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Ras proteins are essential mediators of a multitude of cellular processes, and its deregulation is frequently
associated with cancer appearance, progression, and metastasis. Ras-driven cancers are usually aggressive and
difficult to treat. Although the recent Food and Drug Administration (FDA) approval of the first Ras G12C inhibitor is

an important milestone, only a small percentage of patients will benefit from it.

Ras oncogenes PI3-Kinase

| 1. Introduction

Ras proteins are the founding members of the Ras superfamily of GTPases, which in humans is composed of more
than 150 members 2, Ras proteins are membrane-bound small GTPases that act as molecular transducers,
coupling cell surface receptors to intracellular effector pathways to regulate cellular processes such as cell
proliferation, differentiation, migration, and apoptosis B4, In humans, three Ras genes ( H-ras , N-ras, and K-ras )
encode four distinct Ras proteins: H-Ras, N-Ras, K-Ras4A, and K-RasS4B, the latter 2 resulting from alternative
RNA splicing of the K-ras gen. These four Ras isoforms are ubiquitously expressed and are highly similar in
primary sequence, structure, and biochemical properties B8l They share 90% sequence identity in the G domain
iy being 100% identical in the N-terminus of this domain, termed the effector lobe, and sharing 82% of the
sequence of the allosteric lobe BIEl. |n contrast, the C-terminal hypervariable region (HVR) shares little sequence
similarity ([,

Alterations in Ras signaling are implicated in the development of different diseases, such as neurological disorders,
developmental disorders, and autism. Additionally, Ras proteins are recognized as major oncogenes, as mutations
in all three Ras genes occur in approximately 30% of human cancers 29, Mutant Ras is a driver both in tumor
initiation and tumor maintenance B, In general, K-Ras is the most frequently mutated isoform (accounting for
75% of Ras mutation in cancer), followed by N-Ras (17%) and H-Ras (7%) 9. The frequency in which every
isoform appears mutated varies by tissue type: a large percentage of adenocarcinoma of the lung (32%), pancreas
(86%), and colon (41%) is driven by K-Ras mutations; 29% of melanomas are driven by mutations in N-Ras, while

H-Ras mutations appears mutated in 5% of head and neck squamous cell carcinoma and 6% of bladder cancers
ay

| 2. Ras Activation and Downstream Signaling
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Ras signaling is activated by cellular receptors including receptor tyrosine kinases (RTKs), G-protein coupled
receptors (GPCRs), cytokines receptors, and extracellular matrix receptors 12, Ras proteins act as molecular
switches that cycle between two conformational states: an active GTP-bound state and an inactive GDP-bound
state. This GDP/GTP cycling is tightly controlled by two main classes of regulatory proteins: guanine-nucleotide-
exchange factors (GEFs), which upon receptor stimulation promote the activation of Ras proteins by stimulating
GDP for GTP exchange, and GTPase-activating proteins (GAPs), which stimulate Ras-mediated GTP hydrolysis
and Ras inactivation (812131 GTP binding to Ras induces changes in conformation, mainly in two regions named

switch | and switch II, that greatly increase the affinity of Ras for its downstream effectors 1411131,

Ras-GTP stimulates a wide range of downstream effectors, although the best characterized are mitogen-activated
protein kinases (MAPK), phosphoinositide-3 kinase (PI3K) 8171 and the Ral pathways (28! ( Figure 1 ). The Raf—
MEK —ERK signaling axis was the first Ras-effector that was described 1920 and it regulates cell growth,
differentiation, inflammation, and apoptosis 2. Activated Ras promotes the translocation of the Raf
serine/threonine kinase to the plasma membrane, where it is activated and phosphorylated by different protein
kinases. Active Raf phosphorylates and activates the MEK1/2 kinase, which in turn phosphorylates ERK1/2
mitogen-activated protein kinase that eventually exert their function on a large number of downstream molecules
(221 The phosphatidylinositol 3 kinase (PI3K) pathway is the second best-characterized Ras effector and
participates in the regulation of a wide range of cellular activities, including cell growth, proliferation, differentiation,
migration, and apoptosis 23, Genetic alterations in PI3K/AKT and Raf/MAPK/ERK pathway components leading to
aberrant activation of signaling are frequent in cancer 2124l The functional importance of the Ras—PI3K pathway

