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Simple Summary: Pancreatic cancer has a dismal 5-year survival rate of 10%, making it one of
the deadliest forms of malignancy. The poor prognosis associated with this disease is because it
is resistant to almost every type of chemotherapy. Another major hallmark of pancreatic cancer
is the presence of several activated oncogenic signaling pathways, including PI3K/Akt/mTOR,
which promotes disease aggressiveness and therapeutic resistance. Previously, we have shown that
targeted inhibition of PI3K/Akt/mTOR together led to a significant reduction of tumor burden and
improvement of overall survival in an aggressive mouse model of pancreatic cancer. This review
article discusses the significance of targeting PI3K and its direct downstream effector components
in pancreatic cancer. Additionally, we will also update on the recent studies highlighting the tumor
cell-extrinsic impact of PI3K inhibition in the modulation of the immune microenvironment within
the context of this malignancy.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) remains among the deadliest solid tumors
that remain treatment-refractory and show a dismal prognosis. More than 90% of PDAC tumors
harbor mutations in the K-Ras that exert a strong pro-tumorigenic effect by activating several
downstream effector pathways, including phosphatidylinositol-3-kinase (PI3K)-Akt. The role of
frequently activated PI3K/Akt pathway in promoting PDAC aggressiveness is well established.
Therapeutic approaches targeting PI3K and downstream signaling components in different cellular
compartments, including tumor, stromal and immune cells, have directly impacted the tumor burden
in this cancer type. Our previous work has demonstrated that targeting the PI3K/Akt/mTOR
pathway reduced tumor growth and improved survival in the genetic mouse model of PDAC. Here,
we discuss the significance of targeting PI3K signaling and the biological impact of PI3K inhibition in
modulating the tumor–stromal immune crosstalk within the microenvironment of pancreatic cancer.
Furthermore, this review updates on the current challenges involving the therapeutic implications of
targeting this pathway in PDAC.

Keywords: pancreatic cancer; PI3K/Akt pathway; RAS; Urolithin A; tumor-stromal crosstalk;
immune microenvironment

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignancy emerg-
ing as one of the most frequent causes of cancer-related deaths globally [1–3]. With a 5-year
survival rate of around 10%, the dismal prognosis associated with this disease is mainly
attributed to its advanced clinical manifestation in most patients. Surgical resection is
the only possible curative measure available in only 10–20% of patients diagnosed with
this malignancy. For patients not eligible for immediate surgical resection, neoadjuvant
chemotherapy is given to reduce the tumor burden before surgery [4–6]. Despite the
recent advances in surgical care and chemotherapy regimens, only a modest improvement
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in survival has been observed with this disease. This suggests a clear need to improve
our understanding of the biology of PDAC to facilitate early diagnosis and identify new
molecular targets for a better therapeutic response to this malignancy.

One of the characteristic hallmarks of PDAC is the presence of the activating K-Ras
mutation in more than 90% of patients with this disease [7,8]. This key oncogenic driver mu-
tation is the earliest genetic alteration that is associated with the progression of this disease
from early premalignant to invasive carcinoma [9]. The presence of mutant K-Ras regulates
a myriad of downstream signaling pathways involved in several oncogenic processes.
One such signaling pathway is phosphatidylinositol 3-kinase (PI3K) [10]. Analyzing The
Cancer Genome Atlas (TCGA) database of 32 cancer types revealed the involvement of
PI3K and its downstream signaling components in mediating the pro-tumorigenic effect of
K-Ras and other oncogenes in numerous human malignancies, including PDAC [11,12].
Other than K-Ras-mediated activation of this cascade, PI3Ks pick up cues from growth fac-
tor stimuli and cytokines through receptor tyrosine kinases present on the cancer cells and
send them to intracellular signals, controlling diverse oncogenic functions (Figure 1) [13].
The intricated network of PI3K signaling also acts as a central node for activating mTOR,
NF-kB, GSK3ß, p27, and Bad-Bax pathways, which are known to regulate various aspects
of cancer cell survival, growth, motility, and metabolism [14].
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Figure 1. Schematic representation of PI3K/AKT/mTOR signaling pathway and its implication on
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accessed on 23 August 2021).

As in many cancer types, PDAC has also been a candidate for targeting the PI3K,
including its downstream effectors, such as Akt and mTOR (mammalian Target of ra-
pamycin). While PI3K inhibitors alone have shown limited success in treating PDAC
patients, the use of PI3K inhibitors in combination with other drugs has shown promising
results in pre-clinical studies. Previously, we have demonstrated that Urolithin A mediated
simultaneous targeting of the PI3K/Akt/mTOR pathway reduced PDAC tumor growth
and improved survival in the genetically engineered mouse model (GEMM) of PDAC [15].
In the current review, we discuss the recent progress that has been made in targeting PI3K
and its key effector components. Additionally, this article will highlight the impact of PI3K
inhibitors in modulating the tumor–stromal immune crosstalk within the context of this
tumor type and current challenges or limitations of targeting the PI3K pathway in PDAC.

2. PI3K Signaling Activation in PDAC

An increase in the activation of the PI3K signaling is associated with poor overall
survival in PDAC patients [16,17]. Other than the K-Ras-mediated activation of this
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signaling pathway, the presence of the oncogenic mutation in the PI3KCA gene itself is
one of the known mechanisms of its hyperactivation; however, this mutation is found
only in a few subsets of PDAC patients [7]. Examining the role of PI3KCA mutations
in pancreatic tumorigenesis in a mouse model, Payne et al. demonstrated increased
acinar-to-ductal metaplasia (ADM) and pancreatic intraepithelial neoplasms (PanINs)
towards invasive PDAC in mice constitutively expressing this mutant form within their
pancreas [18]. PDAC heavily relies on mutant K-Ras to activate a plethora of downstream
signaling pathways driving pancreatic tumorigenesis. Attempts to target critical Ras
effectors revealed a heavy dependency of K-Ras on the PI3K signaling cascade in humans
as well as in several K-Ras driven GEMMs of PDAC [16,19,20]. Within the context of
mutant K-Ras, overexpressing mutant PI3KCA (H1047R) drives PI3K-3-phosphoinositide-
dependent protein kinase 1 (PDK1) signaling-mediated irreversible ADM reprogramming
towards PDAC formation [19]. Additionally, Baer et al. further highlighted the importance
of blocking specific class I p110alpha PI3K isoform in the presence of mutant K-Ras.
Pancreas-specific inhibition of this isoform of PI3K significantly attenuated the transition
of exocrine acinar cells towards pancreatic preneoplastic ductal lesions after pancreatic
injury. Surprisingly, targeting the p110β isoform of PI3K did not prevent this preneoplastic
transformation with mutant K-Ras [21].

