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ABSTRACT
Aberrant activation of the mTOR pathway is a characteristic alteration in triple-negative breast cancer, but 
the mTOR pathway inhibitor everolimus is not effective for the triple-negative breast cancer (TNBC) 
patients. Presently, we showed that the activation of ERK pathway was an important mechanism of 
resistance to everolimus in TNBC cells in this study. SHOC2, a key protein mediating the Ras-Raf-ERK 
pathway, could act as a scaffolding protein to facilitate the activation of the pathway by mediating the 
interaction of key components of the pathway. Our results showed that everolimus activated the Raf-ERK 
pathway by promoting the interaction between SHOC2 and c-Raf and that knockdown of SHOC2 
significantly inhibited the Raf-ERK pathway induced by everolimus. We further demonstrated that 
SHOC2 expression levels were closely related to the sensitivity of TNBC cells to everolimus and that 
interference with SHOC2 expression in combination with everolimus had significant effects on the cell 
cycle progression and apoptosis in vitro experiments. Western blotting analysis showed that cell cycle 
regulators and apoptosis-related proteins were significantly altered by the combination treatment. 
Xenograft model also demonstrated that knockdown of SHOC2 significantly increased the sensitivity of 
tumor to everolimus in nude mice. In conclusion, our study showed that SHOC2 is a key factor in 
regulating the sensitivity of TNBC cells to everolimus and that combined therapy may be a more effective 
therapeutic approach for TNBC patients.
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Introduction

Breast cancer has become the highest incidence malignant 
tumor for women in the world, triple-negative breast cancer 
(TNBC) is the most aggressive phenotype compared to other 
subtypes, accounting for about 20% of all cases. However, 
there is still no effective targeting therapy for these patients 
currently, and chemotherapy and radiotherapy may be the 
only treatment options. However, chemotherapy is only effec-
tive for a small number of early TNBC patients who are 
sensitive to it, and advanced breast patients usually respond 
poorly, leading to metastasis, recurrence and high mortality.1 

So looking for new effective molecular targets is an urgent 
need for those patients.

Mutation activation of PI3KCA gene and/or PTEN muta-
tions of loss of PTEN expression are most common in the 
TNBC subtype, which can lead to a constitutive activation of 
downstream effector mTOR (mammalian target of rapamycin, 
mTOR).2 The mTOR activation has been reported to promote 
tumor growth, increase protein synthesis in tumor cells, inhi-
bit tumor cells autophagy and apoptosis, and affect the inva-
sion and metastasis ability of tumor cells.3 So the mTOR 
inhibitors have been applied to various malignant tumors. 
Everolimus (RAD001, Afinitor), a rapamycin analog, is an 

oral mTOR inhibitor. For breast cancer, everolimus has been 
used for the treatment of postmenopausal advanced female 
breast cancer patients with hormone receptor-positive, epider-
mal growth factor receptor-2 negative, while it is not effective 
for TNBC patients.4 The mTOR pathway activation is gener-
ally changed in TNBC patients, but no substantial therapeutic 
effect was observed with mTOR inhibitors alone.2,5 Another 
study also proved that the addition of everolimus to che-
motherapy was associated with more adverse events in the 
treatment of TNBC patients, while the clinical effect had not 
been improved.6 Therefore, the primary objectives of this 
study are to explore the drug-resistance mechanism of ever-
olimus and provide new biomarkers and propose novel ther-
apeutic strategies in the treatment of TNBC patients.

