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Abstract

Ras gene (HRAS, NRAS, and KRAS) has been observed to be mutated and hyper-activated in a 

significant proportion of cancers. However, mutant Ras remains a challenging therapeutic target. 

Similarly, inhibition of targets upstream and downstream of Ras has shown limited clinical utility. 

There have been attempts to develop and deliver mutant K-Ras silencing RNAs either through 

their encapsulation in liposomes or nanoparticles. However, these approaches show very limited 

success due to the lack of stability of such carrier molecules alongside associated toxicity. There is 

a pressing need for the identification of better therapeutic targets for Ras or its associated 

pathways as well as improvements in the design of superior RNAi delivery systems to suppress 

mutant K-Ras. More than a decade ago, it was shown that aggregates of palmitoylated Ras 

isoforms (H-Ras and N-Ras) passage through the cytosol on rapidly moving nanosized particles 

(“rasosomes”). Fast forward a decade, considerable new knowledge has emerged in the area of 

small vesicles, microparticles, and exosomes. Exosomes are tiny vesicles and play a significant 

role in regulating cancer-related signaling pathways. Exosomes have also been studied as delivery 

vehicles to transport drugs, proteins, and microRNAs of choice for therapeutic purposes. K-Ras 

pathway proteins have been implicated in exosome biogenesis and extravasation processes. This 

review provides an update on the current knowledge related to K-Ras signaling and exosomes and 

also discusses how these tiny vesicles can be harnessed to successfully deliver the K-Ras silencing 

moieties.
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1. Introduction

Since the discovery of Ras genes, there have been great initiatives put forth into 

understanding its functionality as an oncogene [1]. First observed in retroviral studies, the 

identification of the Ras superfamily was a critical discovery allowing researchers to better 

understand cell signaling mechanisms and advancing the knowledge of how cancers are 

affected by Ras mutations. There have been considerable efforts put into developing 
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pharmaceutical strategies aimed at targeting Ras mutation-driven cancers [2]. The Ras gene 

family is conserved throughout all mammalian cells and contributes to a host of functions. 

One of the best understood functions is Ras involvement in tyrosine receptor kinase 

signaling and its downstream activation of the ERK/MAPK pathway (https://

www.cancer.gov/research/key-initiatives/ras/ras-central/blog/2015/ras-pathway-v2). Given 

its role in regulating several different downstream pathways, it is not surprising to note that 

components of the Ras pathway play a significant role in exosome formation. More than a 

decade ago, studies have shown that aggregates of palmitoylated Ras isoforms (H-Ras and 

N-Ras) passage through the cytosol on rapidly moving nanosized particles (“rasosomes”) 

[3]. Emerging studies have also suggested that Ras may exert its signals by secreting through 

exosomes [4]. There is a compelling body of evidence indicating that cancer cells can 

exploit exosomes into sending their proteins, DNA and RNA to normal cells as a way to 

increase their tumorigenicity and proliferation, and to promote a pro-cancer phenotype 

within the human body [5] (and reviewed in [6]). Recently, there has been an increased 

effort put forth into exploring the relationship between Ras signaling and its role in exosome 

formation. Likewise, engineering naturally occurring exosomes to deliver Ras targeted 

therapeutics to specific tumor locations within the body is also being explored. Such an 

understanding of exosomes and the process of intracellular transport is key to engineering 

drug delivery vehicles that have the capability of targeting cancers with Ras mutations.

2. Ras and Cancer

Depending on the stimuli, either extracellular or intracellular, Ras proteins balance cellular 

fate between survival and programmed death [7]. A perturbation in the downstream pathway 

could potentially have deleterious consequences shifting the fate toward uncontrolled cell 

division and ultimately cancer development. In normally functioning cells, the pro-survival 

path involves receptor tyrosine kinase activation through autophosphorylation resulting in 

the association of the plasma membrane protein scaffold Ras/SOS/GREB2 (reviewed in 

another article of this thematic issue [8]). Further, stimulations with mitogens or growth 

factors result in the Ras GTPase substituting its bound GDP with a GTP signaling 

downstream effects to the serine/threonine kinases RAF, MEK, and ERK. ERK is re-

localized to the nucleus and phosphor-ylates the transcription factor ELK1 to transcribe pro-

survival genes like NF-kβ, PKB/AKT, as well as promoting the cell cycle to proceed out of 

G 0 resting phase. Intuitively this pro-survival process inactivates apoptotic proteins such as 