and its role in cancer will be extensively discussed in the next sections.
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I PROLIFERATION, SURVIVAL, METASTASIS, APOPTOS1S, MIGRATION, ANGIDGENESIS & ENDOCYTOSIS |
- A
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Figure 1. Ras effector pathways. GTP binding to Ras induces changes in protein conformation that increases Ras
affinity for downstream effectors, thus activating many different signal transduction pathways. Among them,
Raf/MEK/ERK, PI3K/AKT, and Ral are the best understood. Further, Ras crosslinks with other signaling pathways
such as proteins from the Rho family and YAP. Through the regulation of the different downstream pathways, Ras
proteins play a key role in the control of proliferation, survival, metastasis, apoptosis, migration, angiogenesis, and

endocytosis.

Apart from the above-mentioned effectors, an increasing number of molecules that specifically interact with Ras
have been described, such as Ral-GEF, Rho-GTPases , Novel Ras effector 1A (NORE1A), Af6, phospholipase C
(PLC), Ras and Rab interactor 1 (RIN1), T-cell lymphoma invasion and metastasis-inducing protein (Tiam), and
growth factor receptor 14 (Grbl), although the precise physiological role is still not fully understood for many of
them 23, Recently, Ras signaling has been shown to interact with the Hippo-signaling effector YAP to facilitate
tumorigeneses 28 Thus, the list of Ras effectors continues to grow, and more interactors belonging to the family of
Ras effectors are expected to be characterized in the next years [24127](28][29]30]

| 3. Ras-PI3K Signaling in the Tumor Microenvironment

Cancer cells dramatically alter their local tissue environment (TME). The clinical relevance of Ras mutations is due
not only to their impact on cancer cells’ autonomous mechanisms but also to their ability to alter the way tumor

cells interact and influence different components of the TME, from the extracellular matrix (ECM) to endothelial

https://encyclopedia.pub/entry/14072 3/10



Ras Proteins | Encyclopedia.pub

cells, cancer-associated fibroblasts (CAFs), and inflammatory/immune cells. Neo-angiogenesis, tumor
inflammation, and matrix remodeling are interconnected processes that alter the expression profile of cancer cells,
increasing their aggressiveness, altering their expression profile, and eventually contributing to the end-stage of

tumorigenesis represented by tumor dissemination 3,

CAFs are one of the most abundant stromal cell types in the tumor microenvironment and contribute to several
aspects of the malignant phenotype 2. The relevance of Ras and PI3K signaling in CAFs is, by far, less
understood than in cancer cells, but different studies have validated the role played by PI3K in the protumoral
functions of CAFs. For example, CAF-derived TGF-a promotes the metastatic colonization of ovarian cancer cells
via activation of AKT, epidermal growth factor receptor (EGFR), and extracellular signal-regulated kinase (ERK)-1/2
signaling pathways [23l. Activation of PI3K due to loss of PTEN in stromal fibroblasts accelerated initiation,
progression, and malignant transformation of mammary epithelial tumors due to the induction of genes involved in
ECM remodeling and the recruitment of macrophages, including Mmp9 and Ccl3 B4, PI3Ky has been shown to
regulate TNF-mediated secretion of matrix metalloproteinases (MMPs) from fibroblasts, which is crucial for the
migration of tumor cells B2, Zigian Li et al. reported that in colorectal carcinoma and melanoma, CXCL5 derived

from the CAFs activated PI3K/AKT signaling pathway and promoted the expression of PD-L1 in tumor cells (28],