One of the drug-resistance mechanisms for pathway inhi-
bitors may be that inhibition of a single pathway increases 
negative feedback activation of upstream and bypass 
pathways.7,8 Interestingly, our study also showed that inhibi-
tion of mTOR by everolimus could promote the feedback 
activation of the Raf-ERK signaling pathway in TNBC cells. 
Blocking the ERK pathway could promote the sensitivity to 
everolimus, which suggested that the Raf-ERK signaling acti-
vation was a key event of resistance to everolimus in TNBC 
cells. It is well known that SHOC2 is required for Ras-Raf-ERK 
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kinase cascade, cooperating with c-Raf to mediate the Raf-ERK 
pathway activation.9,10 Previous results of our research had 
also shown that SHOC2 knockdown could suppress the ERK 
pathway in MDA-MB-231 breast cancer cells. In the present 
study, we showed that everolimus suppressed mTOR pathway 
by inhibiting mTOR phosphorylation, and SHOC2 was critical 
for the activation of Raf-ERK pathway. Furthermore, we found 
that SHOC2 binding to c-Raf was increased after everolimus 
treatment, which lead to the phosphorylation downstream of 
ERK signaling cascades. Our results also showed that SHOC2 
knockdown could dramatically promote the sensitivity to ever-
olimus for TNBC cells in vitro and in vivo. Therefore, we 
propose that the activated Raf-ERK pathway mediated by 
SHOC2 might account for the resistance to everolimus in 
TNBC cells.

Results

ERK pathway is activated in everolimus-resistance TNBC 
cells

To evaluate the response to everolimus in different breast 
cancer cell lines, we performed the CCK-8 assay with increas-
ing concentrations of everolimus (0 nM to 100 μM) for 24 h. 
The dosing was determined based on pharmacokinetic studies 
that indicated the plasma concentration of everolimus in clin-
ical trials. The results showed that IC50 of everolimus in TNBC 
cell lines MDA-MB-231(27.40 uM) and Hs578T (31.23 uM) 
was significantly higher than that in other cells. The IC50 of 
everolimus in ER receptor-positive T47D (6.52 uM), MCF-7 
(9.95 uM) and ZR-75-1 (13.67 uM) cell lines was lower than 
that in TNBC cells, but higher than that in HER2 receptor- 
positive BT474（0.21 uM）cells [Figure 1(a)]. Therefore, we 
chose the everolimus-resistant TNBC cell lines MDA-MB-231 
and Hs578T for this study. Subsequently, we examined the 
effect of everolimus on the cell cycle distribution of TNBC cells 
by flow cytometry. Cells were treated with 100 nM everolimus 
for 48 h, and the results showed that everolimus had no 
significant effect on the cell cycle progression of MDA-MB 
-231 and Hs578T cells, compared with the control group 
[Figure 1(b)].

Previous studies showed that inhibition of mTOR by ever-
olimus could promote the activation of the MAPK pathway 
through a PI3K-dependent feedback loop in metastatic pros-
tate cancer patients7. Another study also showed that inhibi-
tion of the EGFR pathway could increase the sensitivity of 
TNBC cells to everolimus, but the specific mechanism is still 
unclear. Therefore, we decide to examine the changes of ERK 
pathway under different everolimus-treated conditions in two 
different TNBC cell lines. Interestingly, we found that the 
phosphorylation levels of mTOR were gradually down- 
regulated with the increase of drug concentration, when 
MDA-MB-231 and Hs578T cells were treated with 0 nM 
(0.2% DMSO), 1 nM, 10 nM, 100 nM, 1uM, and 10 uM ever-
olimus. Meanwhile, the phosphorylation level of ERK was 
significantly enhanced, and this activation effect was positively 
correlated with the drug concentration [Figure 2(a)]. Next, the 
cancer cells were treated with 100 nM everolimus to detect the 
effects of everolimus on ERK pathway for different periods of 

time (0 h, 1 h, 2 h, 4 h, 8 h, and 24 h). The results showed that 
the phosphorylation level of ERK gradually increased with the 
extension of time, and the effect of pathway activation could 
even last up to 24 h [Figure 2(b)].