Bad and initiator caspase-9. During cellular shock or DNA damage, Ras signals the cell to 

favor apoptosis by activating pro-apoptotic factors like Rassf1 and Nore1 which in turn 

activates effector caspase-3 [7]. In cancerous cells, mutations affecting the pro-survival 

scheme allows for continuous Ras-GTP association resulting in increased activity of the cell 

cycle, increased cellular proliferation and a loss of cellular control. Mutations, mostly 

missense and point mutations, affecting Ras proteins are commonly found in many cancers 

and usually occur early in cancer progression. Mutations in KRas are commonly found in 

pancreatic, non-small cell lung and colon cancers contributing to their aggressive 

phenotypes. Extensive sequencing studies have shown Ras involvement in cancer 

development and it was found that upto 85% of pancreatic ductal adenocarcinoma cases, the 

most common type of pancreatic cancer, harbor point mutations of KRas along with TP53 
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and SMAD2 resulting in a shift toward deregulated glycolytic metabolism and increased 

autophagy [10,11]. The alternatively spliced K-Ras isoform, KRas4B, is the major 

mutational form which in turn causes increased cell proliferation and survival by the 

excessive cellular signaling. The Ras gene family is an ideal therapeutic target due to its 

involvement in ~30% of all human cancers. There have been hurdles in designing effective 

treatments for cancers harboring Ras mutations due to its functionally redundant pathways 

as well as the differences that each Ras isoform contributes to the tumor microenvironment. 

Due to the glaringly large mutation rate of K-Ras in pancreatic, lung and colon cancers and 

evidence of different functions within a cell compared to other Ras isoforms, K-Ras will be 

the primary focus of this review.

3. Targeting K-Ras directly

Historically, targeting the constitutive GTPase activity of K-Ras in cancer cells was viewed 

as a promising and a viable option for cancer therapeutics. Theoretically, this should have 

been an ideal approach. Attempts to target the GTPase activity of Ras included the small 

GTPase inhibitor molecules FTIs (farnesyl transferase inhibitors) under the blanket 

assumption that all Ras proteins behave the same (reviewed in [12]). FTIs were designed to 

target the C-terminal lipid modifications (prenylations) that allow Ras to associate with the 

plasma membrane and disruption of these C-terminal lipid modifications should result in 

incorrect associations with the plasma membrane and inactivated downstream pathways. It 

was found that FTIs effectively targete H-Ras gernylgernylation associations on the 

membrane but did not prevent NRas or K-Ras membrane localization. K-Ras and H-Ras 

proteins have found ways to evade this FTI induced inhibition due to their alternate C-

terminal modifications. Another GTPase inhibitor, GGTase, (geranylgeranyl transferase type 

I), has the ability to target the alternate prenylations which subsequently inhibit plasma 

membrane localization of K-Ras and N-Ras. K-Ras was also found to participate in an 

alternative pathway independent of other Ras subtypes causing hurdles in directly targeting 

Ras. To overcome the K-Ras evasion, small molecule inhibitors that process the C-terminal 

CAAX region on Ras after its dissociation from the plasma membrane, Rce1, and IcmT, 

were also explored [13]. In theory, these inhibitors should have promise due to the 

constitutive involvement in all of the Ras isoform processing. Unfortunately, one caveat with 

these small molecule inhibitors is there is little consideration about specificity to only 

mutant Ras proteins and limited evidence that the inhibitors can distinguish between mutant 

Ras and wild-type Ras in humans. To address this issue, Ras mutation-specific inhibitors are 

being developed and tested in a pre-clinical setting for various cancers [14].

4. Targeting mutant Kras through RNA interference

The idea of using nanoparticles as a more efficient and precise drug delivery system to the 

tumor sites have been extensively studied [15]. Nanoparticles are microscopic entities less 

than 100 nm in size and allow for adequate storage and transfer of biological warhead, 

particularly the small molecule drugs, to the cancerous site [16]. Nano-liposomes, are 

hollow transport vesicles made of plasma membrane phospholipids and cholesterol that 

exhibit various surface features including an electrostatically charged outer core, a variation 

of surface lipids being either hydrophobic or hydrophilic and varying membrane fluidity 
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[17]. As with other siRNAs and small molecule drugs, nano-technology has also been 

exploited for the delivery of mutant K-Ras specific siRNAs. For example, in vivo mice 

models treated with liposomes packaged with cisplatin and the siKras, miR-34a, have been 

used in lung tumor models. Such an approach has shown promise by allowing tumors to 

increase the uptake of cisplatin and enhance toxicity at the tumor site [18]. In another study, 

siG12D-LODER™ was injected into patient tumors and released a siRNA drug against the 

mutant Kras (G12D) isoform in an open-label Phase 1/2a study in the first-line setting of 

locally advanced pancreatic cancer patients that were not eligible for surgical resection 

