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Background: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal
neoplasms of the gastrointestinal tract. However, up to 40-50% of GISTs develop secondary
resistance after an average of 24 months of imatinib treatment. It has been reported that
autophagy can promote the survival of GIST cells and induce drug resistance. Presently, the
specific mechanism of autophagy in GISTs with imatinib resistance is not clear.

Materials and Methods: The cell-counting kit (CCK)-8 method and flow cytometry were
used for in vitro drug sensitivity testing and autophagy level detection. Detection of the
apoptosis level was by flow cytometry with the annexin V Kit. Western blotting was used to
analyze the role of autophagy and apoptosis in GIST cells with CQ alone, imatinib alone, or
in combination, and to analyze MAPK pathway expression. In vitro results were confirmed
by in vivo experiments using the mice model. Hematoxylin and eosin and immunohisto-
chemical staining were used to detect the pathological characteristics and immunophenotype
of the transplanted tumor. Detection of KIT and PDGFRA gene mutations in the transplanted
imatinib-resistant GIST was done by denaturing high performance liquid chromatography
(DHPLC) and direct sequencing. ERK and KIT expression and regulation levels were
detected by Western blotting.

Results: In vitro and vivo experiments, the autophagy level of imatinib-resistant cells was
higher than that of normal cells; CQ combined with imatinib can promote apoptosis by
blocking autophagy of imatinib-resistant cells. In the meanwhile, we found that the phos-
phorylation level of ERK may be related to autophagy.

Conclusion: Our data suggest that autophagy through the MAPK/ERK pathway may play
a pivotal role in imatinib-resistant GIST proliferation. Moreover, combining an autophagy
inhibitor with imatinib may be a potential valuable strategy in overcoming acquired resis-
tance in GIST patients.
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Introduction

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal neoplasms
of the gastrointestinal tract, accounting for 1-3% of all digestive tract tumors and almost
5% of all soft tissue sarcomas.' With the increase in knowledge and improvement of the
level of diagnosis, the incidence of GISTs is increasing year by year. Up to 85% of
GISTs acquire mutations in the KIT gene and 3-18% in the platelet-derived growth
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factor receptor A (PDGFRA) gene.” GIST responds to treat-
ment with targeted KIT/PDGFRA inhibitors such as imatinib
mesylate.> However, up to 40-50% of GISTs develop sec-
ondary resistance after an average of 24 months of imatinib
treatment. Based on the natural evolution of the disease, the
patient could be placed on a higher dose of imatinib or
a tyrosine kinase inhibitor such as ripretinib, though resis-
tance can be a challenge.®® Resistance to imatinib has been
of great interest in recent research.

Autophagy and apoptosis are crucial and fundamental to
cancer development.” It has been reported that autophagy can
promote the survival of GIST cells and induce drug
resistance.'®'! Moreover, a combination of autophagy inhibi-
tors and imatinib has achieved almost complete remission in
the treatment of
leukemia.'*'* Inhibition of autophagy synergizes with imati-
nib to increase GIST cell death and retard the outgrowth of
residual GIST viable cells when compared with imatinib

imatinib-resistant chronic myeloid

alone therapy.'* Combining imatinib and autophagy inhibition
is a potentially valuable strategy to promote GIST cytotoxicity

Effect of imatinib on drug sensitivity of GIST882 cell line

and to diminish both cellular quiescence and acquired resis-
tance in GIST patients.'> Presently, the specific mechanism of
autophagy in GISTs with imatinib resistance is not clear.

The PI3K/Akt/mTOR and Mitogen Activated Protein
Kinase (MAPK) pathways are pivotal for cell growth and
differentiation and are frequently hyperactivated during
tumorigenesis (Figure 1E).'® MAPK signaling plays
a critical role in the balance of apoptosis and autophagy
in the response to chemotherapeutic agents.17 Activated
MAPK can transmit extracellular signals to regulate cell
growth, proliferation, differentiation, migration, apoptosis,
etc. Apoptosis and macroautophagy (hereafter referred to
as autophagy) can be induced by extracellular stimuli such
as treatment with chemotherapeutic agents, resulting in
different cell responses to these drugs.