Feedback activation of the ERK pathway is associated 
with drug resistance to everolimus in TNBC cells

In order to confirm whether everolimus-resistance in TNBC 
was associated with the feedback activation of ERK pathway, 
we then conducted inhibitor experiments. The results showed 
that the expression of p-ERK promoted by everolimus could be 
significantly suppressed with MEK-1-specific inhibitor 
PD98059, but the phosphorylation levels of mTOR and 
mTOR pathway were not changed [Figure 3(a)]. The CCK-8 
assay showed that the proliferation of MDA-MB-231 and 
Hs578T cells were significantly suppressed by everolimus 
after inhibition of ERK pathway with PD98059, while these 
two inhibitors alone had no significant inhibitory effect on cell 
proliferation [Figure 3(b)]. Flow cytometry results also showed 
that everolimus combined with PD98059 could significantly 
affect cell cycle distribution in MDA-MB-231 and Hs578T 
cells. Compared with everolimus or PD98059 alone, the com-
bination treatment induced a significant increase in the pro-
portion of cells in the G1 phase, preventing the cell cycle 
transition from G0/G1 to S phase. Western blotting showed 
the expression of cycle-associated protein Cyclin D1 was sig-
nificantly inhibited in MDA-MB-231 and Hs578T cells 
[Figure 3(c)]. These results indicated that the everolimus resis-
tance in TNBC cells might not due to the limited response of 
the mTOR pathway but was closely related to the feedback 
activated ERK pathway. Inhibition of the feedback activated 
ERK pathway could significantly increase the sensitivity of 
TNBC cells to everolimus.

SHOC2 regulates the feedback activation of the Raf-ERK 
pathway after everolimus treatment by the interaction 
with c-Raf in in TNBC cells

In order to explore the mechanism of ERK pathway activation 
by everolimus, it is necessary to understand the process of Ras- 
Raf-ERK pathway activation. The activation of this pathway 
depends on the aggregation of substrates at specific sites, and 
requires scaffold proteins to regulate this process. SHOC2 is 
a scaffold protein and can mediate different functions with 
multiple interaction partners.9 Studies have shown that 
SHOC2 was capable of enhancing ERK1/2 activity by forming 
a ternary complex with Ras and c-Raf kinase in response to 
stimuli from growth factor.10 The scaffold protein SHOC2 can 
bind to c-Raf and recruit it to specific locations, thereby 
enhancing its activation.11 Our previous studies have shown 
that knockdown of SHOC2 could inhibit the activity of the 
ERK pathway in breast cancer cells, and the high expression of 
SHOC2 in breast cancer tissues was associated with poor 
prognosis of breast cancer patients.12 In this study, we first 
identified whether SHOC2 was necessary for the activation of 
Raf-ERK pathway in TNBC cells, and we found that SHOC2 
overexpression could significantly increase the phosphoryla-
tion level of ERK. However, after SHOC2 knockdown in 
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Figure 1. Cytotoxic effect and cell cycle change of everolimus on breast cancer cell lines. A. A CCK8 assay was used to detect the drug sensitivity of breast cancer cells 
after treated for 24 h with increasing concentrations of everolimus. Survival rate = (mean absorbance of experimental group/mean absorbance of 0.2% DMSO group) × 
100%. B. Cell cycle analysis by flow cytometry in MDA-MB-231 and Hs578T cells after treated with 100 nM everolimus. Data represent the mean value ± SD of triplicate 
experiments. ns: not significant for comparison between treated group and control group (0.2% DMSO) cells using Student’s t-test.
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TNBC cells MDA-MB-231 and Hs578T, the phosphorylation 
level of ERK was dramatically down-regulated, which implied 
that Raf-ERK pathway was significantly inhibited 
[Figure 4(a)].