Modulation of cancer-associated fibroblasts by K-Ras mutational changes through Hedgehog signaling (Hh) has
been suggested as an important mediator of CAF activation in PDAC models B7IE8I2M4041] SHh originated from
cancer cells was responsible for changes on the fibroblast proteome, promoting the synthesis of ECM components,
such as collagen, and matrix metalloproteinases (MMPs) 9. Cancer-derived Hh also promoted the expression of
growth factors such as IGF1 and GASG6 by fibroblasts, which reflected back on cancer cells. Additionally, fibroblast-
derived signals significantly alter the phosphoproteome of PDAC cells, not only promoting an increase in the usual
cell-autonomous alterations but also activating pathways that are not autonomously triggered. Recently, it was
shown that the conditioned medium of K-RasV12-overexpressing colorectal cells strongly increased the migration
of intestinal fibroblasts without affecting their proliferation rate and their differentiation status 42l Together, these
studies suggest that oncogenic Ras in cancer cells can alter the behavior of fibroblasts, which in turn affects the

microenvironment through ECM changes and growth factor signaling, contributing to tumor progression.

It is now evident that Ras signaling not only exerts its activity to drive cell growth and sustain survival in cancer
cells, but also modulates microenvironmental changes. In stromal cells, Ras signaling contributes to directing the
response to a multitude of cues that cancer cells produce to modify their microenvironment. It is, thus, an important

area to explore, not only from basic knowledge, but also from a therapeutic point of view.

| 4. Targeting Ras and PI3K in Cancer

Hyperactivation of the PI3K pathway in cancer, and its vital function in cell survival and proliferation, have made it
an ideal target for treatment. Furthermore, the inhibition of Ras-effector pathways has for years been considered
the most effective approach to target Ras-driven tumors 344l Results from clinical trials with PI3K inhibitors in

solid tumors have been, however, largely disappointing “2. Reasons for this failure include drug resistance,
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aberrant activation of parallel signaling pathways that in turn stimulate the PI3K pathway, and intolerable toxicity
due to lack of specificity, especially with pan-PI3K inhibitors 48471 while isoform-specific inhibitors seem to have
better therapeutic efficacy and an improved toxicity profile 28!, So far, only five PI3K inhibitors have been approved
to use in clinical practice. One of them is Alpelisib, a PI3Ka inhibitor approved for breast cancer treatment and
investigated in combination with a range of targeted therapies and chemotherapies in multiple clinical trials 2. The
other PI3K inhibitors are used in the treatment of hematological cancers: idealisib, a PI3Kd inhibitors [4s]
copanslisib, the only pan-PI3K inhibitor approved B9, duvelisib, a dual inhibitor of the PI3K& and PI3Ky isoforms
B4 and umbralisib, a dual inhibitor of PI3Kd/casein kinase-1er ( www.fda.gov , (accessed on 20 May 2021) 2],

The emerging roles of Ras and PI3K in shaping the tumor microenvironment provide a new awareness of how
kinase inhibitors may contribute to enhancing antitumor immunity and their application in combination therapy to
improve the outcome of immunotherapy. For example, PI3Ka or PI3K[ inhibitors impair tumor cell growth and
induce changes in the tumor microvasculature, which correlates with antitumor activity and, more importantly,
potentiates the anticancer activity of current cytotoxic therapy B3IB4ESIBE Fyrthermore, PI3KP inhibition could
improve the efficacy of immunotherapy by increasing T-cell infiltration in melanoma with PTEN loss 7,
Additionally, in leukemic B-cells, PI3Kd blockade impairs pro-survival signaling and induces tumor cell death. On
the other hand, the inhibition of PI3Kd in monocyte-derived cells of the lymph node stroma blocks the secretion of

pro-survival chemokines sensed by tumor cells, potentiating the pro-apoptotic effect of the drug 58,

