and cell culture

NCI-N87 and MKN45 cell lines (human gastric cancer cells) 
were provided by ATCC (American Type Culture Collec-
tion). RPMI 1640 (Hyclone) which was added with 10% 
FBS (Hyclone) and 1% streptomycin-penicillin (Hyclone) 
was used to culture the cells in an incubator (5% CO2, 
37 ℃). Cells were collected for subsequent experiments 
when logarithmic growth phase was reached.

Establishment of TRNCs (trastuzumab‑resistant 
NCI‑N87 cells) and TRMCs (trastuzumab‑resistant 
MKN45 cells)

TRNCs and TRMCs were established based on the proce-
dures mentioned in our previous research [13, 14].

Chemicals and antibodies

The antibodies against the proteins listed below were applied 
in our research: XB130 (#12,796, CST, USA), PTEN 
(#9188, CST, USA), PI3K p85α (#4257, CST, USA), AKT 
(ab38449, Abcam, USA), phosphorylation-AKT (Ser473) 
(#4060, CST, USA), SRC (ab133283, Abcam, USA), phos-
phorylation-SRC (Tyr416 and Tyr527) (#59,548, #2105, 
CST, USA), and GAPDH (#5174, CST, USA). Nuclei or 

mitochondria were labeled by using 4,6-diamidino-2-phe-
nylindole or MitoTracker Red CMXRos (provided by Inv-
itrogen, Carlsbad, America) staining. Saracatinib, SRC 
inhibitor, and Trastuzumab were provided by Calbiochem 
(located in Selleck Chemicals, America) and Roche com-
pany, respectively.

Myr‑AKT plasmids

Active AKT expression plasmids were created by cloning 
the cDNA into pCAGGS-IRESEGFPpA vectors. The cDNA 
encoded Myr-AKT (myristoylated-human AKT) without the 
PH domain.

Transient transfection

XB130 shRNA (small hairpin RNA), XB130-OE (Over 
Expressed), control vectors, pGL-base-PTEN, PTEN 
shRNA, PTEN-wt, PTEN-mut and NC (negative control) 
were generated by GenePharma (Shanghai, China). The 
cells were then transiently transfected with the recombinant 
plasmids mentioned above by Lipofectamine™ 3000 rea-
gent (provided by Invitrogen, CA, America) following the 
instructions, when cell confluence reached 50–60%. Into 
a 6-well plate the cells were seeded (3 × 105 cells in each 
well) containing the culture medium added with 10% FBS 
for twenty-four hours prior to drug treatment.

Establishing stable cell lines after transfection

Lentiviral vectors (10 µl) added with control vectors and 
XB130 shRNA were used for transfection. Puromycin at a 
minimum lethal dose (0.5 mg/ml) was used to screen the 
cells which were stably transfected at 48 h post infection. 
The transfection efficiency was confirmed by western blot.

Cell viability assay

Into a 96-well plate cells were inoculated (3 × 103 cells in 
each well) and added with trastuzumab at certain concentra-
tions. After 72 h incubation, we determined cell viability by 
the CCK8 reagent following the protocol. The optical den-
sity was detected by using the spectrophotometer (Thermo 
Electron Corporation, MA, USA) at a wavelength of 450 nm. 
The experiments were conducted in triplicate.

Quantitative real‑time PCR

Total cellular RNAs were obtained using the Trizol reagent 
(Invitrogen, Carlsbad, CA, USA). RNA was eluted with 
DEPC water, and the concentration was quantified using 
a NanoDrop system (NanoDrop; Thermo Fisher Scien-
tific). Then, 1.5 µg RNA was reversed into cDNA in a total 
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reaction system of 10 µl using cDNA reverse transcriptase 
kit (Applied Biosystems) and qRT-PCR was conducted in 
triplicates using 10 μl of SYBR Master Mixture (Applied 
Biosystems). The following thermal cycling conditions were 
used: initial denaturation at 95 °C for 3 min; 40 cycles of 
denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s 
and extension at 72 °C for 45 s; Finally, it was extended at 
72 °C for 10 min. (The primers are listed in Supplemen-
tary Table 1). GAPDH was used as the internal control to 
normalize the raw data. The 2−∆∆Cq method [15] was used 
for data analysis, and the results are presented as the fold 
changes in the relative mRNA expression.

Total tissue RNAs were isolated from the tumor samples 
by Trizol according to the manufacturer's instructions.