(ClincalTrials.gov identifier ). Evaluable responses were observed (Median Overall survival 

15.12 months with a marked decrease in CA19–9 levels in 70% of the patients). Despite 

these promising results, there were acute toxicities in 5 of the 15 patients in this trial 

demonstrating serious adverse events (SAEs) [19]. Therefore, more work needs to be done 

in order to validate the utility of this approach in larger patient population. It is not 

completely clear whether liposomes are the best drug delivery system due to their inability 

to maintain long-term circulation through the body. On the other hand, the synthetic 

nanoparticles, although stable, have significant toxicities especially showing 

immunomodulatory effects resulting in excessive cytokine secretion that contributes to side 

effects of disease including autoimmune and neoplastic syndromes [28]. Alternatively, 

endogenously generated exosomes have no immunogenic activity, are highly stable and 

possess a longer circulatory life that is seemingly superior to synthetically engineered 

nanoparticle carriers. In the following sections, we will discuss the role of K-Ras in exosome 

biology and how these tiny vesicles are being harnessed for the development of effective 

therapeutics against this master oncogene.

5. Exosomes

Understanding the role of naturally occurring cellular exosomes is critical for gaining a 

better understanding of how their manipulation can evolve into cancer therapeutics. 

Naturally, exosomes develop during the progression of early to late endosomes that form 

into multivesicular bodies (MVBs) within the cell [20]. Proteins and exosomal contents are 

sorted through a specific protein family, endosomal sorting complexes required for transport 

(ESCRT), which cascade along the late endosome to sort the cargo into internalized and 

sealed off vesicles [21]. These multivesicular bodies can then disperse from the cell and 

move freely in the extracellular space, fuse with the plasma membrane and can either 

interact with other organ tissues or can be found in bodily fluids including but not limited to 

the breast milk [22], plasma [23] and urine [24]. The contents inside: proteins, miRNA, 

mRNA or DNA are released in a paracrine fashion and interact with the recipient cell or 

their surrounding microenvironment. Exosomes travel and subsequently associate with a 

recipient cell through a variety of mechanisms including differences in pH, osmotic stress or 

binding of cell ligands on the exosomal surface receptors allowing the exosomes to bind, via 

ligand-receptor binding or SNAREs, and disperse their contents in the new cellular location 

(reviewed in [25]).

Studies devoted to understanding exosomal function have gained momentum in recent years. 

This is due to the consistent observation that exosomes can modulate inter and intracellular 

signaling within most of the organs of the human body. Within the brain, exosomes have 
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been shown to control the vascular network and maintain cellular homeostasis [26]. Recent 

research has suggested that viruses have the ability to propagate in an infected host cell 

through exosomal transport [27]. This led to the hypothesis that certain viruses, like the 

Epstein Barr virus, can manipulate normal host exosomes to carry pathogenic factors to alter 

the cellular microenvironment driving cancers and other diseases [28,29]. Studies have 

shown that proteins or nucleic acids secreted from exosomes can polarize normal cells into 

cancerous phenotype [30]. Not surprisingly, the interactions between exosomes and Ras 

signaling have also been studied. Prior to describing these interactions and subsequent future 

directions, in the below sections we review the role of Ras in exosome biogenesis.

6. Exosome composition

The exocarta database is an excellent resource to obtain the entire list of proteins, 

microRNAs, mRNAs and other exosome structural motifs that have been identified by 

various researchers in the field (http://exocarta.org/#). This is a continuously updated 

database that is populated with new entries frequently. At present, there are 286 research 

studies listed in this database that include 41,860 protein entries, 9769 proteins, 4946 

mRNAs entries, 3408 mRNAs, 2838 miRNAs and 1116 lipid entries (searched on March 7th, 

2018). Of notes, there is a significant fraction of the proteins, mRNAs, miRNAs, and lipids 

that are under the influence of the RAS network of proteins (Fig. 1). Below is the discussion 

of some of the Ras-related proteins that form the exosomes.

