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Abstract

For decades oncogenic RAS proteins were considered undruggable due to a lack of accessible 

binding pockets on the protein surfaces. Seminal early research in RAS biology uncovered the 

basic paradigm of post-translational isoprenylation of RAS polypeptides, typically with covalent 

attachment of a farnesyl group, leading to isoprenyl-mediated RAS anchorage at the plasma 

membrane and signal initiation at those sites. However, the failure of farnesyltransferase inhibitors 

to translate to the clinic stymied anti-RAS therapy development. Over the past ten years, a more 

complete picture has emerged of RAS protein maturation, intracellular trafficking, and location, 

positioning and retention in subdomains at the plasma membrane, with a corresponding expansion 

in our understanding of how these properties of RAS contribute to signal outputs. Each of these 

aspects of RAS regulation presents a potential vulnerability in RAS function that may be exploited 

for therapeutic targeting, and inhibitors have been identified or developed that interfere with RAS 

for nearly all of them. This review will summarize current understanding of RAS membrane 

targeting with a focus on highlighting development and outcomes of inhibitors at each step.
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1. Introduction

The RAS homologues most prominently associated with cancers, H-, N-, and KRAS, are 

ubiquitously expressed with overlapping yet non-redundant functions1–3. RAS propagates 

growth factor signaling, most prominently the MAPK mitogenic pathway (Raf/MEK/ERK) 
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and PI3K/mTOR survival pathways 1, 4, 5. Constitutively active (CA) RAS mutations are 

highly transforming and tumorigenic 6. Combined, CA RAS mutations are associated with 

up to ~30% of all human malignancies 7. HRAS mutations occur most prominently in cervix 

(9%), salivary gland (15%), and urinary tract (11%) malignancies, while NRAS mutations 

are associated with skin (18%) and hematopoietic cancers (>10%), as well as many other 

cancer types. KRAS CA mutations are associated with many adenocarcinomas, including 

>50% of pancreatic cancers (isotype-specific cancer mutation rates reviewed in detail in 7). 

The molecular mechanisms of isotypic RAS oncogenesis are still not completely 

understood, and RAS inhibition remains an important anti-cancer strategy 1, 4, 5. However, 

RAS has been a stubbornly obstinate drug target in cancer therapeutics. This is primarily due 

to the globular nature of small (~21 kDa) RAS proteins. Despite constant efforts to target 

RAS directly, a lack of binding pockets on the protein surface has deemed the protein 

notoriously ‘undruggable’.

RAS proteins undergo a complex series of post-translational modifications and organelle 

shuttling in their pathways to becoming mature proteins, which promote mitogenic signaling 

via interactions at the plasma membrane (PM). Unsurprisingly, point mutations associated 

with increased (and unchecked) RAS signaling facilitate oncogenic signaling. The 

trafficking of RAS to the plasma membrane and RAS localization and interactions at the 

membrane have been explored for many years as vulnerabilities in RAS oncogenesis and 

oncogene addiction in cancer8. A majority of RAS-driven cancer cases in the United States 

(e.g., in lung, pancreas, and colorectal cancers) are driven by, or associated with, mutant 

KRAS 7. Direct targeting of KRAS has proven clinically intractable due to a lack of drug-

binding pockets, and drugs against the membrane anchors have generally not been 

successful 9. However, alternative strategies to modulate KRAS anchorage to the plasma 

membrane may prove viable for combating KRAS-driven cancer progression. MEK 

inhibition alone seems to have variable outcomes in KRAS tumors 10. New advances in our 

understanding of RAS PM targeting and membrane anchorage, as well as development and 

analysis of novel drugs targeting each step, together set the stage for potentially viable 

clinical approaches to disrupt RAS-driven cancer progression with improved anti-cancer 

efficacies. This review will describe 1) the processes of RAS maturation; 2) trafficking to the 

plasma membrane; 3) localization and retention in membrane microdomains and associated 

effects on RAS signaling; and 4) current developments in therapeutic strategies designed to 

disrupt RAS at each stage.