Western blot analysis

The total cellular protein was collected by using RIPA 
protein lysate (Sigma-Aldrich). BCA protein assay kit 
(Thermo Scientific) was used to determine protein concen-
trations. SDS-PAGE gels (10% gels) were used to separate 
the proteins, followed by transferring onto PVDF (polyvi-
nylidene fluoride) membranes (provided by Millipore). After 
being blocked by 5% nonfat milk (Sangon Biotech) in TBS 
added with 0.05% Tween-20, primary antibodies (XB130; 
#12,796, CST; 1:1000; PTEN; #9188, CST; 1:1000; PI3K 
p85α; #4257, CST; 1:1000; AKT; ab38449, Abcam; 1:1000; 
phosphorylation-AKT (Ser473); #4060, CST; 1:1000; SRC; 
ab133283, Abcam; 1:1000; phosphorylation-SRC (Tyr416 
and Tyr527); #59,548, #2105, CST; 1:1000; GAPDH; 
#5174, CST; 1:1000;) were incubated with the membranes 
at 4 °C overnight. Then, the membranes were incubated with 
HRP-linked Goat anti-Rabbit secondary antibodies (1:6000; 
Boster) for 1 h. Protein bands were observed using commer-
cial ECL kit (provided by Beyotime, China).

Co‑IP (co‑immunoprecipitation)

Co-IP assays were conducted using the Pierce Co-Immu-
noprecipitation Kit (Z-CHIP, MILLIPORE). Each 1.5 ml 
EP tube containing cells was added with pre-cooled equal 
volume IP cell lysis buffer, which were then lysed on ice 
for 10 min and on a mixer at 4 °C for 30 min. Then, the 
lysate was centrifuged at 13,000 g at 4 °C for 10 min, and 
the supernatant (50 µl) was collected as Input and another 
50 µl was collected into a new 1.5 ml EP tube for Co-IP 
experiment. A proper amount of Anti-Flag magnetic beads 
(M8823, Sigma-Aldrich) were rinsed with PBST for 3 times 
and then with PBS for 1 time. The magnetic beads were 
added into the supernatant and incubated at 4 °C on a mixer 
overnight. On the next day, the supernatant was placed on a 
magnetic separator, and the magnetic beads were rinsed with 
lysis buffer for 3 times, and then with Flag elution buffer 

for 15 min. The magnetic separator separated the magnetic 
beads from the liquid, and the liquid was sucked into a new 
Ep tube (1.5 ml) to obtain the eluent. The IP product was 
added with loading buffer, mixed, boiled in boiling water for 
10 min, and then centrifuged at 13,000 g for 3 min at 4 °C 
for western blot. Rabbit IgG was applied as internal control.

Dual‑luciferase reporter assay

Plasmid pGL-base-PTEN was transiently transfected into 
TRNCs XB130 shRNA or NC cells. After 48 h, the lucif-
erase activity was measured according to the instructions of 
luciferase reporter gene kit. pRL-CMV(Renilla) was used as 
the internal reference for co-transfection.

Nude mice cancer xenograft model

We strictly abided by the Guidelines for the Care and Use 
of Laboratory Animals (NIH publication no. 80–23, revised 
in 1996) and the institutional ethical guidelines for animal 
experimentation in all animal experiments. The animals 
were randomly grouped, and investigators knew nothing 
about grouping details throughout the research. The same 
athymic nude BALB/C mice (female, 5–6 weeks) were 
given subcutaneous injection of 5 × 106 NCI-N87, TRNCs, 
TRNCs shXB130, or stable control cells. When the xeno-
graft’s volume was ~ 50 mm3, trastuzumab (20 mg/kg) was 
injected into the mice through the tail vein 2 times per week 
for 6 weeks (n = 5). The size of the tumor was calculated by 
using W (width) and L (length) measured by the calipers. 
The formula was (L × W2) × 0.5. This research obtained 
approval from the Animal Care and Ethics Committee, 
Southern Medical University.

IHC (immunohistochemistry)

Immunohistochemistry assays were conducted as depicted 
in the previous article [13]. Dako Envision System (pro-
vided by Dako, Glostrup, Denmark) was used to conduct 
IHC staining.