Our previous research suggests the possibility of acti-
vation of the RAS-RAF-MEK-ERK pathways driven by
a KIT-independent oncogenic mechanism in GISTs.'® In
imatinib-resistant GISTs with both KIT V559D and BRAF
V600E mutations, the inhibition of KIT V559D by
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Figure | (A) Effect of imatinib on drug sensitivity of GIST882 cell line. (B) Effect of imatinib on drug sensitivity of GIST882-ir cell line. (C) Effect of imatinib and chloroquine
on apoptosis of GIST882-ir cell line (after 48h). (D) The effects of Imatinib and Chloroquine on cell viability of GIST882-ir strains after 8h, 24h and 48h. (E) The two essential
proliferative intracellular signaling pathways, PI3K/Akt/mTOR and MAPK. (F) Five group Western blot results. |. GIST882, 2. GIST882-ir, 3. GIST882-ir +im, 4. GIST882-ir

+CQ, 5. GIST882-ir +im+CQ.
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imatinib caused a strong decrease of AKT phosphoryla-
tion, while ERK1/2 phosphorylation was not affected. The
detection of alterations in the MAPK pathway in GISTs
would be innovative and could be relevant in receptor
tyrosine kinase inhibitor resistance or autophagy. Herein,
we explored the role of an autophagy inhibitor, chloro-
quine (CQ) in imatinib-resistant GISTs and elaborated the
role of the MAPK/ERK pathway in autophagy inhibition.

Materials and Methods

Materials
GIST882 cell lines, GIST882 imatinib-resistant cell lines,
GIST882 cell mice, GIST imatinib-resistant cell mice.

Cell Groups
GIST882: normal control group;
GIST882-ir: imatinib-resistant cell lines;
GIST882-ir +im: imatinib-resistant cell lines + imatinib;
GIST882-ir +CQ:
chloroquine;
GIST882-ir +im+ CQ: imatinib-resistant cell lines +
imatinib + chloroquine.

imatinib-resistant cell lines +

Mice Models

The above imatinib-resistant cell lines and GIST882 were
inoculated into nude mice to observe their tumorigenicity.
The tumor size, growth rate, and survival time of nude
mice were observed.

Forty 4-5 weeks old, 16-18 g, and specific pathogen-
free NOD/SCID male mice were purchased from the
Shanghai Slyke Laboratory Animal Limited Liability
Company (license number: SCXK (Shanghai) 2013-0018,
certification number: 0301907). The quality of drinking
water was in accordance with the national standard of the
People’s Republic of China (GB5749-2006). The license
number of the laboratory animal room was SYXK (zhe-
jiang) 2015-0008. The temperature and relative humidity of
the feeding environment ranged from 20-25 °C and
40-70%, respectively. The mice acclimated in the animal
room for 6 days before the experiment.

All the mice were transformed into subcutaneous xeno-
graft models. Cells of normal or drug-resistant strains of
GISTS882 in the logarithmic growth stage were collected,
prepared into a single-cell suspension, adjusted to 1x10%/
mL, mixed with Matrigel gel (10 mg/mL, BD Biosciences)
of equal proportion. Human fibroblasts in the ratio
1:10,000 were added, mixed, and set aside.

The injected volume was 0.1 mL/animal, and the num-
ber of cells in normal or drug-resistant strains containing
GIST882 was 5x10%animal. After the injection, there was
a protruding cutaneous mound in the right axilla.

The tumor-bearing mice were randomly divided into 5
groups according to the tumor volume when the tumor

grew to 100 mm’

, Le., the normal group, imatinib-
resistant group, imatinib group, CQ group, and imatinib
+ CQ group. Five mice were found in each group.

For the imatinib group, imatinib mesylate capsule pow-
der was dissolved in a 15 mg/mL working solution with
normal saline. The whole process was done in the dark.
The dosage was 150 mg/kg, twice a day for 28 days, and
administered by gavage.

For the CQ group, CQ was dissolved in deionized
water to give a 6 mg/mL working solution. This was
done and stored in the dark. It was injected intraperitone-
ally at a dose of 60 mg/kg once a day for 28 days.