7. Role of Ras family proteins in exosome biology

Emerging evidence suggests that Ras family proteins have a central role in the biology of 

exosomes (Fig. 1). Several downstream components of the Ras network have been shown to 

play a critical role in exosome biogenesis, maintenance, secretion and even cargo loading. In 

the following sections, some of the Ras family proteins and their role in exosome biology 

will be discussed (Fig. 2).

As mentioned above it was more than a decade ago when Rotblat and colleagues discovered 

that aggregates of only palmitoylated Ras isoforms H-Ras and N-Ras could diffuse through 

the cytoplasm while being encapsulated in small cytosolic nanoparticles aptly termed 

rasosomes [3]. Later on, the same group showed that the farnesyl group of Ras helps the 

interaction between the prenyl-binding pockets in galectin-1, −3, and cGMP 

phosphodiesterase delta [31,32]. Such compartmentalization of Ras contributes to the spatial 

organization and dependent signaling by promoting its redistribution and adding further 

selectivity to the signals emanating from this master oncogene. Using Total internal 

reflection fluorescence (TIRF) microscopy together with spatial analysis algorithm, Kofer-

Geles and colleagues demonstrated that rasosome movement in close proximity to plasma 

membrane is restricted to distinctive areas that were termed rasosomal ‘hotspots’ [33]. These 

hotspots were shown to be localized between actin filament cages. These findings confirmed 

that molecular signals arising from plasma membrane hotspots are relayed to rasosomes, 

thereby serving as robust Ras signaling nodes that spread signals across the cell. This 

association was also linked to the prolonged occurrence of Ras signals in the plasma 

membrane. Working on identifying the sub-cellular origin of rasosomes, Grunwald and 
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colleagues used photoactivatable (PA)-GFPH-Ras mutants and showed that rasosomes arise 

from the Golgi apparatus [34]. These studies also deciphered that newly released rasosomes 

have a biphasic movement pattern: (a) initial being energy-dependent,(b) followed by a 

random diffusion.

Triple SILAC quantitative proteomic analyses comparing exosomes from immortalized cells 

and non-small cell lung cancer cell lines identified 721 different proteins including mutant 

Kras, EGFR, GRB2, and SRC specific to NSCLC exosomes. These oncoproteins were 

shown to promote cellular proliferation in the target cells [35]. Rab proteins have been 

extensively studied for their diverse role and especially for their functions related to 

membrane trafficking. Rabs, utilize the guanine nucleotide-dependent switch mechanism to 

mediate several of the four major steps in membrane traffic that include budding of vesicles, 

delivery of vesicles, tethering of the vesicles, and fusion of vesicles [36]. Using an RNA 

interference screening methodology, Ostrowski and colleagues showed that five different 

Rab GTPases work in tandem to promote exosome secretion in HeLa cells [37]. More 

specifically, they showed that Rabs (27a and 27b) function in endosome attachment to the 

plasma membrane and Rab27a silencing regulated the size of multivesicular endosomes. On 

the other hand, Rab27b silencing had a more prominent effect on the redistribution of 

multivesicular endosomes towards the perinuclear region. Due in part to their role in 

trafficking, around 2010 Hsu and colleagues investigated the role of GTPases in exosome 

generation [38]. Using a neural system, they showed that inhibition of Rab35 (which is 

activated by its GAP the TBC1 domain family member 10 A) GTPase function leads to the 

accumulation of endosomal vesicles that blocks exosome secretion. Here Rab35 

demonstrated localization to the surface of oligodendroglia in a GTP-dependent manner, 

thereby impacting density of vesicles suggesting its critical role in docking/tethering.

In a very recent study the impact of constitutive activation S1P signaling-induced 

filamentous actin (F-actin) formation on Rho family GTPases, including Cdc42/Rac1, and 

its consequence on exosomal maturation was evaluated using fluorescence energy transfer 

(FRET) methodology and also by capturing structural changes [39]. These studies revealed 

that S1P protein works by enhancing F-actin formation that was abrogated by small 

molecule inhibitors of Gβγ subunits (M119) and could be fully salvaged by the 

synchronized expression of constitutively active Cdc42 and Rac1. These results further 

confirmed that triggering of the S1P receptor and the consequent activation of the 

downstream G protein signaling to Gβγ subunits/Rho family GTPases-promoted sorting into 

exosomes.