Patient data

Tissue samples were collected from 12 patients who under-
went PD (progressive disease) of HER2 + gastric cancer 
after trastuzumab treatment between April 2019 and Octo-
ber 2020 in the department of oncology, Nanfang hospi-
tal. The age of patients (n = 12; female, n = 5; male, n = 7) 
was between 39 and 67. Tumor-node-metastasis (TNM) 
was staged according to pathological reports and imaging 
examinations. The study was approved by the ethics commit-
tee of the Nanfang hospital. And the patients provided oral 
informed consent for future research when collecting tissues.
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Statistical analysis

Difference was compared by one-way ANOVA or Stu-
dent's t-test (two-tailed) using SPSS 17.0 (bought from 
SPSS Inc., America) and GraphPad Prism (from Graph-
Pad Software, Inc., America). The data were presented as 
mean ± SD (standard deviation). P < 0.05 indicated signifi-
cant difference.

Results

XB130 mediated the resistance to trastuzumab 
of HER2 + GC cells in vitro

According to our previous research, NCI-N87 and MKN45 
expressing a high level of HER2 were used to establish 
TRNCs and TRMCs through exposing the cells to increas-
ing concentrations of trastuzumab [13, 14]. As shown by the 
curve of concentration effects, TRNCs and TRMCs were 
less sensitive to the treatment of trastuzumab in comparison 
with NCI-N87 and MKN45, with a resistance index RI of 
9.3 and 6.2 (RI = IC50 of resistant cells / IC50 of parent 
cells), respectively (Fig. 1a). However, in comparison with 
the parent cells, XB130 expression levels were remarkably 
increased in the resistant cells (Fig. 1b, c). In the presence 
of trastuzumab, XB130 and p-AKT protein expressions were 
greatly down-regulated in NCI-N87 and MKN45, while 
those in the resistant cells remained significantly elevated 
(Fig. 1d). Afterwards, to detect if XB130 was a modulating 
factor of the resistance of HER2 + gastric cancer to trastu-
zumab, XB130 was silenced by transfecting shRNA into 
TRNCs and TRMCs (Fig. 1e). It was found that p-AKT pro-
tein expression was remarkably decreased (Fig. 1e), and tras-
tuzumab sensitivity was significantly up-regulated (Fig. 1f).

To figure out the function of XB130 in trastuzumab resist-
ance in HER2 + gastric cancer cells, we transfected colonies 
of ectopic XB130-OE and XB130 shRNA and the controls 
into NCI-N87 and MKN45 cells. It was observed that the 
increased XB130 remarkably decreased cell viability, while 
the opposite result was observed in the low expression group 
(Fig. S1). The results suggested that XB130 could result in 
the resistance of HER2 + gastric cancer cells to trastuzumab.

XB130 mediated trastuzumab resistance 
through binding with PI3K p85α induced by SRC 
kinase

It was confirmed that XB130 mediated the resistance of 
HER2 + gastric cancer cells to trastuzumab, and we sought 
to define the molecular mechanisms. XB130 can regulate the 

PI3K/AKT signaling pathway by binding to the regulatory 
subunit p85α of PI3K [16]. SRC, as a member in the tyrosine 
kinases that mediate the activation of XB130, plays a key 
part in promoting the binding of XB130 to PI3K p85α [6–8]. 
As expected, the p-SRC (Tyr416) protein level was remark-
ably higher in trastuzumab-resistant cells in comparison with 
parent cells (Fig. 2a). Meanwhile, the Co-IP assay suggested 
that the binding of XB130 to PI3K p85α was dramatically 
enhanced in the cells resistant to trastuzumab (Fig. 2b). To 
further confirm the effect of SRC, TRNCs and TRMCs were 
treated with SRC inhibitor saracatinib. The results demon-
strated that the binding level of XB130 to PI3K p85α was 
dramatically decreased (Fig. 2c). To ensure the regulatory 
pathway “XB130-PI3K/AKT-trastuzumab resistance”, Myr-
AKT (a constitutively activator of AKT) and XB130 shRNA 
were used in the co-transfection of TRNCs and TRMCs. The 
expression of p-AKT was reduced when the XB130 expres-
sion was suppressed by shRNA, but Myr-AKT could reverse 
this effect (Fig. 2d). Moreover, Myr-AKT restored the sen-
sitivity to trastuzumab (Fig. 2e). These results implied that 
XB130 bound to PI3K p85α under the mediation of SRC 
kinase and caused the activation of PI3K/AKT pathway, 
which in turn induced the resistance of HER2 + gastric can-
cer cells to trastuzumab.