Based on the above results, SHOC2 and c-Raf are 
required for the activation of the Raf-ERK pathway. We 
next performed co-immunoprecipitation experiments to 

investigate whether the interaction between SHOC2 and 
c-Raf played important roles in the Raf-ERK pathway 
activation for the TNBC cells. The results showed that 
SHOC2 could interact with heterologous and endogenous 
c-Raf in 293T cells and TNBC cells, respectively 
[Figure 4(c)], suggesting that SHOC2 might mediate the 
Raf-ERK pathway by interacting with c-Raf. Then we used 
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Figure 3. Effect of everolimus combined with the ERK signaling pathway inhibition on cell proliferation and cycle progression in TNBC cell lines. The cells were treated 
with 100 nM everolimus (E) for 4 h and then followed with or without 5 µM PD98059 (PD) as single agents (everolimus, PD98059) or in combination (E+PD). A. Western 
blotting analysis of ERK and mTOR signaling pathways in TNBC cell lines. B. Cell proliferation was determined using a CCK-8 assay in MDA-MB-231 and Hs578T cells. 
C. Cell cycle distribution and changes in the protein expression of cell cycle-related gene Cyclin D1 in MDA-MB-231 and Hs578T cells. The cell cycle distribution and 
quantification of positive cells were evaluated by flow cytometry. Data represent the mean value ± SD of triplicate experiments. ns: not significant, *p < 0.05,**p < 0.01, 
***p < 0.001, ****p < 0.0001 for comparison between treated group and control group (0.2% DMSO) cells using Student’s t-test.
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co-immunoprecipitation assay to explore the effect of 
everolimus on the interaction of SHOC2 with c-Raf. The 
results showed that the binding of SHOC2 to c-Raf was 
significantly increased after treated with everolimus in 
TNBC cells [Figure 4(d)]. So our results indicated that 
everolimus might activate the Raf-ERK pathway by enhan-
cing the interaction between SHOC2 and c-Raf in TNBC 
cells.

In the next steps, to further confirm the important role 
of SHOC2 in the feedback activation of Raf-ERK pathway 
induced by everolimus, we used TNBC cells with stable 
knockdown of SHOC2 to conduct related experiments. 
Western blotting showed that the phosphorylation levels 
of ERK induced by everolimus were significantly down- 
regulated after SHOC2 knockdown, compared with the 
control and empty vector groups in the TNBC cells MDA- 
MB-231 and Hs578T [Figure 4(b)]. These results con-
firmed that SHOC2 was indispensable for the feedback 
activation of the Raf-ERK pathway after everolimus treat-
ment in TNBC cells.

Knockdown of SHOC2 increases the sensitivity of TNBC 
cells to everolimus in vitro and in vivo

Based on the above results, we further studied whether SHOC2 
expression affected the sensitivity of TNBC cells to everolimus. 
The CCK-8 and clonogenic assays showed that SHOC2 knock-
down dramatically enhanced the inhibitory effect of everolimus 
on proliferation and clone forming ability in MDA-MB-231 and 
Hs578T [Figure 5(a,b)]. Next, we conducted cell cycle and apop-
tosis analysis using a flow cytometry. The results of cell cycle 
experiments showed that the cell cycle of cells was significantly 
suppressed by everolimus after SHOC2 knockdown, preventing 
the cell cycle transition from G0/G1 to S phase. The proportion of 
S phase was significantly reduced compared with other groups. 
Meanwhile, western blotting showed that the expression of cycle- 
related protein Cyclin D1 was also significantly inhibited in the 
TNBC cells [Figure 6(a)]. The cell apoptosis analysis showed that 
the proportion of apoptotic cells increased significantly in the 
combination-treated group [Figure 6(b)], which meant the apop-
totic effect of everolimus on TNBC cells was enhanced by SHOC2 
knockdown. Furthermore, western blotting results showed that 
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the expression of pro-apoptotic proteins Cleaved-Caspase 3 and 
Bax protein were significantly up-regulated, and the expression of 
anti-apoptosis protein Bcl-2 was down-regulated [Figure 6(c)]. 
These results showed that SHOC2 knockdown could significantly 
promote the sensitivity of TNBC cells to everolimus by inhibiting 
cell proliferation and clone formation and increasing the cycle 
arrest and apoptosis of breast cancer cells.