Another critical molecule in the PI3K signaling node is a serine-threonine kinase Akt
that belongs to the AGC kinase family [22]. Upon receiving the activating stimulus via
PI3K, Akt is recruited to the plasma membrane by interacting the pleckstrin homology
domain with membrane lipids [23]. PDK1 phosphorylates the recruited Akt at residues
Thr308 and causes its activation [24,25]. Once activated, Akt regulates cell growth, pro-
liferation, and survival by phosphorylating a variety of downstream antiapoptotic and
cell-cycle-related proteins as well as transcription factors (Figure 1) [26]. Increased activity
of Akt due to hyperphosphorylation events has been recorded in around 60% of PDAC
samples, whereas its overexpression due to gene amplification was observed in 10–20% of
PDAC patients [12,27,28].

Additional downstream effector players of the PI3K-Akt-signaling axis is a mammalian
target of rapamycin (mTOR). mTOR is a serine/threonine kinase that participates in
cell survival, growth, and apoptosis regulation. They usually exist as two complexes,
rapamycin-sensitive is mTORC1 and rapamycin-insensitive is mTORC2. Akt is known
to directly activate mTORC1 through phosphorylation of pRAS40, a vital component of
the mTORC1 complex [29]. PI3K-dependent activation of the mTORC2 complex is also
mediated via increased AKT phosphorylation [30]. These mTORs enhance the translational
ability of several mRNAs in combination with other accessory protein complexes [31,32].
Several studies have established activation of the mTOR pathway in pancreatic cell lines,
xenografts, and in human PDAC patients, suggesting the role of using rapamycin or
rapalogs in this malignancy [33–35].

One of the major negative regulators of PI3K signaling is PTEN. It acts as a tumor
suppressor and a natural antagonist of PI3K that relieves the repression of the PI3K/Akt
signaling axis. Investigators have previously shown that in a Pdx1CRE mouse model,
conditional deletion of PTEN with mutant K-Ras within the pancreas accelerates the
development of premalignant neoplasm via promoting ADM formation [36,37].

3. Inhibition of PI3K Signaling in PDAC

Considering the activation of PI3K and its crucial signaling effector components in this
cancer type, intense research has been directed towards targeted inhibition of this pathway
in several pre-clinical studies in PDAC. Along these lines, Bondar et al. reported dose-
dependent induction of apoptosis in human PDAC cells treated with pan PI3K inhibitors
Wortmannin and LY294002. Moreover, using an orthotopic mouse model, they further
showed decreased tumor growth and metastases with increased tumor cell death in mice
treated with the inhibitor LY294002 [38]. Another study by Schneider et al. demonstrated
the role of a single therapeutic agent LY294002, a specific PI3K inhibitor, in sensitizing
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human PDAC cells to apoptosis in combination with non-steroidal anti-inflammatory
drugs (NSAIDS) [39].

Over the years, several classes of small molecule inhibitors targeting PI3K signaling
nodes have shown promising therapeutic efficacy in cancers, including breast, ovarian, and
NSCLC [40]. However, despite the success of many of these drugs in other tumor types,
patients with PDAC have shown suboptimal responses to monotherapies against these
PI3K signaling inhibitors. Thus, to overcome the limitations associated with monother-
apy regimens for PDAC treatment, the focus has recently shifted to employ combina-
torial approaches. To better arrest the tumor progression in PDAC, efforts have been
made to use PI3K inhibitors to combine small molecule attenuators of its downstream
effector pathways.

The therapeutic efficacy of MK2206 alone (an allosteric pan Akt inhibitor) in PDAC
was associated with a modest anti-tumor response in patients with this malignancy [41].
Furthermore, treatment with this Akt inhibitor alone (MK2206) displayed no significant
change in the overall survival in an aggressive Ptf1aCre/+; LSL-KrasG12D/+; Tgfbr2flox/flox

(PKT) GEMM of PDAC that recapitulates the human disease regarding dense desmoplastic
stroma and aggressiveness (unpublished data). As opposed to the suboptimal response
of this inhibitor when used as a monotherapy in PDAC, Hu et al. reported dramatic
anti-tumor effects of MK2206 when used in combination with CDK inhibitor dinaciclib
(MK-7965) in several pre-clinical mouse models of PDAC [42]. Another possible mech-
anism of therapeutic resistance against PI3K inhibitors was shown to be mediated by
the systemic glucose–insulin feedback loop involved in the reactivation of PI3K/mTOR
signaling axis [43]. Targeting the mTORC1 activity loop alone has proven to be ineffective,
mainly due to increased activation of the PI3K axis and loss of mTORp70S6K-negative
feedback [44]. Therefore, targeting dual mTOR and PI3K is vital to avoid pathway reac-
tivation. In this regard, Cao et al. reported a significant reduction in tumor burden, and
decreased phosphorylation levels of PI3K and Akt in the orthotopic mouse model of PDAC
with NVP-BEZ235 dual-class I PI3K/mTOR inhibitor [45]. In one of the crucial findings
from our lab, we have identified Urolithin A, a natural compound capable of simultane-
ously targeting both PI3K/Akt and mTOR. Therapeutic inhibition of this pathway node by
Urolithin A reduced tumor growth, proliferation, and migration in vitro and significantly
improved overall survival in highly aggressive PKT GEMM of PDAC (Figure 2) [15].
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Figure 2. Schematic representation showing the effect of Uro A in a genetically engineered mouse model (GEMM) of
PDAC. (A) Ptf1aCre/+; LSL-KrasG12D/+; Tgfbr2flox/flox (PKT) GEMM showing sustained pancreatic tumor growth, presence
of immunosuppressive tumor-associated macrophages (TAMs), lack of CD3+T cells, and activated PI3K/AKT/mTOR
signaling axis within the microenvironment of a highly aggressive Ptf1aCre/+; LSL-KrasG12D/+; Tgfbr2flox/flox (PKT)
genetically engineered mouse model (GEMM) of PDAC. (B) Treatment with Urolithin A (Uro A) intercedes its anti-tumor
effects by targeting PI3K/AKT/mTOR kinase pathways to overcome immunosuppressive tumor microenvironment, thereby
reducing TAMs and increases CD3+T cells. PKT mice treated with Uro A displayed reduced tumor growth and marked
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improvement in overall survival compared to vehicle-treated mice. Figure adapted from Totiger et al. [15] The image was
created with BioRender.com (Agreement number ZS22VAMSID, accessed on 23 August 2021).