2. RAS membrane targeting

RAS proteins are globular, cytoplasmic polypeptides, which undergo a series of irreversible 

lipid modifications within the C-terminal targeting domains (tDs) that increase the 

hydrophobicity of the C-termini and support anchorage of the RAS proteins to endoplasmic 

reticulum membranes and subsequent transport to the Golgi, prior to delivery to the plasma 

membrane 7. In addition to a covalently-linked prenylation group at the extreme C-terminus 

(after subsequent processing steps detailed below), RAS proteins require a secondary lipid 

binding motif. In the case of KRAS (KRAS4B splice variant, described henceforth as 

“KRAS” unless otherwise indicated), the tD contains Lys-rich sequences comprising a 

bipartite polybasic domain which enhances PM interaction based on the charged residues 8. 
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In contrast, the tDs in H-, N- and RRAS also contain adjacent palmitoylation target sites via 

thioester linkage (C181/184 in HRAS, C181 in NRAS, C213 in RRAS) 9, 10. RAS isotypes 

have distinct distributions in PM microdomains, driven by protein conformation (either 

GDP- or GTP-bound) and post-translational modifications (farnesylated and/or 

palmitoylated) 11–14. H- and NRAS are anchored to the lipid ordered (i.e., lipid raft) 

membrane while GDP loaded, and shuttled to the lipid ordered/lipid disordered border upon 

GTP loading 15–17. RRAS, a conserved RAS paralogue with limited mitogenic signaling 

properties, preferentially anchors within the lipid ordered domain, regardless of activation 

state 16, 18. However, RRAS subfamily paralogue RRAS2 (TC21) is associated with multiple 

cancer types, and recently RRAS1 (hereafter referred to as RRAS) has been found to have 

more profound roles in cancer than previously understood 11–18. RAS proteins are postulated 

to exclusively signal from the plasma membrane, and must reach the PM from either the 

Golgi or other sites. Approximately 40% of RAS proteins assemble at the PM into small, 

transient nanoclusters consisting of 6 or 7 RAS proteins per cluster, and the size and 

duration of RAS nanoclusters also contributes to signal output19. Therefore, regulators of 

RAS transit to the PM and nanoclustering represent possible modes of therapeutic targeting 

in cancer. In addition, the lateral distribution of RAS proteins within the plane of the plasma 

membrane plays a critical role in RAS signaling. Recent advances in our understanding of 

how RAS PM microdomain targeting, shuttling and retention are controlled allow new 

considerations for drug targeting of RAS function in cancer treatment.

2.1. Post-translational Modifications and vulnerabilities in RAS protein processing

Each of the steps in RAS protein maturation and its intracellular trafficking to reach the 

plasma membrane, represent potential target spots for RAS interference. These are described 

below and summarized in Figure 1.

2.1.1. Iso-prenylation & CaaX motif—The final 23/24 amino acids of RAS constitute 

the so-called hypervariable region (HVR), a poorly conserved domain which dictates the 

RAS isotype-specific post-translational modifications 20. Notably, RAS proteins end in a 

cysteine-aliphatic-aliphatic-X (CaaX) motif, in which the X is usually serine, methionine, or 

glutamine. After being translated via cytosolic ribosomes, the RAS isotype (H-, K-, NRAS 

and TC21) is enzymatically isoprenylated with a 15-carbon farnesyl group by farnesyl 

transferase (Table 1). The farnesyl transferase binds RAS within the cytosol and attaches the 

lipid moiety to the cysteine residue of the CaaX motif 21. The weakly mitogenic paralogue, 

RRAS contains a cysteine-aliphatic-aliphatic-Leucine (CaaL) motif (Table 1). With only this 

single amino acid difference, a CaaL motif preferentially drives covalent addition of a 20-

carbon geranylgeranyl lipid group to the cysteine residue via geranylgeranyl transferase 22. 

TC21, distinguished in the CaaX motif from RRAS only by the two terminal residues, has 

been experimentally demonstrated to undergo either farnesylation or geranylgeranylation 23; 

the ability of TC21 to be farnesylated may be the root of TC21 as the more oncogenic 

isotype 24. Both farnesyl transferase and geranylgeranyl transferase attach the respective 

lipid group via an irreversible thioether bond. Covalently linked lipid moieties have been 

shown to account for specific RAS isotype activation by distinct guanine nucleotide 

exchange factors. For example, RAS-GRF1 and RAS-GRF2 can activate HRAS, while 
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RAS-GRF2 is unable to activate RRAS specifically because of the geranylgeranyl 

attachment 25, 26.