The same principle could be applied to PI3Ky and PI3Kd specific inhibitors used for the treatment of solid tumors.
PI3Kd inactivation protects against the development of a broad range of cancers, which is mainly associated with
the disruption of the function of Tregs and possibly of MDSCs 59, The anticancer activity of PI3Ky seems to be
associated with its effects on tumor macrophages, which translates into the stimulation of T-cell recruitment and
reduced tumor growth B9, Important results with PI3K& and PI3Ky inhibitors, used alone or in combination with
standard anticancer therapy, have been obtained in murine models of pancreatic cancer, a tumor that is highly
resistant to chemotherapy and radiation therapy and does not respond to immune checkpoint inhibitors [611601(591(62]
(631 For example, the deletion of PI3Ky improved survival and responsiveness to standard-of-care chemotherapy in
animal models of PDAC 89, and the dual inhibition of PI3Ky and CSF-1/CSF-1R reduced the tumor infiltration of
MDSCs and inhibited tumor growth 841, Importantly, PI3Ky inhibition can synergize with anti-PD-1 to reduce tumor
growth, extending survival (63166l and pan-PI3K inhibition can be used to overcome resistance to immune
checkpoint inhibitors &1,

References

1. Llavero, F.; Arrazola Sastre, A.; Luque Montoro, M.; Martin, M.A.; Arenas, J.; Lucia, A.; Zugaza,
J.L. Small GTPases of the Ras superfamily and glycogen phosphorylase regulation in T cells.
Small GTPases 2021, 12, 106-113.

https://encyclopedia.pub/entry/14072 5/10



Ras Proteins | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

. Wennerberg, K.; Der, C.J. Rho-family GTPases: It's not only Rac and Rho (and I like it). J. Cell

Sci. 2004, 117, 1301-1312.

. Krygowska, A.A.; Castellano, E. PI3K: A Crucial Piece in the RAS Signaling Puzzle. Cold Spring

Harb. Perspect. Med. 2018, 8.

. Jun, J.E.; Rubio, I.; Roose, J.P. Regulation of ras exchange factors and cellular localization of ras

activation by lipid messengers in T cells. Front. Immunol. 2013, 4, 239.

. Hobbs, G.A.; Der, C.J.; Rossman, K.L. RAS isoforms and mutations in cancer at a glance. J. Cell

Sci. 2016, 129, 1287-1292.

. Pylayeva-Gupta, Y.; Grabocka, E.; Bar-Sagi, D. RAS oncogenes: Weaving a tumorigenic web.

Nat. Rev. Cancer 2011, 11, 761-774.

. Parker, J.A.; Mattos, C. The K-Ras, N-Ras, and H-Ras Isoforms: Unique Conformational

Preferences and Implications for Targeting Oncogenic Mutants. Cold Spring Harb. Perspect. Med.
2018, 8, a031427.

. Buhrman, G.; Wink, G.; Mattos, C. Transformation efficiency of Q61 Ras mutants linked to

structural features of the switch regions. Structure 2007, 15, 1618-1629.

. Henis, Y.I.; Hancock, J.F.; Prior, I.A. Ras acylation, compartmentalization and signaling

nanoclusters (Review). Mol. Membr. Biol. 2009, 26, 80-92.

Prior, ILA.; Hood, F.E.; Hartley, J.L. The Frequency of Ras Mutations in Cancer. Cancer Res.
2020, 80, 2969-2974.

Moore, A.R.; Rosenberg, S.C.; McCormick, F.; Malek, S. RAS-targeted therapies: Is the und
ruggable drugged? Nat. Rev. Drug. Discov. 2020, 19, 533-552.

Rauen, K.A. The RASopathies. Annu. Rev. Genom. Hum. Genet. 2013, 14, 355-369.

Zebisch, A.; Czernilofsky, A.P.; Keri, G.; Smigelskaite, J.; Sill, H.; Troppmair, J. Signaling Through
RAS-RAF-MEK-ERK: From Basics to Bedside. Curr. Med. Chem. 2007, 14, 601-623.