Ras-related proteins (Ral) GTPases have been studied for their role as regulators of 

multivesicular body formation and exosome release. Using a nematode model and mammary 

tumor cells, Hyenne and colleagues showed that the Ral GTPases have a significant role in 

exosome biogenesis [40]. RAL-1 was shown to localize at the surface of secretory 

multivesicular bodies and was proven to help multivesicular formation and fusion to the 

plasma membrane. In the mammalian system, both RalA and RalB were found to be 

essential for the release of exosomes in cellular culture. The microtubule-associated RhoA-

activating factor GEF-H1 has been shown to play a role in endo- and exocytic trafficking of 

the vesicles [41]. Such investigations led to the identification that GEF-H1 promotes RhoA 
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upon stimulation of RalA GTPase, which in turn regulates the assembly of the exocytosis 

machinery. These studies, therefore provided conclusive proof for the RhoA mediated 

activation arising from the initial RalA signal during the trafficking of vesicles.

8. Mutant K-ras detection in exosomes

The first studies linking Ras to exosomes came in 2003 during the investigations on the role 

of interferon (IFN)-inducible proteins on normal cell growth and functions [42]. This report 

highlighted that IFN-inducible proteins are abundantly expressed in exosome-like structures. 

The same study also described that Ras-mediated alterations of mouse mast cells were 

associated with the down-regulation of IFN-inducible proteins thereby linking it to 

malignant transformation. In later years, Ji and colleagues evaluated the exosomes from 

NIH3T3 and Ras-transformed NIH-3T3 cells for differences in the protein expression [43]. 

In their report, certain unique differences between parent and Ras-transformed cells were 

observed. Milk fat globule EGF factor 8, Serpin B6, 14-3-3 isoforms, collagen alpha-1 (VI), 

the eukaryotic translation initiation factors elF-3 gamma and elF-5 A, and the guanine 

nucleotide-binding proteins such as v-Ha-Ras p21 protein were the prominent proteins that 

were found to be over-expressed in exosomes upon Ras-induced oncogenic transformation. 

Similarly, studies investigating the lipid-related proteins in exosomes revealed universal 

expression of a majority of Ras GTPase family proteins [44]. These GTPases were linked to 

activation of the phospholipases in exosomes. In glioblastoma models, Luhtala and 

colleagues demonstrated that the exosome like particles from an H-RasV12 myr-Akt mouse 

model for glioblastoma multiforme carried active Ras protein signal transduction, and also 

harbor active Ras. These authors showed that GTP binding of K-Ras was indispensable for 

its loading within exosomes [45].

9. Mutant Kras and its consequence on exosomes mediated extracellular 

signaling

Cells containing wild-type K-Ras behave quite different from those with mutant K-Ras both 

phenotypically and molecularly. The differences are also observable within exosome-

mediated signaling in cells harboring different K-Ras mutations. A comparison of exosomes 

secreted from mutant K-Ras vs wild-type Ras cell lines using proteomic analysis revealed 

several key differences in proteins content and in their abilities to mediate distinct signaling 

mechanisms. The mutant K-ras derived exosomes showed higher expression of oncogenic 

proteins including K-Ras, integrins, EGFR and Src among others [46]. Such high oncogenic 

protein content, particularly related to K-Ras pathway, showed a direct link to the 

transformation inducing capabilities in wild-type K-Ras cells. In another study, exosomes 

from Ras-transformed Madin-Darby Canine Kidney cells were reprogrammed with factors 

such as matrix metalloproteinase (MMP) MMP-1, MMP-14, MMP-19, a disintegrin and 

metalloproteinase domain-containing protein (ADAM) ADAM-10, ADAMTS1, integrin 

beta −1 (ITGB1), integrin alpha (ITGA3, and ITGA6), Y box binding protein 1 (YBX1), 

splicing factor 3B subunit 1 (SF3B1), splicing factor 3B subunit 3 (SF3B3), serine and 

arginine rich splicing factor 1 (SFRS1) and showed direct induction of epithelial-

tomesenchymal transition (EMT) in recipient epithelial cells [47]. In pancreatic cancer 
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cellular models, mutant K-Ras-expressing MiaPaCa-2 cells exhibited excessive pinocytosis 

which promoted transport of exosomes into the cells when compared with BxPC-3 

pancreatic cancer cell line that carries wild-type K-Ras [48].

