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Gastrointestinal stromal tumor (GIST) originates from interstitial cells of Cajal (ICCs) in the myenteric plexus of the
gastrointestinal tract. Most GISTs arise due to mutations of KIT and PDGFRA gene activation, encoding the receptor
tyrosine kinase (RTK). The clinical use of the RTK inhibitor imatinib has significantly improved the management of GIST
patients; however, imatinib resistance remains a challenge. The phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) pathway is a critical survival pathway for cell proliferation, apoptosis,
autophagy and translation in neoplasms. Constitutive autophosphorylation of RTKs has an impact on the activation of the
PIBK/AKT/mTOR pathway. In several preclinical and early-stage clinical trials PI3K/AKT/mTOR signaling inhibition has
been considered as a promising targeted therapy strategy for GISTs. Various inhibitory drugs targeting different parts of
the PIBK/AKT/mTOR pathway are currently being investigated in phase | and phase Il clinical trials. This review highlights
the progress for PIBK/AKT/mTOR-dependent mechanisms in GISTs, and explores the relationship between mTOR
downstream signals, in particular, eukaryotic initiation factors (elFs) and the development of GISTs, which may be
instrumental for identifying novel therapeutic targets.
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| 1 The PIBK/IAKT/mTOR Pathway in GISTs
1.1. Influence on Cell Proliferation

It is well established that mTOR can assist the integration of nutrient and mitogen signals into intracellular, thereby
regulating cell growth and cell division; meanwhile, rapamycin, an mTOR inhibitor, inhibits cell growth and cell cycle .
The overexpression of constitutively active mutated S6K1 or wt elF4E accelerated G1-phase progression, suggesting that
S6K1 and 4E-BP1/elF4E as downstream signals of mTOR, regulates cell proliferation to a certain extent by controlling the
cell cycle [, In a study of 108 GIST patients, the phosphorylation of p70S6K and 4E-BP1 was separately detected in KIT-
mutated GISTs at 38%, in PDGFRA-mutated GISTs at 83%, and in wt GISTs at 74% B, Interestingly, mTOR was
overexpressed in PDGFRA-mutated and wt GISTs, indicating that mTOR-related inhibitors may have therapeutic effects
on primary imatinib-resistant GISTs &l. Pang and colleagues demonstrated that mTORC1 signaling was inactivated by
DEPDCS5, with the suppression of the phosphorylation of p70S6K and S6, resulting in reduced cell proliferation and
subsequently cell-cycle arrest in GIST cells [, Li and colleagues showed that PI3BK/AKT/mTOR signaling was inactivated
due to FANS knockdown, especially with the attenuation of the activation of RPS6 and 4E-BP1, leading to the inhibition of
proliferation and migration in GIST cells &,

1.2. Influence on Apoptosis

As the first study linking apoptosis to prognosis of GIST patients, Wang and colleagues found in 2007 that the apoptotic
index was gradually decreased in tumor tissue specimens of patients with GISTs. The authors suggested that
programmed cell death may be avoided in the pathogenesis of GISTs 8. More recently, PIBK/AKT/mTOR-regulated
apoptosis has been widely investigated in GISTs. Activated PI3K can directly inhibit apoptosis in tumors . AKT, an anti-
apoptotic factor, mediates these PI3K-dependent cell survival responses &. In GISTs, the activation mutation of the
upstream c-KIT and PDGFRA is the initial mechanism of the PISBK/AKT/mTOR signal activation [83]. Ma and colleagues
demonstrated KIT expression as positively correlating with the cell proliferation marker Ki-67 and a converse correlation
with the pro-apoptotic protein APAF. Thereby c-KIT participates in GIST tumorigenesis by inducing proliferation and
reducing apoptosis 2. Ihle and colleagues reported that the downregulation of miR-221 and miR-222 induced apoptosis
via the KIT/AKT pathway in GIST cells; the KIT/AKT pathway has effects on tumor progression, controlling cell
proliferation and apoptosis 19,