Gimple, R.C.; Wang, X. RAS: Striking at the Core of the Oncogenic Circuitry. Front. Oncol. 2019,
9, 965.

Zenonos, K.; Kyprianou, K. RAS signaling pathways, mutations and their role in colorectal cancer.
World J. Int.Gastrointest. Oncol. 2013, 5, 97-101.

Rodriguez-Viciana, P.; Warne, P.H.; Dhand, R.; Vanhaesebroeck, B.; Gout, I.; Fray, M.J.;
Waterfield, M.D.; Donward, J. Phospatidylinositositol-3-OH kinase as a target of Ras. Nature
1994, 370, 527-532.

Pacold, M.E.; Suire, S.; Perisic, O.; Lara-Gonzalez, S.; Davis, C.T.; Walker, E.H.; Hawkins, P.T;
Stephens, L.; Eccleston, J.F.; Williams, R.L. Crystal Structure and Functional Analysisof Ras

https://encyclopedia.pub/entry/14072 6/10



Ras Proteins | Encyclopedia.pub

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Binding to Its EffectorPhosphoinositide 3-Kinase. Cell 2000, 103, 931-943.

Rebhun, J.F.; Chen, H.; Quilliam, L.A. Identification and Characterization of a New Family of
Guanine Nucleotide Exchange Factors for the Ras-related GTPase Ral. J. Biol. Chem. 2000, 275,
13406-13410.

Moodie, S.A.; Willumsen, B.M.; Weber, M.J.; Wolfman, A. Complexes of Ras.GTP with Raf-1 and
mitogen-activated protein kinase kinase. Science 1993, 260, 1658—-1661.

Warne, P.H.; Viciana, P.R.; Downward, J. Direct interaction of Ras and the amino-terminal region
of Raf-1 in vitro. Nature 1993, 364, 352—355.

Guo, Y.J.; Pan, WW.; Liu, S.B.; Shen, Z.F,; Xu, Y.; Hu, L.L. ERK/MAPK signalling pathway and
tumorigenesis. Exp. Ther. Med. 2020, 19, 1997-2007.

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 proteinkinase which phosphorylates and
activates protein kinase Ba. Curr. Biol. 1997, 7, 261-269.

Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K
Pathway in Human Disease. Cell 2017, 170, 605-635.

Yang, J.; Nie, J.; Ma, X.; Wel, Y.; Peng, Y.; Wei, X. Targeting PI3K in cancer: Mechanisms and
advances in clinical trials. Mol. Cancer 2019, 18, 26.

Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human
Disease. Cell 2017, 170, 17-33.

Zinatizadeh, M.R.; Miri, S.R.; Zarandi, P.K.; Chalbatani, G.M.; Raposo, C.; Mirzaei, H.R.; Akbari,
M.E.; Mahmoodzadeh, H. The Hippo Tumor Suppressor Pathway (YAP/TAZ/TEAD/MST/LATS)
and EGFR-RAS-RAF-MEK in cancer metastasis. Genes. Dis. 2021, 8, 48-60.

Kiel, C.; Foglierini, M.; Kuemmerer, N.; Beltrao, P.; Serrano, L. A genome-wide Ras-effector
interaction network. J. Mol. Biol. 2007, 370, 1020-1032.

Ibanez Gaspar, V.; Catozzi, S.; Ternet, C.; Luthert, P.J.; Kiel, C. Analysis of Ras-effector
interaction competition in large intestine and colorectal cancer context. Small GTPases 2021, 12,
209-225.

Erijman, A.; Shifman, J.M. RAS/Effector Interactions from Structural and Biophysical Perspective.
Mini. Rev. Med. Chem. 2016, 16, 370-375.