Therapeutics designed to interfere with this first stage of RAS prenylation can be divided 

into at least two groups. One strategy is development of peptidomimetics that compete with 

unmodified Ras for farnesyltransferase. Another would be nonpeptidomimetics, such as 

farnesylpyrophosphate (FPP) analogs, which compete for binding to the farnesyltransferase 

protein 27–29. Collectively, small molecule inhibitors which inactivate the enzymatic 

function of farnesyltransferase are labeled FTIs (farnesyltransferase inhibitors). Treatment 

with FTIs (such as SCH 66336) inhibit cell growth in a variety of cancer cell lines when 

treated in vitro and in vivo tumor xenografts 30. Subsequently, many studies focused on the 

effect of FTIs on HRAS, showing great efficacy in disrupting membrane association, and 

blunting colony formation in soft agar (a classical measurement for cellular transformation) 
31, 32. Despite a wealth of data showing blunted cancer growth using various in vitro 
systems, clinical trials using FTIs alone have had disappointingly poor outcomes 30, 33, 34. 

Further investigation revealed that cells treated with FTIs can yield alternatively prenylated 

mutant KRAS or NRAS, by attachment of a geranylgeranyl group 35, 36. This led to a new 

approach for developing a class of inhibitors for Geranylgeranyltransferase (GGTIs), though 

monotherapy or in conjunction with FTIs are not effective due to toxicity issues 37. A class 

of inhibitors targeting both farnesyltransferase and geranylgeranyltransferase (such as 

L-778, 123) were developed and failed to make it through phase I clinical trials. Despite dual 

inhibition, similar to treatment with FTIs, Ras activity was not inhibited 38. Although FTIs 

continue to be explored in anti-RAS therapies, combinatorial treatments with drugs targeting 

other aspects of RAS processing or signaling may be needed.

2.1.2 Proteolytic cleavage & Carboxymethylation—Once the RAS proteins are 

isoprenylated by either a farnesyl (H-,K-,N-, TC21) or geranylgeranyl (R-, M-) group the 

protein hydrophobicity is increased, thus causing higher affinity to the endoplasmic 

reticulum for subsequent modification. Thereafter, the CaaX or CaaL sequence targets RAS 

to the cytosolic surface of the endoplasmic reticulum where RAS and a-factor converting 

enzyme (RCE1), proteolytically removes the –aaX tripeptide 39. This proteolytic step is 

required for further steps in RAS processing. Multiple approaches have been taken to target 

this potential vulnerable spot in RAS protein maturation. A first-generation class of RCE1 

inhibitors, including NCS1011, as well as peptide-based inhibitors showed Ras 

mislocalization in yeast 40–42. Natural RCE inhibitors have also been discovered but their 

efficacy in blocking RAS targeting and function are unknown 43. Newer libraries of 

NCS1011-based RCE1 inhibitors were recently developed, which disrupted plasma 

membrane targeting of RAS - particular KRAS although H- and NRAS were also 

mistargeted - and were more effective in this regard than FTIs 44. This processing step 

continues to represent a potential avenue for RAS functional blockade in cancer and merits 

further development.

Following –aaX proteolysis, the newly C-terminal prenylcysteine is targeted by 

isoprenylcysteine carboxyl methyltransferase (ICMT), which methyl-esterifies the α 
carboxyl group 45. ICMT inhibition represents another potential area for RAS blockade 

along its maturation route, and efforts to inhibit ICMT-mediated RAS processing have 
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shown promising in vivo results in animal models. Several types of ICMT inhibitors have 

been developed, all of which interfere with RAS targeting, although not all have shown 

greater efficacies than FTIs 46. Cysmethynil is an indole-structured ICMT inhibitor that has 

demonstrated anti-tumor properties, including induction of cell death by autophagy, and 

reduction of xenograft tumor growth with prostate cancer cells 47. A recently devised amino 

derivative of cysmethynil, called compound 8.12, showed an improved IC50. Treatment with 

compound 8.12 facilitated cell cycle arrest, autophagy, apparent apoptosis in prostate and 

liver cancer cell lines, and importantly, had stronger anti-tumor effects than cysmethynil in 

xenograft studies, with minimal off-target toxicity. Synergistic effects were also observed in 

combination with inhibition of epidermal growth factor receptor (EGFR, upstream RAS 

activator) 48. These combined in vitro and in vivo results underscore ICMT inhibition as a 

promising strategy in anti-RAS therapeutics.