1.3. Influence on Autophagy

Autophagy is a highly conserved catabolic process that participates in cell survival and in preserving cell metabolic
balance 112 |n various tumors, autophagy is critically controlled by the PI3K/AKT/mTOR pathway 131, Via this pathway,
increased expression levels of autophagy related genes may enhance metastatic spread in paranasal squamous cell
carcinomas 4. Autophagy can promote cell adaption and survival, but it also leads to cell death under particular
conditions. Autophagy is a double-edged sword for drug resistance, as growing evidence indicates that autophagy can
contribute to resistance against chemotherapeutics 5. In recent years, it has become evident that autophagy might be
critical in GIST progression. Beclinl (BECN1) forms the BECN1-PIK3C3-PIK3R4 complex by aggregating cofactors, at
the same time the autophagy protein cascade is activated 28, Miselli and colleagues demonstrated that GIST patients
responded to imatinib treatment by autophagy instead of apoptosis 2. High levels of pro-autophagy beclin1/PI3K Ill and
low levels of anti-autophagy beclinl/bcl2 complexes are consistent with the existence of autophagy in imatinib-treated
GIST patients; thus suggesting autophagy playing a role in the underlying molecular mechanism of how GISTs form 4.
Wei and colleagues reported that beclin-1 knockdown significantly enhanced the sensitivity of GIST cells to imatinib; while
miR-30a, directly targeting Beclinl also enhanced imatinib sensitivity through the downregulation of Beclin1 18, Upon
treatment, the sizeable GIST cell subpopulations survive and remain quiescent for a long time, leading to acquired
resistance and treatment failure. Gupta and colleagues confirmed that a considerable number of GIST cells enter a
reversible resting state by activating autophagy-dependent survival mechanisms after imatinib treatment 19, GIST cells
were destroyed by the synergistic effect of imatinib and autophagy inhibition by RNAi-mediated silencing against ATG7
and ATG12 2. The standard first-line molecular-targeted therapy in GISTs is focused on imatinib for GISTs; but primary
or secondary resistance is becoming increasingly prominent. Fortunately, some studies have focused on new molecular
mechanisms, such as autophagy, in order to address drug resistance. Hsueh and colleagues reported that NVP-AUY922,
an HSP90AAL inhibitor, of which KIT is a client, regulated autophagy-mediated pathways to downregulate the expression
of the KIT protein and to inhibit GIST cell growth [93]. Rapamycin, an mTOR inhibitor and autophagy inducer, enhanced
autophagy activity, downregulated the expression of KIT, and led to apoptosis in GIST430 and GIST48 cell lines 29,

| 2. elFs and PIBK/IAKT/mTOR Pathway
2.1. The Relationship between elFs and the PI3BK/AKT/mTOR Pathway

Protein translation has committed effects on the process of eukaryotic gene expression 2122l The translation includes the
following four steps: initiation, elongation, termination, recycling. It is well established that the rate-limiting step is the
initiation phase regulated by eukaryotic translation initiation factors (elFs) [21[23] The initiation step starts with the
assembly of an elongation-appropriate complex, of a 43S pre-initiation complex that is composed of the 40S small
ribosomal subunit, methionine tRNAI, and a group of elFs. Subsequently, the 43S pre-initiation complex binds to the 5’
end of mRNA and then to the elF4F complex that mediates the recruitment of ribosomes to Mrna (2324l The elF4F
complex consists of three polypeptides (elF4E, elF4A and elF4G). elF4E is a cap-binding protein that recognizes and
binds to the mRNA 5' m’G cap structure, which interacts with the DEAD box RNA helicase elF4A and the scaffolding
protein elF4G. The function of elF4G is to bridge the mRNA with the ribosome, enhance the helicase activity of elF4A,
and realize the mRNA circularization 2. Through the PI3K/AKT/mTOR pathway, extracellular stimuli induce
phosphorylation and the inactivation of the 4Ebinding proteins (4E-BP1, 2 and 3) that influence elF4F activity 241 . Thus,
the high influence of elFs on protein translation is of utmost interest in targeted cancer therapies.