XB130 mediated trastuzumab resistance by forming 
a positive feedback loop between SRC‑XB130‑PTEN 
through regulating PTEN gene transcription

The PI3K/AKT signaling pathway can be continuously acti-
vated due to PTEN (phosphatase and tensin homologue) 
deficiency, which induces the development of trastuzumab 
resistance in GC [17, 18]. It was observed that the PTEN 
expression level was significantly lower in trastuzumab-
resistant GC cells (Fig. 3a, b), while PTEN was remarkedly 
increased when resistant cells were treated with saracatinib 
(Fig. 3c). In addition, we found that XB130 might bind to 
the GAG​CAA​ site of the PTEN promoter sequence through 
bioinformatics (Fig. 3d, Fig. S2). Moreover, luciferase assay 
results suggested that XB130 negatively regulated PTEN 
gene transcription in TRNCs (Fig. 3e). Next, we trans-
fected TRNCs and TRMCs with PTEN-wt or PTEN-mut 
which resulted in significant down-regulation of p-SRC 
and p-AKT and increased sensitivity to trastuzumab in the 
PTEN-wt group, while there was no significant change in the 
PTEN-mut group (Fig. 3f, g). Also, when XB130 shRNA 
and PTEN shRNA were transiently co-transfected into the 
resistant cells, it was observed that PTEN shRNA enhanced 
the activity of SRC kinase and the trastuzumab resistance 
recovered (Fig. 3h, i). These results confirmed that there 
was a positive feedback effect between SRC-XB130-PTEN, 
and XB130 participated in the modulation of resistance of 
GC to trastuzumab via regulating PTEN gene transcription.
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Fig. 1   XB130 mediated the resistance to trastuzumab of HER2 + GC 
cells in  vitro. a NCI-N87 cells, MKN45 cells, TRNCs and TRMCs 
after 72 h trastuzumab treatment indicated by CCK8 assay. b XB130 
levels in NCI-N87 cells, MKN45 cells, TRNCs and TRMCs deter-
mined by qRT-PCR. c p-AKT, AKT and XB130 expressions in NCI-
N87 cells, MKN45 cells, TRNCs and TRMCs determined by west-
ern blot. d AKT, p-AKT and XB130 expression in NCI-N87 cells, 

MKN45 cells, TRNCs and TRMCs after trastuzumab (20  µg/ml) 
treatment for 0, 24, 48 h determined by western blot. e Expressions 
of XB130, AKT, p-AKT in TRNCs and TRMCs after transfection 
of control or XB130 shRNA determined by western blot. f TRNCs 
and TRMCs after they were transfected with XB130 shRNA or con-
trol followed by trastuzumab treatment for 72 h, as shown by CCK8 
assay. Error bars indicated SD (***p < 0.001)
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XB130 mediated resistance of HER2 + gastric cancer 
to trastuzumab in vivo

To further verify the involvement of XB130 in regulating 
trastuzumab resistance in GC in vivo, we constructed tumor-
bearing nude mouse models of NCI-N87, TRNCs, TRNCs 
shXB130, or stable control cells. It was demonstrated the 
tumor volumes were larger in TRNCs group in compari-
son with NCI-N87 group (Fig. 4a). XB130 and p-SRC lev-
els were significantly increased and PTEN significantly 
down-regulated in tumor tissues under the treatment with 
trastuzumab, whereas the results were contrary in TRNCs 
shXB130 group (Fig. 4a, b).

XB130 mediated the resistance to trastuzumab 
in patients with HER2 + gastric cancer

We evaluated 12 pair of tissue samples collected from the 
cases with PD of HER2 + gastric cancer after trastuzumab 
was prescribed according to RECIST 1.1 (response evalua-
tion criteria in solid tumors version 1.1). It was shown that 
XB130 (Fig. 5a, b) and p-SRC (Fig. 5b) were upregulated 
and PTEN (Fig. 5b) was downregulated in patients with 
PD. These results indicated that XB130 might be correlated 
with the resistance of cases with HER2 + gastric cancer to 
trastuzumab.

A pattern diagram indicating the role of XB130 in 
HER2 + gastric cancer cells was depicted (Fig. 5c). The 
molecular mechanisms of trastuzumab resistance might 
be that XB130 activates the PI3K/AKT signaling pathway 
through binding to PI3K p85α medicated by SRC kinase 
and forming a positive feedback loop between SRC-XB130-
PTEN by regulating PTEN gene transcription.