For the imatinib + CQ group, the dosage of imatinib
was 150 mg/kg while that of CQ was 60 mg/kg adminis-
tered for 28 days.

The normal and imatinib-resistant groups were given
the same volume of normal saline for 28 days.

All experiments involving cell lines and animals were
approved by the Hangzhou cancer hospital ethical review
board. All experiments were performed following the
Hangzhou cancer hospital and national guidelines and
regulations.

Methods

The cell-counting kit (CCK)-8 method and flow cytometry
were used for in vitro drug sensitivity testing and autop-
hagy level detection. Detection of the apoptosis level was
by flow cytometry with the annexin V Kit. Western blot-
ting was used to analyze the role of autophagy and apop-
tosis in GIST cells with CQ alone, imatinib alone, or in
combination, and to analyze MAPK pathway expression.
In vitro results were confirmed by in vivo experiments
using the mice model. The transplantation model of human
GIST resistant to imatinib in nude mice was identified and
established. The above-mentioned imatinib-resistant cell
lines and GIST882 were inoculated into nude mice to
observe their tumorigenicity. The tumor size, growth rate,
and survival time of nude mice were observed.
Hematoxylin and eosin and immunohistochemical staining
were used to detect the pathological characteristics and
immunophenotype of the transplanted tumor. Detection

of KIT and PDGFRA gene mutations in the transplanted
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imatinib-resistant GIST was done by denaturing high per-
formance liquid chromatography (DHPLC) and direct
sequencing. ERK and KIT expression and regulation levels
were detected by Western blotting.

Statistical Methods

The experimental data were expressed as means =+ standard
deviations (X = SD). Analysis of variance (ANOVA) and
statistical tests were analyzed means of multiple groups in
the GraphPad Prism statistical software. First, the data
were tested for homogeneity of variance. If the variance
was homogeneous, the overall comparison was made using
the one-way ANOVA, and the two-way mean comparison
method between multiple dose groups and one control
group. Abnormal or non-uniform variance data were used
for statistics in the rank sum test.

Results
Part One: Cell Groups

The Characteristics of Imatinib-Sensitive GIST882
and GIST882-ir (GIST 882 Imatinib-Resistant) Cells
In this study, the drug concentration gradient method was
used to establish the imatinib-resistant GIST (GIST882-ir
cell line) from the imatinib-sensitive GIST882 cell line.
The half maximal inhibitory concentration (IC50) was
measured using the CCK-8 method to judge the sensitiv-
ity/resistance of the cell lines to imatinib. The results
showed growth of the GIST882 cells was affected to
a certain extent under the action of imatinib at a low
concentration (0.05 um), and was significantly affected
when it was > 0.1 pm. However, GIST-ir cells had
a strong resistance to imatinib. At imatinib concentrations
of 0.05-5 pm, there was no significant effect on the
growth of GIST-ir cells (Figure 1A and B). GIST-ir cells
had an inconsistent morphology; some cells were epithe-
lioid, while others were short fusiform or irregularly
shaped.

Secondary mutations of KIT/PDGFRA in GIST cells
were the most important contributors to imatinib resistance
in GISTs. In GIST-ir cell lines, KIT sequencing results
showed no secondary drug resistance mutation. Meanwhile,
no mutation was found in PDGFRA sequencing.

Flow cytometry was used to detect apoptosis in four
quadrants: Q1-UL (necrotic cells and fragments), Q1-UR
(late apoptotic and necrotic cells), Q1-LL (normal cells),
and QI1-LR (early apoptotic cells, which could be detected
by CCKS). The sum of the Q1-UR and Q1-LR quadrants

was used to calculate the apoptosis rate. The detailed
results are shown in Figure 1C. After 48 hours, the apop-
tosis rates of the GIST882 group, the GIST882-ir group,
the GIST882-ir+ im group, the GIST882-ir + CQ group,
the GIST882-ir +im+ CQ group were 6.4%, 4.3%, 8.6%,
9.2% and 19.3%, respectively.