In a review about the coverage of the mTOR pathway by Next-Generation Sequencing (NGS) oncology panels, elFs, a
group of MTOR downstream proteins, were reported with low mutational frequencies of a rate less than 1% and no
reported drug sensitivity alterations 281, Numerous marker genes are known to have great impact on disease progression
and prognosis, even though they are rarely mutated. elF subunits are important examples of these markers 28],

2.2. PIBK/IAKT/ImTOR-Regulated elFs as a Potential Therapeutic Target in Tumors

elFs may become promising therapeutic targets for many tumors under the PI3BK/AKT/mTOR pathway control. The elF4F
complex is a critical part under the regulation of this signaling axis 2327128 |y Abl-expressing leukemic cells, elF4B
stimulated elF4F activity by increasing the elF4A RNA helicase activity on the mRNA 5'UTR, integrating signals from the
PI3K/AKT/MTOR pathway 29, When those inhibitors of PI3K (with LY294002), AKT (with Akti-1/2) or mTOR (with
rapamycin) were separately applied to Abl-transformed cells, the phosphorylation of elF4B Ser422 markedly decreased,
which inhibited cell proliferation and growth 2. Cencic and colleagues highlighted that elF4A reversed drug resistance by
curtailing the potential activity of translation initiation in lymphomas 9. Hippuristanol, a translation initiation inhibitor,



specifically inhibits elF4A. Hippuristanol plus ABT-737 (an inhibitor of Bcl-2) synergistically increased cell death in Myc-
driven lymphomas; likewise, the inhibition of elF4Al is enough to improve the chemosensitivity of Myc-driven lymphomas
to ABT-737 (22,

Furthermore, some studies focused on the PI3K/AKT/mTOR signaling members and other elFs in human tumors. Golob-
Schwarzl and colleagues demonstrated that elF5 has the potential as a biomarker to indicate whether there is virus
infection in hepatocellular carcinoma (HCC) tissue B1l. elF5 was downregulated in non-virus related HCC; nevertheless, it
revealed an overexpression in HBV-associated HCC. The downregulation of p-mTOR and mTOR was observed in HBV-
associated HCC. The expression of other elFs, such as elF2a, elF3D, elF3H, elF3l, elF3J, elF4E and elF6 was
downregulated in HBV-associated HCC [BY. Tapia and colleagues investigated the activation of PI3K/AKT/mTOR signals
in gastric cancer (GC), with the overexpression of most important target proteins of the pathway, such as PI3K, AKT, p-
AKT, p-mTOR, p-4E-BP1, P70S6K1, p-P70S6K1, elF-4E, and p-elF-4E proteins in tumor tissue 2. Low expression of
4E-BP1 has a poor overall survival, which points towards a potential role as prognostic marker 2. Wang and colleagues
demonstrated EIF3B expression as upregulated in advanced GC patients who have a short 5-year survival 2. In vitro
and in vivo studies into the downregulation of EIF3B showed the inhibition cell proliferation and clonogenicity in SGC7901
and BGCB823 cells lines, and knockdown of EIF3B notably abated the tumor volume and weight in an SGC7901 xenograft
mouse model. Interestingly, the PIBK/AKT/mTOR signaling activity is related with an upregulation of elF3B B3l Golob-
Schwarzl and colleagues showed the expression of elFs family members, bringing elF1, elF5, and elF6 to attention,
together with components of the PI3K/AKT/mTOR signaling cascade in colorectal cancer (CRC) B4, These elF subunits
and the PI3K/AKT/mTOR signaling members had a significant influence on the overall survival of CRC patients 241,

In summary, the PI3BK/AKT/mTOR pathway has important effects on the basic intracellular functions, including cell growth,
apoptosis, translation, and cell metabolism B3, Especially, the regulation of translation is critical for maintaining
homeostasis in cells 2. The dysregulation of protein synthesis may be related to the abnormal expression of elFs and
altered activation of the PI3K/AKT/mTOR pathway 241261,