Discussion

At present, trastuzumab provides a novel direction for treat-
ing GC. However, drug resistance is still the most common 
and biggest obstacle in clinical application of trastuzumab, 
and it is also the most urgent problem to improve the survival 

of cases with advanced gastric cancer. Thus, it is of vital 
importance to explore the mechanism and countermeasures 
of trastuzumab resistance and to find predictive markers 
indicating the resistance to trastuzumab. Recent studies 
have suggested that activated PI3K/AKT signaling pathway 
is a main molecular mechanism related to the resistance to 
trastuzumab in HER2 + GC [5, 6, 19, 20]. In our study, we 
aimed to find the inhibitors of PI3K/AKT signaling pathway 
upstream receptor or interacting proteins of members.

XB130, also known as PI3KAP (phosphatidylinositol 
3-kinase-associated protein), is a novel adaptor protein, 
which belongs to the family of actin filament-related protein. 
The full length of human XB130 gene is 375 bp, encoding 
a 130 kDa protein containing 818 amino acids, which is 
highly expressed in thyroid and spleen, but rarely expressed 
in other organs [5]. As a typical adaptor protein, XB130 
structurally contains two PH domains and multiple binding 
sites of SH2 and SH3 domains, which can activate many 
signal pathways such as tumor-related PI3K/AKT, etc. At 
the same time, XB130 is also activated by many tyrosine 
kinases such as HER2, EGFR and SRC. In recent years, we 
have intensively investigated the biological role and molecu-
lar mechanisms of XB130 in GC. It was reported for the 
first time that XB130 was an independent risk factor related 
to the prognosis of GC patients [21]. Silenced XB130 with 
down-regulated p-AKT expression by shRNA could lead 
to decreased invasion, proliferation, and migration ability 
of GC cells, indicating that XB130 was a potential thera-
peutic target for GC [22]. In this study, we demonstrated 
that XB130 and p-AKT expression levels in trastuzumab-
resistant GC cells were higher compared with parent cells. 
After XB130 was silenced by shRNA, p-AKT expression 
was remarkably decreased and the sensitivity to trastuzumab 
was markedly enhanced in the cells resistant to trastuzumab. 
These results indicated that XB130 participated in modulat-
ing the resistance of HER2 + gastric cancer to trastuzumab 
via the activation of AKT.

XB130 regulates PI3K/AKT signaling pathway via bind-
ing to the upstream member PI3K regulatory subunit p85α. 
Tyrosine kinase-mediated phosphorylation of the N-terminal 
YxxM motif of XB130 protein is the key for XB130 binding 
to p85α subunit [16]. It was reported that XB130 regulated 
the expression and phosphorylation levels of PI3K/AKT 
signaling pathway and its downstream target genes through 
binding to PI3K p85α and ultimately regulated tumor cell 
survival and proliferation, in which SRC kinases played a 
key part in promoting the binding of XB130 to PI3K p85α 
[6–8]. SRC, the first identified proto-oncogene, belongs to 
the non-receptor tyrosine kinase family and regulates tumor 
cell survival, differentiation, invasion, metastasis and drug 
resistance by interacting with multiple tumor-related signal-
ing pathways [23–27]. Increased research has shown SRC 
kinase activation is related to the resistance of gastric cancer 

Fig. 2   XB130 mediated trastuzumab resistance through binding 
to PI3K p85α induced by SRC kinase. a p-SRC (Tyr416), p-SRC 
(Tyr527), SRC in NCI-N87 cells, MKN45 cells, TRNCs and TRMCs 
determined by western blot. b The binding level of XB130 to p58α 
in NCI-N87 cells, MKN45 cells, TRNCs and TRMCs detected by 
Co-IP assay. c The binding level between XB130 and p58α in TRNCs 
and TRMCs with or without SRC inhibitor saracatinib detected by 
Co-IP assay. d The expression of XB130, AKT, p-AKT after trans-
fection of XB130 shRNA with or without Myr-Akt into TRNCs and 
TRMCs prior to 72  h trastuzumab (20  µg/ml) treatment. e TRNCs 
and TRMCs post transfection of XB130 shRNA with or without Myr-
Akt prior to 72 h trastuzumab treatment, as shown by CCK8 assay. 
Error bars indicated SD

◂
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to trastuzumab, but the molecular mechanism of its regu-
lation is not clear [25–27]. Our results indicated that the 
expression of p-SRC (Tyr416) protein was significantly 
elevated and facilitated the binding of XB130 to PI3K p85α 
in trastuzumab-resistant cells. In addition, it was also found 
that XB130 regulated the development of trastuzumab resist-
ance by activating AKT through binding to PI3K p85α under 
the mediation of SRC kinase in GC.