To further confirm the effect of SHOC2 on the sensitivity of 
TNBC cells to everolimus, we performed animal experiments 
using a xenograft tumor mouse model. The volume of sub-
cutaneous tumors in nude mice was compared to detect the 
influence of SHOC2 expression on everolimus sensitivity 
in vivo. The results showed that SHOC2 knockdown could 
reduce the size of the tumor, but the tumor size of the ever-
olimus treatment group was not significantly reduced com-
pared with the control group. Most importantly, the tumor size 
of the combination-treated group with everolimus and SHOC2 
knockdown was significantly smaller than the other three 
groups. These results show that the knockdown of SHOC2 
could significantly enhance the tumor suppressor effect of 
everolimus on breast cancer cells in vivo [Figure 7(a)]. In 
addition, we also take tumor tissues of nude mice for western 
blotting assay, which showed that the ERK pathway in tumor 
cells was indeed activated as the mTOR pathway inhibited after 
everolimus treatment in nude mice [Figure 7(b)]. This evi-
dence indicated that this feedback pathway also existed in vivo, 
and the feedback effect of everolimus on the ERK pathway 
could be significantly weakened by SHOC2 knockdown.

Discussion

The activation of PI3K/AKT/mTOR signaling pathways is a key 
event in TNBC,13 and there are far fewer mutations and alterations 
in the core component of the mTOR pathway, compared with 
PTEN loss-of-function mutation or PIK3CA mutation.14 

Oncogenic activation of the mTOR signaling pathway is consid-
ered to be associated with the promoting of proliferation, invasion 
and metastasis ability for cancer cells. Clinical studies have shown 
that higher expression levels of mTOR indicated worse prognosis 
for breast cancer patients,15 and increased mTOR phosphoryla-
tion levels were more commonly found in TNBC patients. So the 
activation of the mTOR signaling pathway is an important 
mechanism for tumorigenesis and metastasis in TNBC. 
Unfortunately, the overall treatment effect of everolimus for 
TNBC patients is not satisfactory.16 One of the considerable 
reasons for resistance to everolimus could be the activation of 
bypass pathway, and inhibition of mTORC1 leads to MAPK 
pathway activation in human cancers.7,17 However, the specific 
mechanism remains unclear.

SHOC2 is associated with the Ras-Raf-ERK signaling path-
way activation as a scaffold protein. It can promote the c-Raf 
activation, resulting in the activation of c-Raf-MEK-ERK sig-
naling pathway.10 Recently, many studies have reported the 
important role of SHOC2 in regulating drug resistance. One 
study showed SHOC2 was a key regulator for the sensitivity to 
EGFR-TKI therapy in patients with non-small cell lung 
cancer.18 Additionally, Jones et al. showed that SHOC2 dele-
tion sensitized MDA-MB-231 breast cancer cells to MEK  

inhibitors.11 However, there is still no study on the modulatory 
role of SHOC2 in the regulation of cellular sensitivities toward 
mTOR inhibitor everolimus. Therefore, the primary purpose 
of this study was to address the mechanism by which SHOC2 
regulated the drug resistance to everolimus in TNBC. We have 
previously demonstrated that SHOC2 knockdown could sup-
press the activation of the ERK signaling pathway in breast 
cancer cells. In this study, our results verified that SHOC2 
could interact with c-Raf, and the activity of ERK signaling 
could be regulated by SHOC2 expression in TNBC cell lines 
MDA-MB-231 and Hs578T. We also found that the binding of 
SHOC2 to c-Raf was enhanced after everolimus treatment, so 
these results suggested that SHOC2 could mediate the activa-
tion of Raf – ERK pathway by interaction with c-Raf in TNBC.

Furthermore, our study reveals that SHOC2 was essential for 
feedback activation of ERK pathway, and knockdown of SHOC2 
significantly increased the sensitivity to everolimus for TNBC 
in vitro and in vivo. Therefore, the interaction of SHOC2 with 
c-Raf is required for the downstream activation of ERK pathway, 
which was the major mechanism of drug resistance to everolimus 
in TNBC. Therefore, we can assert that SHOC2 is an important 
regulator of the sensitivity of TNBC to everolimus. Combinatory 
treatment using everolimus and SHOC2 knockdown may be 
more effective for treating TNBC patients.