| 3. Challenges and Future Directions

More than 80% of patients with advanced GISTs have remarkable clinical benefits from molecular targeted therapy, but
secondary resistance is found in half of these GIST patients €. Imatinib as the first-line therapy effectively provides long-
term disease stability and prolongs the overall survival in KIT-mutated GIST patients 28187, |n a multicenter clinical study,
only 10% of imatinib-treated patients had a 10-year progression-free survival, and interestingly GIST patients with KIT
exon 11 mutations suggest a better outcome beyond 10 years B8l GIST patients with KIT exon 9 mutations had a
significantly worse prognosis compared to those with KIT exon 11 mutations B4, who also exhibited worse response to
imatinib treatment B, Other TKIs, such as sunitinib and regorafenib, have complementary activity in that sunitinib targets
the ATP-binding pocket to inhibit imatinib-resistance mutations, whereas regorafenib primarily targets the activation loop
to achieve similar effects 9. Once imatinib resistance emerges, sunitinib and regorafenib as second- and third-line
molecular targeted therapies, could provide clinical benefit in a short-term BHE4243] For imatinib-resistant GIST patients,
the tumorigenesis mainly involved in the heterogeneity of KIT secondary mutations 24, and targeting KIT, is limited by its
susceptibility to multiple mutations 2. It may be a key to inverse secondary resistance in GISTs through selecting agents
with known pre-clinical activity for mutations that form the basis for resistance, or that overcome the effect of resistance
mutations.

The PI3K/AKT/mTOR signaling axis is a crucial survival pathway in imatinib-resistant GISTs 4511481 Sybsequently, many
studies paid attention on directly inhibiting downstream of this pathway in GISTs, in order to interrupt more comprehensive
RTK signals as much as possible. Therefore, more research will have to pay attention to the potential of those inhibitors of
PI3K (BKM120, BYL719, GDC-0941), AKT (Perifosine), mTOR (RAD001) and Dual PI3K/mTOR (BEZ2335, GDC-0980),
combined with imatinib. Parts of combination treatment strategies are being investigated in early-stage clinical studies.
For instance, BKM120 plus imatinib in combination could inhibit cell growth in imatinib-resistant GIST cell lines, whereas
imatinb combined with GDC-0941 or with BEZ2335 improved the efficacy with a more pronounced tumor volume
reduction in all GIST xenograft models. In addition, mTOR activity is related to the mutation type status. The mTOR
pathway is activated in PDGFRA mutated and wt GISTs, which suggests that mTOR or upstream mTOR inhibitors may be
potential therapeutic targets for primary resistant GISTs . In mouse models, pharmacologic inhibitors of the PI3K
pathway diminished tumor proliferation in tumor-bearing single-mutated KITY?°84* mice, indicating that PI3K kinase
makes a major contribution to tumor cell proliferation in established GISTs 4. Thus, the interruption of the
PIBK/AKT/mTOR pathway may represent a rational therapeutic approach in GIST patients.



Interestingly, the PIBK/AKT/mMTOR pathway plays a pivotal role in mRNA translation, especially in the initiation phase.
MTOR regulates the assembly of elF4f to manage translation initiation. The PI3K/AKT/mTOR pathway affects
tumorigenesis through elFs, reported in HCC B GC B3l CcRC 4 and other cancer types 248l |n summary, elFs
integrate the signals from the PI3K/AKT/mTOR pathway, which may be a promising target for tumor therapy in future.
Regrettably, there is no literature on elFs involved in GISTs. Based on the above principles, the hypothesis, that elFs may
represent a therapeutic target in GISTs via the PISBK/AKT/mTOR pathway, merits further investigation.

| 4. Conclusion

Although most patients with advanced GISTs display remarkable clinical benefits from TKI therapy by imatinib, resistance
to TKIs occurs in half of those GIST patients. Further therapeutic approaches are urgently needed. The PISK/AKT/mTOR
pathway is not only vital in tumorigenesis, but also important for novel potential therapeutic targets. To date, several
inhibitors targeting different parts of the PISBK/AKT/mTOR pathway have been investigated in imatinib-resistant GISTs,
including PI3K inhibitors, AKT inhibitors, mTOR inhibitors and dual PISBK/mTOR inhibitors. These drugs combined with
imatinib may potentially provide a broader inhibition of pro-growth cellular mechanisms than the single-agent imatinib.
Besides, the PIBK/AKT/mTOR pathway has a pivotal effect on mRNA translation initiation, directly regulated by elFs that
may also be a promising future therapeutic target for these tumors.
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