PTEN gene is the first oncogene with dual specific-
ity for phosphatase activity identified to date [28–30]. 

Accumulating research has shown that PTEN is highly 
correlated with the tumor development of various cancers 
[31–35]. The main substrate of PTEN is PIP3, which is 
maintained at a low level by dephosphorizing PIP3, thereby 
inhibiting the activated PI3K/AKT signaling pathway [36, 
37]. It was reported that PTEN deficiency attenuated PI3K/
AKT signaling pathway activation and induced resistance 
of gastric cancer to trastuzumab [17, 18]. In addition, the 
results of Zhang S et al. confirmed that PTEN directly and 
specifically dephosphorylated pTyr416 of SRC through its 
protein phosphatase activity, thereby inhibiting SRC kinase 
activation [25]. Our results showed that PTEN levels were 
remarkably reduced in trastuzumab-resistant cells and 
XB130 negatively regulated the transcription of PTEN gene. 
Moreover, it was also found that PTEN inhibited the activa-
tion of SRC kinase which in turn formed a positive feed-
back loop between SRC-XB130-PTEN and finally induced 
trastuzumab resistance through the activation of PI3K/AKT 
signaling pathway.

In conclusion, this research demonstrated that XB130 
could activate PI3K/AKT signaling pathway through bind-
ing with PI3K p85α and regulating PTEN gene transcrip-
tion, which finally mediated the development of trastuzumab 
resistance in GC. Our findings revealed the molecular mech-
anism of XB130 regulating trastuzumab resistance in GC at 
three levels: cellular, mouse and clinical samples. Thus, we 
obtained reliable evidence of XB130 as a molecular marker 
of trastuzumab resistance and laid a molecular foundation 
for the study of new targets for reversing the resistance of 
HER2 + gastric cancer to trastuzumab.

Fig. 3   XB130 mediated PTEN transcription and formed a positive 
feedback loop between SRC-XB130-PTEN. a PTEN levels in NCI-
N87 cells, MKN45 cells, TRNCs and TRMCs detected by qRT-PCR. 
b PTEN in NCI-N87 cells, MKN45 cells, TRNCs and TRMCs deter-
mined by western blot. c PTEN in TRNCs and TRMCs after treated 
with or without SRC inhibitor saracatinib determined by western blot. 
d Bioinformatics was used to predict whether XB130 binds to the 
promoter region of PTEN. It was found XB130 may bind to the GAG​
CAA​ site of the PTEN promoter sequence. e After 48 h transfection 
of XB130 shRNA/NC and pGL-base-PTEN into TRNCs, we deter-
mined the luciferase activity using luciferase reporter assay. f The 
expression of PTEN, XB130, p-SRC(Tyr416), SRC, p-AKT, AKT of 
TRNCs and TRMCs after transfection with PTEN-wt or PTEN-mut 
detected by western blot. g CCK8 analysis of TRNCs and TRMCs 
transfected with PTEN-wt or PTEN-mut after 72 h trastuzumab treat-
ment. h The expression of XB130, PTEN, p-SRC(Tyr416), SRC, 
p-AKT, AKT of TRNCs and TRMCs after transfection of XB130 
shRNA with or without PTEN shRNA/NC detected by western blot. 
i CCK8 assay showed that TRNCs and TRMCs transfected of XB130 
shRNA with or without PTEN shRNA/NC after 72  h trastuzumab 
treatment. Error bars indicated SD (**p < 0.01, ***p < 0.001)

◂

Fig. 4   XB130 mediated the resistance of HER2 + gastric cancer to 
trastuzumab in  vivo. a Subcutaneous xenograft assay of NCI-N87, 
TRNCs, TRNCs shXB130, or stable control cells in nude mice after 
subcutaneously injected with trastuzumab for certain days. The tumor 

volume was calculated (n = 5 per group). b Representative immuno-
histochemistry images of tumor sections from different groups (n = 5 
per group). Scale bar: 50 μm. Error bars indicated SD (**p < 0.01)
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protein regulated trastuzumab 
resistance by stimulating PI3K/
AKT signaling pathway in 
HER2 + GC. XB130 bound 
with PI3K p85α, which was 
induced by SRC kinase. XB130 
formed a positive feedback loop 
between SRC-XB130-PTEN by 
regulating PTEN gene transcrip-
tion. Error bars indicated SD 
(**p < 0.01)
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