Nowadays, combined inhibition of signaling pathways may be 
a reasonable therapeutic strategy for cancer patients, which has 
already been proven as a promising treatment in preclinical 
models.19,20 Researchers have shown that the efficacy of gefitinib 
in gefitinib-resistant NSCLC cells could be improved by ever-
olimus, and the combination has a synergistic growth- 
suppressive effect by dramatically downregulating the activity of 
the EGFR signaling pathway in NSCLC cells21. The combined 
inhibition of mTOR and EGFR could significantly and synergis-
tically suppress CRC cell proliferation and cycle progression.22 

Guerrab et al. showed that the combination of everolimus and 
gefitinib also could synergistically inhibit the breast cancer cells by 
activating mutations in PI3K or loss of PTEN.23 Taken together, 
these studies indicated that dual inhibition of pathways might be 
an efficient treatment for TNBC. In this study, we examined the 
changes of bypass pathway after everolimus treatment in ever-
olimus-resistance TNBC. Our results showed that everolimus 
promoted the phosphorylation ERK, resulting in enhanced activ-
ity of the Raf-MEK-ERK signaling pathway. Furthermore, the 
inhibition effects of everolimus could significantly be enhanced 
with suppress of feedback activated ERK pathway by specific MEK 
inhibitor PD98059. Therefore, we proposed that the feedback 
activation of the Raf-MEK-ERK signaling pathway by everolimus 
was an important mechanism of drug resistant for TNBC, and 
inhibition of this pathway may be of great value in improving the 
sensitivity to everolimus for TNBC.

Although preclinical studies suggest enhanced antitumor 
effects with combined targeted therapy, the toxicity of combined 
pathway inhibitors has limited its widespread application, given 
that mTOR and Raf-MEK-ERK signaling pathways mediate 
important signaling transduction in cell biological progression. 
Results have shown that inhibiting EGFR and mTOR signaling 
by lapatinib and rapamycin combination fostered more cyto-
toxic effects than that with a single inhibitor.24 Recent studies 
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Figure 6. SHOC2 knockdown can potentiate the cell cycle arrest and apoptosis induced by everolimus in TNBC breast cancer cells. A. Cell cycle distribution and changes in the 
protein expression of cell cycle-related gene Cyclin D1 in Control, shControl or SHOC2 knockdown MDA-MB-231 and Hs578T cells treated with 100 nM everolimus (E). B. Cell 
apoptosis analysis in Control, shControl or SHOC2 knockdown MDA-MB-231 and Hs578T cells treated with 100 nM everolimus (E). C. Western blotting showing the changes in 
the protein expression of cell apoptosis-related genes in Control, shControl or SHOC2 knockdown MDA-MB-231 and Hs578T cells treated with 100 nM everolimus (E). The cell 
cycle distribution and quantification of positive cells were evaluated by flow cytometry. Data represent the mean value ± SD of triplicate experiments. ns: not significant, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 for comparison between the treated group and the control group (0.2% DMSO) cells using Student’s t-test. B. Western blotting 
analysis of tumor tissues showed that the ERK pathway was feedback activated in vivo and could be significantly weakened by SHOC2 knockdown.
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have shown that compared with targeting the core components 
of the Raf-MEK-ERK pathway that can affect the whole ERK 
signaling pathway, targeting SHCO2 would only inhibit the 
activation of the ERK pathway driven by oncogene, while not 
affecting the ERK pathway regulated by the SHOC2- 
independent mechanism under normal conditions in multiple 
cancer cells. Furthermore, the conditional knockout mouse 
model showed that SHOC2 knockout had little impact on the 
mice normal physiological functions, which suggesting that 
compared with MEK inhibition, targeting SHOC2 might have 
less interference with the normal cell function.11 Together, our 
results suggested that targeting SHOC2 combined with ever-
olimus might be a potentially novel therapeutic approach 
against TNBC. However, there are still some limitations for 
this study. Since everolimus has not been applied to triple- 
negative breast cancer currently, it is difficult to further verify 
the effect of SHOC2 expression on the sensitivity of everolimus 
therapy in patients with triple-negative breast cancer by histo-
logical experiments. This problem may be preliminarily verified 
by constructing a PDX model for tumor tissues of TNBC 
patients with different SHOC2 expressions.