In studies investigating the tumor microenvironment, prostate cancer cell-derived exosomes 

that were abundant in H-Ras and K-Ras signaling further contained small RNAs such as 

microRNA-125b, microRNA-130b, and microRNA-155 as well Rab (G proteins) 1a, 1b, and 

11a belonging to the Ras superfamily of GTPases. The presence of these miRNAs and Rab 

proteins were observed to induce aggressive tumors in secondary recipients [49]. Further, a 

recent study showed that the microbial metabolite Manumycin-A (MA), could inhibit exo-

some formation and is released only by hormone refractory/castration-resistant prostate 

cancer (CRPC) and not normal prostate cells [50]. Such inhibition by MA was shown to be 

directly related to the targeting of Ras/Raf/ERK1/2 signaling and in part due to ERK-

dependent inhibition of the oncogenic splicing factor hnRNP H1. Lee and colleagues 

showed that transformation of the human H-Ras oncogene in the rat epithelial cell resulted 

in the enhanced secretion of exosomes carrying chromatin-associated double-stranded DNA 

fragments that could promote proliferation in distinct recipient cells [51]. Similarly, Song 

and colleagues showed that the extended survival of tumor monocytes (that are precursors of 

tumor associated macrophages), occurs through cancer-derived exosomes. These exosomes 

were demonstrated to abundantly express activated Ras and extracellular signal-regulated 

kinases in the MAP kinase pathway, phosphorylated EGFR and human epidermal growth 

factor receptor 2 [52]. Lastly, using Ras-transformed MDCK cells it was demonstrated that 

ability of oncogenic cells to undergo EMT and impact distant endothelial cells via exosomes 

is through a mechanism involving Rho GTPase effectors Rac1/PAK2 that were postulated to 

be the basis of a metastatic niche [53].

10. Oncogenic K-ras in exosomes and cancer diagnostics

Several studies have highlighted the differences in exosomal content between cancer and 

normal cells thereby allowing for the potential advancement of current cancer detection 

methods based on the exosomal components. The role of oncogenic RAS in cancer and 

normal cellular exosome biogenesis and regulation has been clearly demonstrated. For 

example, in cervical cancer models, activating transcription factor 1 (ATF1) and RAS genes 

were detected in the systemically circulating blood exosomes of the corresponding murine 

models. Interestingly, this study revealed that ATF1 and RAS genes were found significantly 

elevated in tumors of primary and recurrent cervical cancer in the mouse model, and they 

were also detected in the blood exosomes making them excellent biomarkers for cancer 

monitoring [54]. In the quest for alternative pancreatic cancer diagnostics, mutations in K-

Ras and p53 were detected in the exosomal DNA obtained from serum of pancreatic cancer 

patients as well as established cell lines [55]. In a follow-up study from the same group, the 

protein glypican-1 (GPC1) was found to be specifically enriched [GPC1(+)] on cancer-cell-

derived exosomes in pancreatic cancer patients serum. This study was also able to correlate 

the levels of GPC1(+) in circulating exosomes with patient tumor load and overall survival 

who were eligible for surgical resection of tumors. Further the GPC1(+) positive circulating 

exosomes were also shown to possess specific K-Ras mutations [56]. Analysis of exosomal 

DNA demonstrated that a higher percentage of pancreatic patients with localized and early-
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stage disease exhibited detectable K-Ras mutations in exosome encapsulated DNA that was 

superior to that of the observed circulating DNA [57]. Nevertheless, this study also did 

detect mutations in K-Ras in normal/healthy individual derived exosomes.

11. MicroRNA sorting in exosomes and the impact on mutant Kras

Exosomes have been shown to harbor microRNAs. Some of these microRNAs can cross-talk 

with oncogenic Ras signaling. Cancer cells can maintain their oncogenic potential by 

exporting tumor suppressor mi-RNAs (particularly mutant K-Ras suppressing mi-RNAs) to 

the extracellular compartments through exosomes. For example, metastatic gastric cancer 

cell lines were shown to maintain their oncogenicity through secretion of Let-7 (a Ras 

regulating mi-RNA) through exosomes [58]. Investigations in paired colon cancer cell lines 

with differences in K-Ras mutational status revealed contrasting RNA profiles with over-

expression of mir100 that was in contrast to the wild-type K-Ras cell line that showed 

enhanced mir10b indicating a K-Ras dependent sorting mechanism of these non-coding 

RNAs [59]. Studies have also revealed the direct role of Ras-MEK network in regulating the 

RNA-induced silencing complex (RISC) component Argonaute 2 (Ago2) thereby 

influencing microRNA secretion in exosomes [60]. The majority of exosomal DNA was 

shown to be in double stranded conformation and represent the entire genome in a study of 

leukimia, colorectal cancer and melanoma cell lines [61].