Imatinib had a weak inhibitory effect on the growth of
GIST882-ir cells, while CQ had no effect on the growth of
GIST882-ir cells. The combination of CQ and imatinib
greatly enhanced the inhibitory effect of imatinib on the
growth of GIST882-ir cells (Figure 1D).

MAPK Pathway

Protein Bands and Gray Analysis

KIT expression in the GIST882 imatinib-resistant group
was significantly higher than that in the GIST882 group
(* p<0.05). Compared with the GIST882 imatinib-resistant
group, the KIT expression level in the imatinib group and
the combination group was significantly lower (“p<0.05),
but was not significantly different in the CQ group
(p>0.05). KIT expression in the combination group
decreased, though it was not significantly lower than in
the imatinib group (p>0.05) (Figure 1F).

The KIT phosphorylation level (p-kit/Kit) in the
GIST882 imatinib-resistant group was lower than in the
GIST882 group, but there was no significant difference
(p>0.05). Compared with the GIST882 imatinib-resistant
group, the phosphorylation level in the imatinib group and
the combination group was significantly lower (p<0.05),
and the phosphorylation level in the CQ group was sig-
nificantly higher (p<0.05). The phosphorylation level in
the combination group was higher than that in the imatinib
group, but there was no significant change (p>0.05).

ERK expression in the GIST882 imatinib-resistant
group was higher than in the GIST882 group, but there
was no significant difference (p>0.05). Compared with the,
ERK expression in the imatinib group, CQ group, and
combination group decreased, but was not significantly
different with the GIST882
(p>0.05).

Compared with the GIST882 imatinib-resistant group,
the ERK phosphorylation (p-ERK/ERK) level in the ima-
tinib group was lower, but not significantly different
(p>0.05). The ERK phosphorylation level of ERK protein
in the combination group was lower than that in the

imatinib-resistant group

imatinib group, but the difference was not significant
(p>0.05).
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Part Two: Mice Groups

Effect on Tumor Growth

There was no significant difference in the tumor volume
between the drug-resistant group and the normal group.
Three days after administration, tumor volume of the imati-
nib group and the imatinib + CQ group was non-significantly
lower than in the drug-resistant group (Figure 2A).

The Effect on Weight

Compared with the normal group, there was a significant
decrease in the body weight of mice in the resistant group
on day 0, day 3, and day 6 (p<0.05, p<0.01). Compared with
the resistant group, there was a significant increase in the body
weight of the mice in the imatinib group and the CQ group day
0 and day 3 of the drug administration (p<<0.01). The body
weight of the mice in the combined group increased signifi-
cantly on day 0 of drug administration (p<0.01) (Figure 3A).

Autophagy Level Detection
Western Blot Detection of LC3II/LC3I

Expression
Autophagy level (LC3II/LC3I) analysis showed that the
autophagy level in the imatinib-resistant group was lower

1200+
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Tumor volume  (mm?)

than that in the normal group, but there was no significant
difference (p>0.05). Compared with the imatinib-resistant
group, there was an upward trend but no significant change
(p>0.05) in the imatinib group and imatinib + CQ group, but
there was a downward trend without any significant differ-
ence in the CQ group (p>0.05). Compared with the imatinib
group, there was an upward trend in the imatinib + CQ
group, but no significant difference (p>0.05) (Figure 4A).

Immunohistochemical Detection of Beclin

| Protein Expression in Rat Tumor Tissue

According to the positive immunohistochemistry (IHC)
results, Beclin 1 expression was highest in the imatinib
group, followed by the imatinib-resistant group, and the
combination group. The expression in the normal group was
the same as that in the CQ group, and lower than that in the
other three groups. Due to the small sample size (n=5) of each
group, the standard deviation between groups was large, and
there was no statistical significance (Figures 3B and 2B).