4. Reciprocal Crosstalk Involving PI3K Signaling in PDAC

One of the primary reasons for the failure of targeted therapy in mutant K-Ras medi-
ated tumorigenesis in PDAC is the activation of multiple downstream effectors signaling
cascades [46]. The extensive crosstalk between the two most redundant PI3K/Akt/mTOR
and mitogen-activated protein kinase (MAPK) pathways appears to be clinically relevant,
and it might be a potential reason for a poor therapeutic response associated with PI3K
inhibitors alone in PDAC. Within this context, Wong et al. demonstrated the increased ther-
apeutic efficacy of the dual combined blockade of MAPK and PI3K/Akt/mTOR to reduce
oncogenic potential and overcome therapeutic resistance in human PDAC cell lines [47].
High-throughput screening of 46 PDAC cell lines for clinically relevant therapeutic agents
by Alageson et al. showed that most PDAC cell lines resist single-agent therapies. Treat-
ment with MEKi AZD6244 alone was mainly cytostatic. However, tumor cell apoptosis was
maximized only when combined with PI3K inhibitors (BKM120 or GDC-0941). This combi-
nation treatment also delayed tumor formation and extended overall survival in GEMM of
PDAC [48]. To model these findings in actual clinical settings, Juntilla et al. further reported
an incrementally enhanced overall survival with triple combination therapy of gemcitabine
with MEK and PI3K inhibition compared to gemcitabine alone [49]. Another plausible
mechanism of adaptive resistance against therapies targeting mutant K-Ras or MEK in
PDAC is the activation of integrin-linked kinase (ILK)-mediated increased phosphorylation
of the mTORC2 component Rictor and Akt. Only co-targeting mTORC1/2 with mutant
K-Ras or MEK led to a durable and sustained anti-tumor response in PDAC compared to
any of the monotherapies [50]. In summary, compensatory activation of alternate signaling
pathways involving feedforward loops acts as a potential resistance mechanism that leads
to the recurrence of tumors, limiting therapeutic response with monotherapies targeting
PI3K signaling components in PDAC.

5. Impact of PI3K Inhibition on Tumor–Stromal Immune Crosstalk in PDAC

The PDAC tumor microenvironment (TME) is characterized by a dense stromal net-
work comprised of non-neoplastic cells, extracellular matrix components, and the pres-
ence of immunosuppressive cells constituting mainly myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs), and regulatory T cells [51–53]. The
dynamicity of TME in PDAC is mediated by crosstalk between these cell types through
paracrine mediators, including growth factors and cytokines that result in tumor cell
proliferation, chemoresistance, metastasis, and altered apoptotic potential [54]. Interest-
ingly, PI3K and its downstream cascade players are also involved in modulating of this
tumor–stromal–immune crosstalk, thereby facilitating tumor progression and promoting
therapeutic resistance in PDAC [55].

Cancer-associated fibroblasts (CAFs) constitute one of the significant stromal cell
populations present in the TME of PDAC. They are master secretors of factors promoting
chemoresistance in this malignancy. Duluc et al. reported the selective inhibition of
CAF protein synthesis by blocking the mTOR/4E/BP1 and revealed that this pathway
significantly alters their secretome profile and reduces stromal fibrosis to promote the
therapeutic efficacy of gemcitabine in a GEMM of PDAC [56]. Although the direct action
of pan PI3K or isoform-specific PI3K inhibitors on stromal fibroblasts has not yet been
tested in PDAC, modulation of PI3K signaling could likely impact several aspects of tumor–
stroma interaction and give us a more robust rationale to target this signaling node in
PDAC in future years.

Other than the contribution of fibroinflammatory desmoplastic stroma in promoting
innate and acquired resistance to several conventional therapeutic approaches in PDAC,
the presence of cellular elements of innate immune populations, including TAMs and
MDSCs, dampen the T cell infiltration and their activation [51–53]. Therefore, a significant
unmet need in the field is identifying different therapeutic strategies that can remodel the
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immunologically cold PDAC TME to reactivate the anti-tumor immune responses. Along
similar lines, using a highly aggressive PKT GEMM mouse of PDAC that phenocopies
human disease in terms of dense stroma and presence of immunosuppressive milieu [57],
previously we have demonstrated that combined inhibition of PI3K/Akt/mTOR using
Urolithin A effectively reprograms the fibroinflammatory tumor stroma to promote an
anti-tumor immune microenvironment by decreasing immunosuppressive TAMs and
augmenting T-cell recruitment within the TME of PDAC (Figure 2) [15]. Importantly,
treatment with pan AKT inhibitor MK-2206 did not affect any of these immune subsets in
our mouse model, further highlighting the significance of targeting multiple nodes of this
signaling axis in PDAC (unpublished data).

Tumor intrinsic activation of PI3K signaling, particularly PI3Kalpha, is associated with
an inflammatory metastatic phenotype and leads to enhanced accumulation of protumori-
genic M2 (CD206+) like macrophages in PDAC [17]. Reprogramming of TAMs towards
an anti-tumorigenic M1 phenotype has been associated with increased immunogenicity
and increased T cell infiltration within the TME of PDAC. In view of this, Li et al. demon-
strated that TAM-specific inhibition of PI3Kγ using a nano micelle-targeted delivery system
in combination with siRNA against colony-stimulating factor-1 receptor (CSF/CSF1R) path-
ways significantly reprogrammed the TAMs towards an M1-like antitumorigenic state. This
resulted in an enhanced anti-tumor immune response in the mouse model of pancreatic
cancer [58]. Overall, their findings reveal the critical role of isoform-specific inhibition of
PI3K in immune cell compartment rather than just a tumor-intrinsic role in this malignancy.