Catozzi, S.; Halasz, M.; Kiel, C. Predicted ‘wiring landscape’ of Ras-effector interactions in 29
human tissues. NPJ. Syst. Biol. Appl. 2021, 7, 10.

Dias Carvalho, P.; Guimaraes, C.F.; Cardoso, A.P.; Mendonca, S.; Costa, A.M.; Oliveira, M.J.;
Velho, S. KRAS Oncogenic Signaling Extends beyond Cancer Cells to Orchestrate the

https://encyclopedia.pub/entry/14072 7/10



Ras Proteins | Encyclopedia.pub

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Microenvironment. Cancer Res. 2018, 78, 7-14.

Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.;
Greten, F.R.; Hingorani, S.R.; Hunter, T.; et al. A framework for advancing our understanding of
cancer-associated fibroblasts. Nat. Rev. Cancer 2020, 20, 174-186.

Lau, T.S.; Chan, L.K.; Wong, E.C.; Hui, C.W.; Sneddon, K.; Cheung, T.H.; Yim, S.F,; Lee, J.H.;
Yeung, C.S.; Chung, T.K.; et al. A loop of cancer-stroma-cancer interaction promotes peritoneal
metastasis of ovarian cancer via TNFalpha-TGFalpha-EGFR. Oncogene 2017, 36, 3576-3587.

Trimboli, A.J.; Cantemir-Stone, C.Z.; Li, F.; Wallace, J.A.; Merchant, A.; Creasap, N.; Thompson,
J.C.; Caserta, E.; Wang, H.; Chong, J.L.; et al. Pten in stromal fibroblasts suppresses mammary
epithelial tumours. Nature 2009, 461, 1084-1091.

Awad, A.E.; Kandalam, V.; Chakrabarti, S.; Wang, X.; Penninger, J.M.; Davidge, S.T.; Oudit, G.Y.;
Kassiri, Z. Tumor necrosis factor induces matrix metalloproteinases in cardiomyocytes and
cardiofibroblasts differentially via superoxide production in a PI3Kgamma-dependent manner. Am.
J. Physiol. Cell Physiol. 2010, 298, C679—-C692.

Li, Z.; Zhou, J.; Zhang, J.; Li, S.; Wang, H.; Du, J. Cancer-associated fibroblasts promote PD-L1
expression in mice cancer cells via secreting CXCL5. Int. J. Cancer 2019, 145, 1946-1957.

Ji, Z.; Mei, F.C.; Xie, J.; Cheng, X. Oncogenic KRAS activates hedgehog signaling pathway in
pancreatic cancer cells. J. Biol. Chem. 2007, 282, 14048-14055.

Lee, J.J.; Perera, R.M.; Wang, H.; Wu, D.C.; Liu, X.S.; Han, S.; Fitamant, J.; Jones, P.D.; Ghanta,
K.S.; Kawano, S.; et al. Stromal response to Hedgehog signaling restrains pancreatic cancer
progression. Proc. Natl. Acad. Sci. USA 2014, 111, E3091-E3100.

Pasca di Magliano, M.; Sekine, S.; Ermilov, A.; Ferris, J.; Dlugosz, A.A.; Hebrok, M.
Hedgehog/Ras interactions regulate early stages of pancreatic cancer. Genes. Dev. 2006, 20,
3161-3173.

Tape, C.J.; Ling, S.; Dimitriadi, M.; McMahon, K.M.; Worboys, J.D.; Leong, H.S.; Norrie, I.C.;
Miller, C.J.; Poulogiannis, G.; Lauffenburger, D.A.; et al. Oncogenic K-Ras Regulates Tumor Cell
Signaling via Stromal Reciprocation. Cell 2016, 165, 910-920.

Mills, L.D.; Zhang, Y.; Marler, R.J.; Herreros-Villanueva, M.; Zhang, L.; Almada, L.L.; Couch, F;
Wetmore, C.; Pasca di Magliano, M.; Fernandez-Zapico, M.E. Loss of the transcription factor
GLI1 identifies a signaling network in the tumor microenvironment mediating K-Ras oncogene-
induced transformation. J. Biol. Chem. 2013, 288, 11786-11794.