Detection of Apoptosis Level
(Detection of Caspase 3/7 Protein)

Compared with the normal group, the expression of
Caspase-3 was highest in the resistant cell group, and

Figure 2 (A) Effect on tumor volume. (B) The immunohistochemical detection of Beclin | protein expression in rat tumor tissue. (C) The immunohistochemical detection
of caspase 3 protein expression in rat tumor tissue. (D) immunohistochemical detection of caspase 7 protein expression in rat tumor tissue.
Abbreviations: CK, normal control group; im-r, imatinib-resistant group; im, imatinib-resistant cells + imatinib; CQ, imatinib-resistant cells + chloroquine; im+ CQ,

imatinib-resistant cells + imatinib + chloroquine.
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Changes of body weightin mice

Groups 0d 3d 6d 9d
CK (GISTS82) 2522+ 156 2416+ 1.68 2474+ 154 2450+ 140
Im-r 2112+ 1.05** 2150 £ 1.28** 2224+ 1.92* 2346+ 2.15
Im-r+imatinib 26.14 £ 1.54## 2527+ 1.93## 2389+ 261 2301+ 341
Im-r+CQ 26.21 + 1.504# 24.74 £ 1.75## 24.18 + 197 23.89 +2.54
Im-r+imatinib + CQ 25.39 + 1.56## 2324+ 2.14 2155+ 241 2244+ 474
C Caspase-3 expression in tumor tissue detected by immunohi: hemistry

Groups Index positivescore (X +SD)
CK (GIST882) 347+1.71
Im-r 4.93+1.67
Im-r+ imatinib 3.00£1.75
Im-r+ CQ 3.60+£1.32
Im-r+Imatinib+CQ 3.00+0.62

Beclin1 expression in tumor tissue detected by immunohi hemistry

Groups Index positivescore (X + SD)
CK (GIST882) 3.40+1.28
Im-r 4.40+0.86
Im-r +imatinib 5.534+0.69
Im-r+CQ 3.87£1.35
Im-r+Imatinib +CQ 4.33+0.58
D Caspase-7 expression in tumor tissue detected by i hi hemistry

Groups Index positivescore (X +SD)
CK (GIST882) 3.53+1.12
Im-r 4.00+1.91
Imatinib 3.00+1.47
Im-r+CQ 3.13+0.93
Im-r+Imatinib+CQ 2.53+1.80

Figure 3 (A) Changes of body weight in mice. (B) Beclinl expression in tumor tissue detected by immunohistochemistry. (C) Caspase-3 expression in tumor tissue
detected by immunohistochemistry. (D) Caspase-7 expression in tumor tissue detected by immunohistochemistry.
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Figure 4 (A) LC3Il/l protein expression. Compared with the normal group (CK group). Imatinib-r group: imatinib-resistant group. Imatinib-r group vs. CK group, *p<0.05,
**p<0.01; each drug administration group vs. Imatinib-r group, #p<0.05, ##p<0.01; Imatinib+CQ group vs. Imatinib group, and p<0.05, and p<0.0l. (B) Analysis of KIT and

ERK protein expression and phosphorylation level.

there was no significant difference in the other groups
(Figures 3C and 2C). The expression of caspase-7 in the
drug-resistant group was lower than in the normal cell

group, but there was no significant difference between

the two groups (Figures 3D and 2D). However, the ratio
of caspase 3 and 7 protein in the combined group was
highest, indicating that apoptosis level was highest in this
group.
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To Detect the ERK Expression After

CQ Intervention

The KIT expression level in the imatinib-resistant group
was significantly higher than in the normal group
(*p<0.05). Compared with the imatinib-resistant group,
KIT expression in the imatinib group, CQ group, and
combination group were significantly lower (##p<0.01).
KIT expression in the combination group was significantly
lower than in the imatinib group (andp<0.05) (Figure 4B).

The KIT phosphorylation level (p-kit/KIT) was signif-
icantly lower in the imatinib-resistant group than in the
normal group (**p<0.01). Compared with the imatinib-
resistant group, p-kit/KIT in both the imatinib group and
the CQ group increased significantly (#p<0.05), while the
combination group showed an upward trend, but no sig-
nificant change (p>0.05). Compared with the imatinib
group, p-kit /KIT in the combination group was higher,
but not significant (p>0.05).

ERK expression in the CQ group and the combination
group increased significantly (p<0.05, p<0.01). ERK
expression was significantly higher in the combination
group than in the imatinib group (p<0.05) (Figure 4B).