Different isoforms of PI3K, including PI3Kγ and PI3Kδ, play diverse roles within
specific immune cell compartments, and modulating their expression within these cells sig-
nificantly alters the tumor burden and boosts the anti-tumor immune network of PDAC [59].
Kaneda et al. highlighted the role of myeloid cell specific PI3Kγ isoforms in promoting im-
munosuppressive transcriptional gene signatures within the macrophages, fueling tumor
growth and desmoplasia in PDAC. Inhibition of PI3Kγ in PDAC-bearing mice reprograms
the immunosuppressive TAM subsets to promote T cell-mediated anti-tumor immune
response and led to a significant reduction in PDAC metastasis as well as desmoplasia,
highlighting a new therapeutic modality for this devastating disease [60]. Targeted inhibi-
tion of PI3Kδ within the regulatory T cell (Tregs) compartment using the inhibitor PI-3065
significantly increased the cytolytic T cell infiltration (CD8+ T cells). It attenuated the
tumor growth and prolonged survival in the GEMM of PDAC [59]. Studies over the years
have been focused on understanding the role of PI3K signaling through the lens of AKT as
a dominant effector molecule of this pathway. However, recently, AKT-independent signal-
ing branches downstream of PI3K have been shown to play essential roles in promoting
cancer-related phenotypes [61]. One such crucial signaling is the TEC family kinase BTK
(Bruton’s tyrosine kinase), which acts downstream of PI3K and is involved in B cell receptor
(BCR)-dependent cell proliferation. The significance of the PI3Kγ-BTK signaling axis in
promoting macrophage CD4+Thelper2 (Th2) was shown to be associated with immune
suppression in PDAC progression [62]. Additionally, targeted inhibition of BTK delayed
PDAC tumor growth and provided enhanced anti-tumor immunity within the TME of this
malignancy. These complex pre-clinical data imply that the role of PI3K and its isoforms in
distinct cell types within the tumor microenvironment can contribute in a nuanced way to
the overall tumor immune microenvironment and therapeutic responses.

6. Conclusions and Future Perspectives

Several pre-clinical and clinical assessments of targeted therapies in PDAC show
that most of these tumors display inherent or acquired resistance. Unlike most solid
tumors, the TME of PDAC consists of a highly complex mixture of cancer cells, immune
cell population, and stromal cells. The dynamicity of this TME is maintained by regular
crosstalk among these cell types, leading to tumor aggressiveness. Since the complexity
of the mechanism governing this crosstalk is vast, combination therapies targeting these
cell populations are essential in this malignancy to achieve a durable anti-tumor response.
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The network of signaling pathways regulated by PI3K identifies dynamic cues from the
TME to either promote a multitude of oncogenic processes directly or activate a parallel
interconnected signaling node. Moving forward with the advancements in targeting this
pathway and understanding the molecular mechanisms of PI3K inhibitor unresponsiveness
and resistance, better patient stratification using diagnostic biomarker-based study, defining
PDAC subtypes based on cancer cells and the stromal component will be essential to design
personalized therapies to achieve better clinical outcomes in PDAC.

Author Contributions: Writing—original draft preparation, S.M., N.D., N.N.; writing—review and
editing, S.M., N.D., N.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Sylvester Comprehensive Cancer Center, American
Cancer Society IRG 98-277-13 and NIH NCI R03 CA249401 to N.S. Nagathihalli. The content is solely
the responsibility of the authors and does not necessarily represent the official views of the NIH.

Acknowledgments: The authors would like to acknowledge Michael VanSaun, Purushottam Lamich-
hane, Samara Singh, Valerie Gramling and Manasi Agrawal for providing their critical insights and
stimulating discussions during the preparation of this manuscript. These individuals have consented
to include their names in the acknowledgment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ghadirian, P.; Lynch, H.T.; Krewski, D. Epidemiology of Pancreatic Cancer: An Overview. Cancer Detect. Prev. 2003, 27,

87–93. [CrossRef]
2. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer Incidence and

Deaths to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United States. Cancer Res. 2014, 74,
2913–2921. [CrossRef]

3. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
4. Neoptolemos, J.P.; Stocken, D.D.; Friess, H.; Bassi, C.; Dunn, J.A.; Hickey, H.; Beger, H.; Fernandez-Cruz, L.; Dervenis, C.;

Lacaine, F.; et al. A Randomized Trial of Chemoradiotherapy and Chemotherapy after Resection of Pancreatic Cancer. N. Engl. J.
Med. 2004, 350, 1200–1210. [CrossRef]

5. Oettle, H.; Neuhaus, P.; Hochhaus, A.; Hartmann, J.T.; Gellert, K.; Ridwelski, K.; Niedergethmann, M.; Zülke, C.; Fahlke, J.;
Arning, M.B.; et al. Adjuvant Chemotherapy with Gemcitabine and Long-Term Outcomes among Patients with Resected
Pancreatic Cancer: The CONKO-001 Randomized Trial. JAMA 2013, 310, 1473–1481. [CrossRef]

6. Winter, J.M.; Brennan, M.F.; Tang, L.H.; D’Angelica, M.I.; Dematteo, R.P.; Fong, Y.; Klimstra, D.S.; Jarnagin, W.R.; Allen, P.J.
Survival after Resection of Pancreatic Adenocarcinoma: Results from a Single Institution over Three Decades. Ann. Surg. Oncol.
2012, 19, 169–175. [CrossRef] [PubMed]

7. Dergham, S.T.; Dugan, M.C.; Kucway, R.; Du, W.; Kamarauskiene, D.S.; Vaitkevicius, V.K.; Crissman, J.D.; Sarkar, F.H. Prevalence
and Clinical Significance of Combined K-Ras Mutation and P53 Aberration in Pancreatic Adenocarcinoma. Int. J. Pancreatol. 1997,
21, 127–143. [CrossRef] [PubMed]

8. Shibata, D.; Almoguera, C.; Forrester, K.; Dunitz, J.; Martin, S.E.; Cosgrove, M.M.; Perucho, M.; Arnheim, N. Detection of C-K-Ras
Mutations in Fine Needle Aspirates from Human Pancreatic Adenocarcinomas. Cancer Res. 1990, 50, 1279–1283.