Kawasaki, H.; Saotome, T.; Usui, T.; Ohama, T.; Sato, K. Regulation of intestinal myofibroblasts by
KRas-mutated colorectal cancer cells through heparin-binding epidermal growth factor-like growth
factor. Oncol. Rep. 2017, 37, 3128-3136.

https://encyclopedia.pub/entry/14072 8/10



Ras Proteins | Encyclopedia.pub

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

Molina-Arcas, M.; Samani, A.; Downward, J. Drugging the Undruggable: Advances on RAS
Targeting in Cancer. Genes 2021, 12, 899.

Stalnecker, C.A.; Der, C.J. RAS, wanted dead or alive: Advances in targeting RAS mutant
cancers. Sci. Signal 2020, 13, 624.

Hanker, A.B.; Kaklamani, V.; Arteaga, C.L. Challenges for the Clinical Development of PI3K
Inhibitors: Strategies to Improve Their Impact in Solid Tumors. Cancer Discov. 2019, 9, 482—-491.

Fruman, D.A.; Rommel, C. PI3K and cancer: Lessons, challenges and opportunities. Nat. Rev.
Drug. Discov. 2014, 13, 140-156.

Zhang, M.; Jang, H.; Nussinov, R. PI3K inhibitors: Review and new strategies. Chem. Sci. 2020,
11, 5855-5865.

Rodon, J.; Dienstmann, R.; Serra, V.; Tabernero, J. Development of PI3K inhibitors: Lessons
learned from early clinical trials. Nat. Rev. Clin. Oncol. 2013, 10, 143-153.

Janku, F.; Yap, T.A.; Meric-Bernstam, F. Targeting the PI3K pathway in cancer: Are we making
headway? Nat. Rev. Clin. Oncol. 2018, 15, 273-291.

Krause, G.; Hassenruck, F.; Hallek, M. Copanlisib for treatment of B-cell malignancies: The
development of a PI3K inhibitor with considerable differences to idelalisib. Drug. Des. Devel. Ther.
2018, 12, 2577-2590.

Blair, H.A. Duvelisib: First Global Approval. Drugs 2018, 78, 1847-1853.

Fowler, N.H.; Samaniego, F.; Jurczak, W.; Ghosh, N.; Derenzini, E.; Reeves, J.A.; Knopihska-
Postuszny, W.; Cheah, C.Y.; Phillips, T.; Lech-Maranda, E.; et al. Umbralisib, a Dual PI3Kd/CK1e
Inhibitor in Patients With Relapsed or Refractory Indolent Lymphoma. J. Clin. Oncol. 2021.

Yuan, T.L.; Choi, H.S.; Matsui, A.; Benes, C.; Lifshits, E.; Luo, J.; Frangioni, J.V.; Cantley, L.C.
Class 1A PI3K regulates vessel integrity during development and tumorigenesis. Proc. Natl. Acad.
Sci. USA 2008, 105, 9739-9744.

Soler, A.; Serra, H.; Pearce, W.; Angulo, A.; Guillermet-Guibert, J.; Friedman, L.S.; Vinals, F.;
Gerhardt, H.; Casanovas, O.; Graupera, M.; et al. Inhibition of the p110alpha isoform of PI 3-
kinase stimulates nonfunctional tumor angiogenesis. J. Exp. Med. 2013, 210, 1937-1945.

Qayum, N.; Im, J.; Stratford, M.R.; Bernhard, E.J.; McKenna, W.G.; Muschel, R.J. Modulation of
the tumor microvasculature by phosphoinositide-3 kinase inhibition increases doxorubicin delivery
in vivo. Clin. Cancer Res. 2012, 18, 161-1609.