Materials and methods

Cell lines, culture conditions and reagents

ER positive MCF-7, ZR-75-1 and T47D cell lines, HER2 positive 
BT474 cell line, triple-negative cell lines MDA-MB-231 and 
Hs578T, and HEK293T were purchased from the American 
Type Culture Collection (ATCC, Manassas, VA, USA), respec-
tively. All cell lines were conserved in the center lab of Qilu 
Hospital of Shandong University. Cells were cultured at 37°C in 
a humidified atmosphere of 95% air and 5% CO2. T47D and ZR- 
75-1 cells were cultured in RPMI 1640 and MCF-7, BT474, MDA- 
MB-231 in DMEM medium, and the medium was supplemented 
with 10% fetal bovine serum (FBS; Hyclone, South Logan, UT, 
USA). Hs578T cells were cultured in DMEM medium supple-
mented with 10% FBS and 5 μg/ml insulin (Soribo, Beijing, 
China). The MEK-1 inhibitor PD98059 and the mTOR inhibitor 
everolimus were purchased from Selleck Chemicals. Drugs were 
dissolved in DMSO (Soribo, Beijing, China) and stored at −20°C. 
DMSO was present in all samples, including the control samples, 
to a concentration of 2%. The stable SHOC2 knockdown cells of 
Hs578T and MDA-MB-231 were constructed as previously 
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Figure 7. Knockdown of SHOC2 increases the sensitivity of TNBC breast cancer cells to everolimus in vivo. A. Effect of everolimus on nude mice burdened with SHOC2 
knockdown MDA-MB-231 cell xenografts. The Nude mice inoculated subcutaneously with shControl or SHOC2 knockdown MDA-MB-231 for 8 weeks. Randomly chosen 
mice were receive either (3.5mg/kg) everolimus (n = 4) or normal saline (n = 4) by gastric lavage daily starting the day. At the end of the treatment period, mice were 
sacrificed and tumor specimens harvested. The tumor volume (V) was determined by measuring the length (a) and width (b) of calipers every week and calculated 
using the formula: V (mm3) =π/6×ab2. The mean tumor volume for each treatment group is indicated. The results are represented as the mean ± SD of 4 mice per 
group (n = 4, ns: not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001). B. Western blotting analysis of tumor tissues showed that the ERK pathway was feedback 
activated in vivo and could be significantly weakened by SHOC2 knockdown.
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described.12 The plasmids were transfected into cells with 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

Cell viability assay

CCK-8 (CCK8, Dojindo, Japan) was used to measure the viability 
of the cells according to the manufacturer’s protocols. Two thou-
sand cancer cells were seeded per well in 96-well microplates 
(Corning, Lowell, MA, USA), and 100 uL of culture medium 
was added to each well. During the cell viability test, 10 μL of 
CCK-8 reagent was added to each well and incubated for 2 h at 
different time points and with different treatments. The relative 
cell viability was expressed as a percentage of that of the control 
group cells, and the IC50 values were extrapolated from dose– 
response curves after nonlinear regression analysis. All experi-
ments were performed in triplicate. The absorbance was analyzed 
at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, 
USA) using wells without cells as blanks. The proliferation of 
cells was expressed by the absorbance.

Colony formation assay

Cells were treated with 100 nM everolimus for 24 h, then the 
treated cells were resuspended into the six-well plate at 
a density of 300 cells/well to form cell clones. Cultured in 
DMEM containing 10% FBS at 5% CO2, 37°C for 15 d, cells 
were fixed and stained, and the colonies more than 100 cells 
were counted by microscope (Leica Microsystems, Germany). 
Each experiment was done in triplicate in this study.