9. Guerra, C.; Schuhmacher, A.J.; Cañamero, M.; Grippo, P.J.; Verdaguer, L.; Pérez-Gallego, L.; Dubus, P.; Sandgren, E.P.; Barbacid, M.
Chronic Pancreatitis Is Essential for Induction of Pancreatic Ductal Adenocarcinoma by K-Ras Oncogenes in Adult Mice. Cancer
Cell 2007, 11, 291–302. [CrossRef] [PubMed]

10. Altomare, D.A.; Testa, J.R. Perturbations of the AKT Signaling Pathway in Human Cancer. Oncogene 2005, 24, 7455–7464. [CrossRef]
11. Zhang, Y.; Kwok-Shing, P.; Kucherlapati, M.; Chen, F.; Liu, Y.; Tsang, Y.H.; de Velasco, G.; Jeong, K.J.; Akbani, R.;

Hadjipanayis, A.; et al. A Pan-Cancer Proteogenomic Atlas of PI3K/AKT/MTOR Pathway Alterations. Cancer Cell 2017, 31,
820–832.e3. [CrossRef]

12. Cheng, J.Q.; Ruggeri, B.; Klein, W.M.; Sonoda, G.; Altomare, D.A.; Watson, D.K.; Testa, J.R. Amplification of AKT2 in Human
Pancreatic Cancer Cells and Inhibition of AKT2 Expression and Tumorigenicity by Antisense RNA. Proc. Natl. Acad. Sci. USA
1996, 93, 3636–3641. [CrossRef] [PubMed]

13. Cantley, L.C. The Phosphoinositide 3-Kinase Pathway. Science 2002, 296, 1655–1657. [CrossRef]
14. Jazirehi, A.R.; Wenn, P.B.; Damavand, M. Therapeutic Implications of Targeting the PI3Kinase/AKT/MTOR Signaling Module in

Melanoma Therapy. Am. J. Cancer Res. 2012, 2, 178–191. [PubMed]

http://doi.org/10.1016/S0361-090X(03)00002-3
http://doi.org/10.1158/0008-5472.CAN-14-0155
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1056/NEJMoa032295
http://doi.org/10.1001/jama.2013.279201
http://doi.org/10.1245/s10434-011-1900-3
http://www.ncbi.nlm.nih.gov/pubmed/21761104
http://doi.org/10.1007/BF02822384
http://www.ncbi.nlm.nih.gov/pubmed/9209954
http://doi.org/10.1016/j.ccr.2007.01.012
http://www.ncbi.nlm.nih.gov/pubmed/17349585
http://doi.org/10.1038/sj.onc.1209085
http://doi.org/10.1016/j.ccell.2017.04.013
http://doi.org/10.1073/pnas.93.8.3636
http://www.ncbi.nlm.nih.gov/pubmed/8622988
http://doi.org/10.1126/science.296.5573.1655
http://www.ncbi.nlm.nih.gov/pubmed/22485197


Cancers 2021, 13, 4434 8 of 10

15. Totiger, T.M.; Srinivasan, S.; Jala, V.R.; Lamichhane, P.; Dosch, A.R.; Gaidarski, A.A.; Joshi, C.; Rangappa, S.; Castellanos, J.;
Vemula, P.K.; et al. Urolithin A, a Novel Natural Compound to Target PI3K/AKT/MTOR Pathway in Pancreatic Cancer. Mol.
Cancer Ther. 2019, 18, 301–311. [CrossRef] [PubMed]

16. Kennedy, A.L.; Morton, J.P.; Manoharan, I.; Nelson, D.M.; Jamieson, N.B.; Pawlikowski, J.S.; McBryan, T.; Doyle, B.; McKay, C.;
Oien, K.A.; et al. Activation of the PIK3CA/AKT Pathway Suppresses Senescence Induced by an Activated RAS Oncogene to
Promote Tumorigenesis. Mol. Cell 2011, 42, 36–49. [CrossRef] [PubMed]

17. Thibault, B.; Ramos-Delgado, F.; Pons-Tostivint, E.; Therville, N.; Cintas, C.; Arcucci, S.; Cassant-Sourdy, S.; Reyes-Castellanos, G.;
Tosolini, M.; Villard, A.V.; et al. Pancreatic Cancer Intrinsic PI3Kα Activity Accelerates Metastasis and Rewires Macrophage
Component. EMBO Mol. Med. 2021, 13, e13502. [CrossRef] [PubMed]

18. Payne, S.N.; Maher, M.E.; Tran, N.H.; Van De Hey, D.R.; Foley, T.M.; Yueh, A.E.; Leystra, A.A.; Pasch, C.A.; Jeffrey, J.J.;
Clipson, L.; et al. PIK3CA Mutations Can Initiate Pancreatic Tumorigenesis and Are Targetable with PI3K Inhibitors. Oncogenesis
2015, 4, e169. [CrossRef]

19. Eser, S.; Reiff, N.; Messer, M.; Seidler, B.; Gottschalk, K.; Dobler, M.; Hieber, M.; Arbeiter, A.; Klein, S.; Kong, B.; et al. Selective
Requirement of PI3K/PDK1 Signaling for Kras Oncogene-Driven Pancreatic Cell Plasticity and Cancer. Cancer Cell 2013, 23,
406–420. [CrossRef] [PubMed]

20. Jimeno, A.; Tan, A.C.; Coffa, J.; Rajeshkumar, N.V.; Kulesza, P.; Rubio-Viqueira, B.; Wheelhouse, J.; Diosdado, B.;
Messersmith, W.A.; Iacobuzio-Donahue, C.; et al. Coordinated Epidermal Growth Factor Receptor Pathway Gene Over-
expression Predicts Epidermal Growth Factor Receptor Inhibitor Sensitivity in Pancreatic Cancer. Cancer Res. 2008, 68,
2841–2849. [CrossRef] [PubMed]

21. Baer, R.; Cintas, C.; Dufresne, M.; Cassant-Sourdy, S.; Schönhuber, N.; Planque, L.; Lulka, H.; Couderc, B.; Bousquet, C.;
Garmy-Susini, B.; et al. Pancreatic Cell Plasticity and Cancer Initiation Induced by Oncogenic Kras Is Completely Dependent on
Wild-Type PI 3-Kinase P110α. Genes Dev. 2014, 28, 2621–2635. [CrossRef]

22. Yamamoto, S.; Tomita, Y.; Hoshida, Y.; Morooka, T.; Nagano, H.; Dono, K.; Umeshita, K.; Sakon, M.; Ishikawa, O.;
Ohigashi, H.; et al. Prognostic Significance of Activated Akt Expression in Pancreatic Ductal Adenocarcinoma. Clin. Cancer Res.
2004, 10, 2846–2850. [CrossRef] [PubMed]