12. Targeting mutant K-Ras through exosomes

Aside from their role in cancer diagnostics and predictions for sensitivity or resistance to 

treatments, exosomes can be also be utilized in cancer therapeutics. There are several 

reviews that highlight the therapeutic potential of exosomes as carriers of anti-cancer 

warheads. Here we will highlight a specific case where proof of concept study was 

performed to show delivery of direct K-Ras targeted therapies to influence K-Ras pathway 

proteins using exosomes in cancer cells. In the first study of its kind, Raghu Kalluri’s group 

demonstrated that exosomes derived from normal fibroblast-like mesenchymal cells could be 

engineered to carry a short hairpin RNA specific to the commonly observed oncogenic 

KrasG12D mutation [62]. When compared to lysosome based RNAi, the exosome loaded 

KrasG12D siRNA (iExosome) demonstrated much-enhanced efficacy in cell lines and animal 

tumor models of pancreatic cancer. Molecularly the iExosome treatment showed marked 

suppression of K-Ras downstream effector pathways ERK only in Panc1 cell line with 

KrasG12D mutations and not MiaPaCa-2 or BxPC-3 (with KrasG12C or wild-type Kras, 

respectively). iExosomes were also effective in reducing tumor growth of the Panc1 

orthotopic xeno-graft and prolonged the survival of Ptf1acre/+; LSL-KrasG12D/+; 

Tgfbr2Lox/Lox (KTC) mice model. The retention of exosomes in circulation was shown to be 

through their protection by CD47 allowing prolonged delivery of the KrasG12D short 

hairpin RNA. These initial proof-of-concept studies indicate that exosomes can be harnessed 

to tame mutant K-Ras.
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13. Conclusions

Ras is mutated in ˜30–40% of all cancers and more frequently found to be altered in some of 

the difficult to treat cancers such as pancreatic ductal adenocarcinoma. Ras genes encode for 

proteins that play a central role in the biology of several critical growth regulatory pathways. 

As demonstrated in this review, Ras and its related proteins have an important role in 

exosomal secretion, maintenance, and cargo selection. Emerging studies indicate that these 

tiny particles can be utilized to target mutant K-Ras by delivering selective therapeutics. 

However, further-in-depth studies are needed to fully understand the critical role of mutant 

K-Ras pathway proteins in exosome biology that would help design better strategies that 

may revolutionize cancer therapeutic approaches as a whole. These studies will also help 

expanding beyond mutant K-Ras to treat other oncogene-driven cancers as well. This will 

help to effectively tame Ras pathway for better treatment outcome in some of the most 

difficult to treat cancers that are dependent on mutations in Kras.
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Fig. 1. 
Exosome composition and content. Exosomes are bilyared vesicular structures that carry 

virtually all types of signal transduction proteins, structural proteins, lipids, enzymes, 

MHCs, RNAs, non-coding RNAs. RABs, EGFR, PI3K and CDC42 are all part of the Ras 

network and support exosome formation as well as are part of exosome structure.
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Fig. 2. 
Role of Ras pathway proteins in exo-some biogenesis, cargo selection and release. Summary 

diagram showing different components of the Ras pathway and their roles in exosome 

biology. Exosomes are small vesicular structures that have a lipid bilayer. The bilayer is 

embedded with several macro and micromolecules including MHC class II, tetraspanins, 

immunoglobulins, receptors. These bilayered vesicles carry several types of cargoes such as 

mRNA, DNA, microRNAs etc. Ras, MAPK, CDC42, GTPases and their effectors such as 

p21 activated kinases have also been detected in exosomes. EGFR and EGFR-p are 

recognized for their role in exosome biogenesis and are also detected in intact exosomes. 

Ras and its downstream pathway proteins such as Rho, Rac and CDC42 GTPases, and their 

effectors are also known to promote exosome biogenesis, mediate cargo selection and induce 

exo-some release. Small GTPases have also been documented in stabilizing the 

phospholipases present in the exosome bilayer (shaded triangle). ERKs have been reported 

to play a role in facilitating exosome uptake.
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