Azad, A.K.; Zhabyeyev, P.; Vanhaesebroeck, B.; Eitzen, G.; Oudit, G.Y.; Moore, R.B.; Murray, A.G.
Inactivation of endothelial cell phosphoinositide 3-kinase beta inhibits tumor angiogenesis and
tumor growth. Oncogene 2020, 39, 6480-6492.

https://encyclopedia.pub/entry/14072 9/10



Ras Proteins | Encyclopedia.pub

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Peng, W.; Chen, J.Q.; Liu, C.; Malu, S.; Creasy, C.; Tetzlaff, M.T.; Xu, C.; McKenzie, J.A.; Zhang,
C.; Liang, X.; et al. Loss of PTEN Promotes Resistance to T Cell-Mediated Immunotherapy.
Cancer Discov. 2016, 6, 202-216.

Beatty, G.L.; Chiorean, E.G.; Fishman, M.P.; Saboury, B.; Teitelbaum, U.R.; Sun, W.; Huhn, R.D;
Song, W.; Li, D.; Sharp, L.L.; et al. CD40 agonists alter tumor stroma and show efficacy against
pancreatic carcinoma in mice and humans. Science 2011, 331, 1612-1616.

Ali, K.; Soond, D.R.; Pineiro, R.; Hagemann, T.; Pearce, W.; Lim, E.L.; Bouabe, H.; Scudamore,
C.L.; Hancox, T.; Maecker, H.; et al. Inactivation of PI(3)K p110delta breaks regulatory T-cell-
mediated immune tolerance to cancer. Nature 2014, 510, 407-411.

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 PI3Kgamma Drives Pancreatic Ductal
Adenocarcinoma Progression. Cancer Discov. 2016, 6, 870-885.

Li, X.; Dai, J.; Ni, D.; He, X.; Zhang, H.; Zhang, J.; Fu, Q.; Liu, Y.; Lu, S. Insight into the
mechanism of allosteric activation of PI3Kalpha by oncoprotein K-Ras4B. Int. J. Biol. Macromol.
2020, 144, 643—-655.

Foley, K.; Kim, V.; Jaffee, E.; Zheng, L. Current progress in immunotherapy for pancreatic cancer.
Cancer Lett. 2016, 381, 244-251.

Conway, J.R.; Herrmann, D.; Evans, T.J.; Morton, J.P.; Timpson, P. Combating pancreatic cancer
with PI3K pathway inhibitors in the era of personalised medicine. Gut 2019, 68, 742—758.

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-gamma and CSF-1/CSF-1R
pathways in tumor associated macrophages for pancreatic cancer therapy. J. Control Release
2020, 321, 23-35.

Kaneda, M.M.; Messer, K.S.; Ralainirina, N.; Li, H.; Leem, C.J.; Gorjestani, S.; Woo, G.; Nguyen,
A.V.; Figueiredo, C.C.; Foubert, P.; et al. PI3Kgamma is a molecular switch that controls immune
suppression. Nature 2016, 539, 437-442.

Sai, J.; Owens, P.; Novitskiy, S.V.; Hawkins, O.E.; Vilgelm, A.E.; Yang, J.; Sobolik, T.; Lavender,
N.; Johnson, A.C.; McClain, C.; et al. PI3K Inhibition Reduces Mammary Tumor Growth and
Facilitates Antitumor Immunity and Anti-PD1 Responses. Clin. Cancer Res. 2017, 23, 3371-3384.

Borcoman, E.; De La Rochere, P.; Richer, W.; Vacher, S.; Chemlali, W.; Krucker, C.; Sirab, N.;
Radvanyi, F.; Allory, Y.; Pignot, G.; et al. Inhibition of PI3K pathway increases immune infiltrate in
muscle-invasive bladder cancer. Oncoimmunology 2019, 8, e1581556.

Retrieved from https://encyclopedia.pub/entry/history/show/33034

https://encyclopedia.pub/entry/14072 10/10