23. James, S.R.; Downes, C.P.; Gigg, R.; Grove, S.J.; Holmes, A.B.; Alessi, D.R. Specific Binding of the Akt-1 Protein Kinase to
Phosphatidylinositol 3,4,5-Trisphosphate without Subsequent Activation. Biochem. J. 1996, 315 Pt 3, 709–713. [CrossRef]

24. Alessi, D.R.; James, S.R.; Downes, C.P.; Holmes, A.B.; Gaffney, P.R.J.; Reese, C.B.; Cohen, P. Characterization of
a 3-Phosphoinositide-Dependent Protein Kinase Which Phosphorylates and Activates Protein Kinase Bα. Curr. Biol. 1997, 7,
261–269. [CrossRef]

25. Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and Regulation of Akt/PKB by the Rictor-MTOR
Complex. Science 2005, 307, 1098–1101. [CrossRef]

26. Manning, B.D.; Cantley, L.C. AKT/PKB Signaling: Navigating Downstream. Cell 2007, 129, 1261–1274. [CrossRef] [PubMed]
27. Ruggeri, B.A.; Huang, L.; Wood, M.; Cheng, J.Q.; Testa, J.R. Amplification and Overexpression of the AKT2 Oncogene in a Subset

of Human Pancreatic Ductal Adenocarcinomas. Mol. Carcinog. 1998, 21, 81–86. [CrossRef]
28. Schlieman, M.G.; Fahy, B.N.; Ramsamooj, R.; Beckett, L.; Bold, R.J. Incidence, Mechanism and Prognostic Value of Activated AKT

in Pancreas Cancer. Br. J. Cancer 2003, 89, 2110–2115. [CrossRef] [PubMed]
29. Memmott, R.M.; Dennis, P.A. Akt-Dependent and -Independent Mechanisms of MTOR Regulation in Cancer. Cell. Signal. 2009,

21, 656–664. [CrossRef] [PubMed]
30. Liu, P.; Gan, W.; Chin, Y.R.; Ogura, K.; Guo, J.; Zhang, J.; Wang, B.; Blenis, J.; Cantley, L.C.; Toker, A.; et al. PtdIns(3,4,5)P3-

Dependent Activation of the MTORC2 Kinase Complex. Cancer Discov. 2015, 5, 1194–1209. [CrossRef]
31. Faivre, S.; Kroemer, G.; Raymond, E. Current Development of MTOR Inhibitors as Anticancer Agents. Nat. Rev. Drug Discov.

2006, 5, 671–688. [CrossRef]
32. Pópulo, H.; Lopes, J.M.; Soares, P. The MTOR Signalling Pathway in Human Cancer. Int. J. Mol. Sci. 2012, 13,

1886–1918. [CrossRef] [PubMed]
33. Bellizzi, A.M.; Bloomston, M.; Zhou, X.-P.; Iwenofu, O.H.; Frankel, W.L. The MTOR Pathway Is Frequently Activated in Pancreatic

Ductal Adenocarcinoma and Chronic Pancreatitis. Appl. Immunohistochem. Mol. Morphol. 2010, 18, 442–447. [CrossRef] [PubMed]
34. Javle, M.M.; Shroff, R.T.; Xiong, H.; Varadhachary, G.A.; Fogelman, D.; Reddy, S.A.; Davis, D.; Zhang, Y.; Wolff, R.A.;

Abbruzzese, J.L. Inhibition of the Mammalian Target of Rapamycin (MTOR) in Advanced Pancreatic Cancer: Results of Two
Phase II Studies. BMC Cancer 2010, 10, 368. [CrossRef]

35. Utomo, W.K.; Narayanan, V.; Biermann, K.; van Eijck, C.H.J.; Bruno, M.J.; Peppelenbosch, M.P.; Braat, H. MTOR Is a Promising
Therapeutical Target in a Subpopulation of Pancreatic Adenocarcinoma. Cancer Lett. 2014, 346, 309–317. [CrossRef]

36. Hill, R.; Calvopina, J.H.; Kim, C.; Wang, Y.; Dawson, D.W.; Donahue, T.R.; Dry, S.; Wu, H. PTEN Loss Accelerates KrasG12D-
Induced Pancreatic Cancer Development. Cancer Res. 2010, 70, 7114–7124. [CrossRef] [PubMed]

37. Stanger, B.Z.; Stiles, B.; Lauwers, G.Y.; Bardeesy, N.; Mendoza, M.; Wang, Y.; Greenwood, A.; Cheng, K.; McLaughlin, M.;
Brown, D.; et al. Pten Constrains Centroacinar Cell Expansion and Malignant Transformation in the Pancreas. Cancer Cell 2005,
8, 185–195. [CrossRef]

http://doi.org/10.1158/1535-7163.MCT-18-0464
http://www.ncbi.nlm.nih.gov/pubmed/30404927
http://doi.org/10.1016/j.molcel.2011.02.020
http://www.ncbi.nlm.nih.gov/pubmed/21474066
http://doi.org/10.15252/emmm.202013502
http://www.ncbi.nlm.nih.gov/pubmed/34033220
http://doi.org/10.1038/oncsis.2015.28
http://doi.org/10.1016/j.ccr.2013.01.023
http://www.ncbi.nlm.nih.gov/pubmed/23453624
http://doi.org/10.1158/0008-5472.CAN-07-5200
http://www.ncbi.nlm.nih.gov/pubmed/18413752
http://doi.org/10.1101/gad.249409.114
http://doi.org/10.1158/1078-0432.CCR-02-1441
http://www.ncbi.nlm.nih.gov/pubmed/15102693
http://doi.org/10.1042/bj3150709
http://doi.org/10.1016/S0960-9822(06)00122-9
http://doi.org/10.1126/science.1106148
http://doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://doi.org/10.1002/(SICI)1098-2744(199802)21:2&lt;81::AID-MC1&gt;3.0.CO;2-R
http://doi.org/10.1038/sj.bjc.6601396
http://www.ncbi.nlm.nih.gov/pubmed/14647146
http://doi.org/10.1016/j.cellsig.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19166931
http://doi.org/10.1158/2159-8290.CD-15-0460
http://doi.org/10.1038/nrd2062
http://doi.org/10.3390/ijms13021886
http://www.ncbi.nlm.nih.gov/pubmed/22408430
http://doi.org/10.1097/PAI.0b013e3181de115b
http://www.ncbi.nlm.nih.gov/pubmed/20661135
http://doi.org/10.1186/1471-2407-10-368
http://doi.org/10.1016/j.canlet.2014.01.014
http://doi.org/10.1158/0008-5472.CAN-10-1649
http://www.ncbi.nlm.nih.gov/pubmed/20807812
http://doi.org/10.1016/j.ccr.2005.07.015


Cancers 2021, 13, 4434 9 of 10

38. Bondar, V.M.; Sweeney-Gotsch, B.; Andreeff, M.; Mills, G.B.; McConkey, D.J. Inhibition of the Phosphatidylinositol 3′-Kinase-AKT
Pathway Induces Apoptosis in Pancreatic Carcinoma Cells in Vitro and in Vivo. Mol. Cancer Ther. 2002, 1, 989–997.