Western blotting and immunoprecipitation

Confluent cells and tumor tissues were lysed in 
a radioimmunoprecipitation assay (RIPA) buffer, supplemented 
with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, 
USA). 30 ug of each protein samples from cell lysates were loaded 
in 7–12% SDS-PAGE (Bio-Rad, Hercules, CA, USA) and trans-
ferred to PVDF membranes (GE Healthcare, Westborough, MA, 
US). Membranes were blocked and incubated with the indicated 
primary antibodies overnight at 4°C, antibody information was 
listed in Supplementary Table 1. Western blots signals were visua-
lized using a chemiluminescence kit (Amersham Bioscience, 
Piscataway, NJ, USA). For immunoprecipitation, cells with indi-
cated treatments were lysed in 200 mM KCl, 20 mM Tris-HCl (pH 
7.9), 5 mM MgCl2, 10% glycerol, 0.2 mM EDTA, and 0.1% NP-40, 
supplemented with protease inhibitor cocktail. Clear cell lysates 
were then incubated with the respective antibodies or controlled 
IgGs at 4°C overnight. Beads-bound immunoprecipitates were 
washed, eluted in a Laemmli loading buffer and analyzed by 
western blotting.

Cell cycle analysis

Cell cycle analysis was carried out as described in our previous 
studies.12 Briefly, cells were cultured in 6-well plates with 5 × 104 

cells per well and treated with 5 μM PD98059 and/or 100 nM 
everolimus for 24 h. Cells were by trypsinization and centrifuged 
at 500 g for 3 min. After centrifugation, the supernatants were 
removed, and cells were fixed in 75% cold ethanol for 1 h. The 

fixed cells were resuspended with PBS solution and permeabilized 
with 0.1% Triton X-100 and 20 ug/ml RNase A for 30 min. Then 
the cells were resuspended with PBS solution and stained with 50 
ug/ml propidium iodide (PI; Sigma-Aldrich, St. Louis, MO, USA). 
Fluorescence of cells was analyzed by flow cytometry on 
FACSAria flow cytometer (BD, USA), and the percentage of 
cells at G0-G1, S and G2-M phases was determined using 
ModFit LT 2.0 software (Verity Software House, Topsham, 
ME, USA).

Apoptosis assay

The cells were prepared and treated for 72 h as in the cell cycle 
experiments. After centrifugation and washing with cold PBS, cell 
pellets were resuspended in 100 μl of binding buffer and incubated 
with FITC Annexin V (Thermo Fisher Scientific) and propidium 
iodide (PI) solution at room temperature in the dark for 15 min, 
then the cells were analyzed by flow cytometry.

Mouse xenograft model

All animal experiments were approved by the Laboratory 
Animal Center, Qilu Hospital of Shandong University. 
Four weeks of female BALB/c nude mice were purchased 
from Charles River (Beijing, China). Mice were anesthe-
tized with pentobarbital at 50 mg/kg (i.p.) and Matrigel 
(Corning, Tewksbury, MA, USA) suspensions containing 
1 × 107 cells of shSHOC2 or shCtrl MDA-MB-231 were 
subcutaneously injected. Tumor volumes were measured 
using calipers starting from the third week. Randomly 
chosen mice were receive either (3.5 mg/kg) everolimus 
(n = 4) or placebo (n = 4) by gastric lavage daily starting 
from the fourth week.

Statistical analysis

All results are shown to be the mean ± SD of multiple inde-
pendent experiments. Student’s t-test (for two-group compar-
isons) or one-way ANOVA (for more than two-group 
comparisons) was used for statistical analyses. All statistical 
analyses were performed with GraphPad Prism 8 software. All 
statistical tests were two-sided, and P values <0.05 were con-
sidered statistically significant.
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