Compared with the imatinib-resistant group, the ERK
phosphorylation level (p-ERK/ERK) in the CQ group and
combination group was lower than in the imatinib group,
though not significant (p>0.05). The p-ERK/ERK level in
the combination group was significantly lower than in the
imatinib group (p<0.05) (Figure 4B).

Discussion
Secondary resistance to imatinib is a well-described pro-
blem in GIST occurring with tumor progression after an
initial period of stabilization or response to imatinib. The
primary strategy for overcoming imatinib resistance is to
switch to another tyrosine kinase inhibitor, such as suniti-
nib and regorafenib.®

It is hypothesized that an increased autophagic flux often
favors tumor cell survival and growth. Despite this potential
for confusion, clinical interventions on autophagy regulation
as a cancer therapy are already under way."® Prior studies
suggest that autophagy promotes the survival of quiet cancer
cells and cancer recurrence.”’ In 2018, a research showed
that autophagy inhibitors were more useful as resistant can-
cer-eradicating drugs than the traditional chemotherapeutic
agents.”’ A combination of ERK and autophagy inhibition
has been studied as a treatment approach for pancreatic
cancer.”> Bryant et al found that the autophagy inhibitor,

chloroquine and genetic or pharmacologic inhibition of
specific autophagy regulators synergistically enhanced the
ability of ERK inhibitors to mediate antitumor activity in
KRAS-driven pancreatic ductal adenocarcinoma.*

In vitro and clinical models suggested that PI3K signal-
ing, p53 status, RAS family status, and JAK-STAT activa-
tion may all play roles in the determination of autophagy
dependence within pancreatic cancer cells.'”** Downstream
of MAPKs, such as classical/atypical ERKs and p38
MAPKSs signaling is often mediated by protein kinases
which are phosphorylated and activated by MAPKs.

RAS activates the MAPK cascade (RAF, MEK, and
ERK), leading to changes in gene expression through
MYC and ELK1.** KIT signaling through the MAPK
pathway maintains ETV1 activity. Despite the finding of
ubiquitous MAPK activation in primary GISTs and GIST
cell lines, targeted inhibition of MAPK with a MEK1 and
MEK?2 inhibitor (U0126) had inconsistent effects on GIST
cell line proliferation (5-40% inhibition) and did not
induce apoptosis. Recently, novel insights into the specifi-
city of the assembly of MAPK/MAPKAPK hetero-dimeric
protein kinase signaling complexes have been provided. In
addition, the RSK-independent effects of some RSK-
inhibitors play a role in tumor suppression.*’

The MAPK signaling pathway is shared by four dis-
tinct cascades including the extracellular signal-related
kinases (ERK1/2), Jun amino-terminal kinases (JNK1/2/
3), p38-MAPK, and ERKS5. The MAPK/ERK pathway are
reported to be associated with cell proliferation, differen-
tiation, migration, senescence, and apoptosis.”®

Targeting ERK is thought to be more valid than target-
ing BRAF or MEK in various types of acquired resistance,
and may be more promising as cancer therapy.’’
Resistance to the combined therapy in BRAF-mutant mel-
anomas is mediated by mechanisms independent of ERK
reactivation in many resistant cell lines and clinical
samples.”® ERK1/2 mutation prompts a new question on
how to deal with this resistance.

In our study, we found that the phosphorylation level of
ERK was related to autophagy, and the autophagy level of
the combination group decreased significantly after adding
CQ. In the future, large sample studies are needed to confirm.

There are several limitations in our study. Firstly, in
this study, only one site of this pathway was detected.
Meanwhile, autophagy involves other complex pathways
including PI3K/AKT/mTOR pathway. Secondly, the small

number of animal models may have affected our results.
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Conclusions

Our data suggest that autophagy through the MAPK/ERK
pathway may play a pivotal role in imatinib-resistant GIST
proliferation. Moreover, combining an autophagy inhibitor
with imatinib may be a potential valuable strategy in over-
coming acquired resistance in GIST patients.

Abbreviations
GISTs, gastrointestinal stromal tumors; CQ, chloroquine;
PDGFRA, platelet-derived growth factor receptor A.
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