39. Yip-Schneider, M.T.; Wiesenauer, C.A.; Schmidt, C.M. Inhibition of the Phosphatidylinositol 3′-Kinase Signaling Pathway
Increases the Responsiveness of Pancreatic Carcinoma Cells to Sulindac. J. Gastrointest. Surg. 2003, 7, 354–363. [CrossRef]

40. Yang, J.; Nie, J.; Ma, X.; Wei, Y.; Peng, Y.; Wei, X. Targeting PI3K in Cancer: Mechanisms and Advances in Clinical Trials. Mol.
Cancer 2019, 18, 26. [CrossRef]

41. Yap, T.A.; Yan, L.; Patnaik, A.; Fearen, I.; Olmos, D.; Papadopoulos, K.; Baird, R.D.; Delgado, L.; Taylor, A.; Lupinacci, L.; et al.
First-in-Man Clinical Trial of the Oral Pan-AKT Inhibitor MK-2206 in Patients With Advanced Solid Tumors. JCO 2011, 29,
4688–4695. [CrossRef]

42. Hu, C.; Dadon, T.; Chenna, V.; Yabuuchi, S.; Bannerji, R.; Booher, R.; Strack, P.; Azad, N.; Nelkin, B.D.; Maitra, A. Combined
Inhibition of Cyclin-Dependent Kinases (Dinaciclib) and AKT (MK-2206) Blocks Pancreatic Tumor Growth and Metastases in
Patient-Derived Xenograft Models. Mol. Cancer Ther. 2015, 14, 1532–1539. [CrossRef]

43. Hopkins, B.D.; Pauli, C.; Du, X.; Wang, D.G.; Li, X.; Wu, D.; Amadiume, S.C.; Goncalves, M.D.; Hodakoski, C.;
Lundquist, M.R.; et al. Suppression of Insulin Feedback Enhances the Efficacy of PI3K Inhibitors. Nature 2018, 560,
499–503. [CrossRef] [PubMed]

44. O’Reilly, K.E.; Rojo, F.; She, Q.-B.; Solit, D.; Mills, G.B.; Smith, D.; Lane, H.; Hofmann, F.; Hicklin, D.J.; Ludwig, D.L.; et al. MTOR
Inhibition Induces Upstream Receptor Tyrosine Kinase Signaling and Activates Akt. Cancer Res. 2006, 66, 1500–1508. [CrossRef]

45. Cao, P.; Maira, S.-M.; García-Echeverría, C.; Hedley, D.W. Activity of a Novel, Dual PI3-Kinase/MTor Inhibitor
NVP-BEZ235 against Primary Human Pancreatic Cancers Grown as Orthotopic Xenografts. Br. J. Cancer 2009, 100,
1267–1276. [CrossRef] [PubMed]

46. Zahreddine, H.; Borden, K.L.B. Mechanisms and Insights into Drug Resistance in Cancer. Front. Pharmacol. 2013, 4, 28. [CrossRef]
47. Wong, M.H.; Xue, A.; Baxter, R.C.; Pavlakis, N.; Smith, R.C. Upstream and Downstream Co-Inhibition of Mitogen-

Activated Protein Kinase and PI3K/Akt/MTOR Pathways in Pancreatic Ductal Adenocarcinoma. Neoplasia 2016, 18,
425–435. [CrossRef] [PubMed]

48. Alagesan, B.; Contino, G.; Guimaraes, A.R.; Corcoran, R.B.; Deshpande, V.; Wojtkiewicz, G.R.; Hezel, A.F.; Wong, K.-K.; Loda, M.;
Weissleder, R.; et al. Combined MEK and PI3K Inhibition in a Mouse Model of Pancreatic Cancer. Clin. Cancer Res. 2015, 21,
396–404. [CrossRef] [PubMed]

49. Junttila, M.R.; Devasthali, V.; Cheng, J.H.; Castillo, J.; Metcalfe, C.; Clermont, A.C.; Otter, D.D.; Chan, E.; Bou-Reslan, H.;
Cao, T.; et al. Modeling Targeted Inhibition of MEK and PI3 Kinase in Human Pancreatic Cancer. Mol. Cancer Ther. 2015, 14,
40–47. [CrossRef] [PubMed]

50. Brown, W.S.; McDonald, P.C.; Nemirovsky, O.; Awrey, S.; Chafe, S.C.; Schaeffer, D.F.; Li, J.; Renouf, D.J.; Stanger, B.Z.; Dedhar, S.
Overcoming Adaptive Resistance to KRAS and MEK Inhibitors by Co-Targeting MTORC1/2 Complexes in Pancreatic Cancer.
Cell Rep. Med. 2020, 1, 100131. [CrossRef] [PubMed]

51. Ligorio, M.; Sil, S.; Malagon-Lopez, J.; Nieman, L.T.; Misale, S.; Di Pilato, M.; Ebright, R.Y.; Karabacak, M.N.; Kulkarni, A.S.;
Liu, A.; et al. Stromal Microenvironment Shapes the Intratumoral Architecture of Pancreatic Cancer. Cell 2019, 178,
160–175.e27. [CrossRef] [PubMed]

52. Takeuchi, S.; Baghdadi, M.; Tsuchikawa, T.; Wada, H.; Nakamura, T.; Abe, H.; Nakanishi, S.; Usui, Y.; Higuchi, K.;
Takahashi, M.; et al. Chemotherapy-Derived Inflammatory Responses Accelerate the Formation of Immunosuppressive Myeloid
Cells in the Tissue Microenvironment of Human Pancreatic Cancer. Cancer Res. 2015, 75, 2629–2640. [CrossRef]

53. Winograd, R.; Byrne, K.T.; Evans, R.A.; Odorizzi, P.M.; Meyer, A.R.L.; Bajor, D.L.; Clendenin, C.; Stanger, B.Z.; Furth, E.E.;
Wherry, E.J.; et al. Induction of T-Cell Immunity Overcomes Complete Resistance to PD-1 and CTLA-4 Blockade and Improves
Survival in Pancreatic Carcinoma. Cancer Immunol. Res. 2015, 3, 399–411. [CrossRef] [PubMed]

54. Feig, C.; Gopinathan, A.; Neesse, A.; Chan, D.S.; Cook, N.; Tuveson, D.A. The Pancreas Cancer Microenvironment. Clin. Cancer
Res. 2012, 18, 4266–4276. [CrossRef] [PubMed]

55. Yuan, T.; Cantley, L. PI3K Pathway Alterations in Cancer: Variations on a Theme. Oncogene 2008, 27, 5497–5510. [CrossRef] [PubMed]
56. Duluc, C.; Moatassim-Billah, S.; Chalabi-Dchar, M.; Perraud, A.; Samain, R.; Breibach, F.; Gayral, M.; Cordelier, P.; Delisle, M.-B.;

Bousquet-Dubouch, M.-P.; et al. Pharmacological Targeting of the Protein Synthesis MTOR/4E-BP1 Pathway in Cancer-Associated
Fibroblasts Abrogates Pancreatic Tumour Chemoresistance. EMBO Mol. Med. 2015, 7, 735–753. [CrossRef]

57. Ijichi, H.; Chytil, A.; Gorska, A.E.; Aakre, M.E.; Fujitani, Y.; Fujitani, S.; Wright, C.V.E.; Moses, H.L. Aggressive Pancreatic Ductal
Adenocarcinoma in Mice Caused by Pancreas-Specific Blockade of Transforming Growth Factor-Beta Signaling in Cooperation
with Active Kras Expression. Genes Dev. 2006, 20, 3147–3160. [CrossRef] [PubMed]

58. Li, M.; Li, M.; Yang, Y.; Liu, Y.; Xie, H.; Yu, Q.; Tian, L.; Tang, X.; Ren, K.; Li, J.; et al. Remodeling Tumor Immune Microenvironment
via Targeted Blockade of PI3K-γ and CSF-1/CSF-1R Pathways in Tumor Associated Macrophages for Pancreatic Cancer Therapy.
J. Control. Release 2020, 321, 23–35. [CrossRef]

59. Ali, K.; Soond, D.R.; Piñeiro, R.; Hagemann, T.; Pearce, W.; Lim, E.L.; Bouabe, H.; Scudamore, C.L.; Hancox, T.;
Maecker, H.; et al. Inactivation of PI(3)K P110δ Breaks Regulatory T-Cell-Mediated Immune Tolerance to Cancer. Nature
2014, 510, 407–411. [CrossRef]

http://doi.org/10.1016/S1091-255X(02)00156-7
http://doi.org/10.1186/s12943-019-0954-x
http://doi.org/10.1200/JCO.2011.35.5263
http://doi.org/10.1158/1535-7163.MCT-15-0028
http://doi.org/10.1038/s41586-018-0343-4
http://www.ncbi.nlm.nih.gov/pubmed/30051890
http://doi.org/10.1158/0008-5472.CAN-05-2925
http://doi.org/10.1038/sj.bjc.6604995
http://www.ncbi.nlm.nih.gov/pubmed/19319133
http://doi.org/10.3389/fphar.2013.00028
http://doi.org/10.1016/j.neo.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27435925
http://doi.org/10.1158/1078-0432.CCR-14-1591
http://www.ncbi.nlm.nih.gov/pubmed/25348516
http://doi.org/10.1158/1535-7163.MCT-14-0030
http://www.ncbi.nlm.nih.gov/pubmed/25376606
http://doi.org/10.1016/j.xcrm.2020.100131
http://www.ncbi.nlm.nih.gov/pubmed/33294856
http://doi.org/10.1016/j.cell.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31155233
http://doi.org/10.1158/0008-5472.CAN-14-2921
http://doi.org/10.1158/2326-6066.CIR-14-0215
http://www.ncbi.nlm.nih.gov/pubmed/25678581
http://doi.org/10.1158/1078-0432.CCR-11-3114
http://www.ncbi.nlm.nih.gov/pubmed/22896693
http://doi.org/10.1038/onc.2008.245
http://www.ncbi.nlm.nih.gov/pubmed/18794884
http://doi.org/10.15252/emmm.201404346
http://doi.org/10.1101/gad.1475506
http://www.ncbi.nlm.nih.gov/pubmed/17114585
http://doi.org/10.1016/j.jconrel.2020.02.011
http://doi.org/10.1038/nature13444


Cancers 2021, 13, 4434 10 of 10

60. Kaneda, M.M.; Cappello, P.; Nguyen, A.V.; Ralainirina, N.; Hardamon, C.R.; Foubert, P.; Schmid, M.C.; Sun, P.; Mose, E.;
Bouvet, M.; et al. Macrophage PI3Kγ Drives Pancreatic Ductal Adenocarcinoma Progression. Cancer Discov. 2016, 6,
870–885. [CrossRef]

61. Lien, E.C.; Dibble, C.C.; Toker, A. PI3K Signaling in Cancer: Beyond AKT. Curr. Opin. Cell Biol. 2017, 45, 62–71. [CrossRef] [PubMed]
62. Gunderson, A.J.; Kaneda, M.M.; Tsujikawa, T.; Nguyen, A.V.; Affara, N.I.; Ruffell, B.; Gorjestani, S.; Liudahl, S.M.; Truitt, M.;

Olson, P.; et al. Bruton Tyrosine Kinase–Dependent Immune Cell Cross-Talk Drives Pancreas Cancer. Cancer Discov. 2016, 6,
270–285. [CrossRef] [PubMed]

http://doi.org/10.1158/2159-8290.CD-15-1346
http://doi.org/10.1016/j.ceb.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28343126
http://doi.org/10.1158/2159-8290.CD-15-0827
http://www.ncbi.nlm.nih.gov/pubmed/26715645

	Introduction 
	PI3K Signaling Activation in PDAC 
	Inhibition of PI3K Signaling in PDAC 
	Reciprocal Crosstalk Involving PI3K Signaling in PDAC 
	Impact of PI3K Inhibition on Tumor–Stromal Immune Crosstalk in PDAC 
	Conclusions and Future Perspectives 
	References