2.1.3. Secondary lipid membrane binding—The isoprenylated RAS proteins weakly 

bind endomembranes, yet a second motif within the HVR strengthens further membrane 

interaction, trafficking, and proper PM microdomain localization. A common secondary 

motif is the reversible addition of a 16 carbon palmitate group 49. Palmitoyl groups are 

added to H-,N-,R-, and splice variant K(A)-RAS. The more physiologically predominant 

splice variant K(B)-RAS contains a polybasic (mostly lysine) sequence which allows an 

electrostatic interaction with the acidic headgroups of lipid bilayers (Table 1). KRAS traffics 

through a Golgi-independent route, described in more detail below 50, 51. HRAS is 

palmitoylated on two Cysteine residues, while N- and K-(A)RAS are monopalmitoylated, 

and NRAS requires a third HVR motif for plasma membrane association, which consists of 

a stretch of hydrophobic residues 52 (Table 1). RAS palmitoylation (H-, N-, K(A)-) is 

performed via a heterodimeric complex consisting of Palmitoyltransferase ZDHHC9 

(DHHC9) and Golgin subfamily A member 7 (GCP16) 53. DHHC9 is one member of a 

family of DHHC-motif containing protein S-acyltransferases (PATs) 53. Alternatively, the 

precise function of GCP16 is unclear. GCP16 is required for the heterodimeric complex 

localization, and plays a factor in DHHC9 protein stability 54. Another DHHC family 

member, DHHC19, is responsible for palmitate transfer to RRAS, but not H-, N-, or 

KRAS(4A) 55. Various broad spectrum PAT inhibitors have been identified or developed; 

one of these, 2-bromopalmitate, has been demonstrated experimentally to promote Golgi 

retention of CA HRAS, although potential effects on HRAS oncogenesis require further 

study56, 57. To date, selective DHHC9 or GCP16 inhibitors have not been explored for RAS 

inhibition.

Palmitoylated RAS proteins mainly reside in recycling endosomes, which function as a 

shuttle along the post-Golgi exocytic pathway to the plasma membrane. Palmitate groups are 

attached via a thioester bond. This reversible addition of a lipid moiety allows for spatio-

temporal regulation of RAS proteins. Depalmitoylating enzymes, such as acyl protein 

thioesterase I (APT1) or FKBP12, cleave the thioester bond between the Cysteine residue 

and the palmitate. Palmitate removal reduces the protein’s affinity for the plasma membrane, 

which triggers the RAS to recycle back to the Golgi where it can be palmitoylated numerous 

times during the half-life of the protein 58–60. An APT1 inhibitor has been shown to reduce 

ERK phosphorylation (a key mitogenic event in RAS downstream signaling), but anti-RAS 
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and anti-tumor effects have not been thoroughly explored 61. Moreover, APTs and FKBP12 

have many protein substrates, making design of specific targeting approaches difficult.

Palmitoylation is required for recycling via endosomal targeting, and the lack of proper 

palmitoylation leads to improper PM localization 62. In addition to H-, N-, and KRAS4A, 

RRAS also requires palmitoylation to exit from the Golgi, and properly traffic anterograde 

via vesicles to the plasma membrane 63. NRAS retention at the PM is < 5 min, much shorter 

than that for HRAS (< 20 min), apparently as a result of one versus two palmitate anchors 
64. However, the distinct palmitoylation profiles of H- and NRAS are also responsible for 

differential targeting within the Golgi: HRAS across the whole Golgi stack, whereas NRAS 

has only limited localization at the trans Golgi 65. Effects of this differential Golgi sub-

compartment distribution, based on distinct palmitoylation, on RAS PM microdomain 

distribution, longevity and signaling remain unclear, but upon further elucidation these 

properties of H- and NRAS may represent new targeting vulnerabilities.

2.2. RAS protein trafficking and chaperones

2.2.1. KRAS, PDE6δ and GPR31—Whereas H- and NRAS typically traffic to the PM 

via Golgi-dependent vesicular transport, KRAS4B does not. The mechanism by which 

KRAS is able to traffic through the cytosol to reach the plasma membrane has largely 

remained a mystery until recently. Bastiaens and colleagues considered the model of 

RhoGDI, a cytosolic chaperone for prenylated RHO proteins (RAS subfamily proteins 

involved in cell motility), which protects the hydrophobic geranylgeranyl group on RHO, 

allowing the protein to be extracted from Golgi membranes. They recently established that 

cGMP phosphodiesterase type 6 δ (PDE6δ) subunit, with a similar structure to RhoGDI, 

plays a complementary role as a cytosolic chaperone for KRAS and is important for the 

ability of KRAS to transit between membranes and for its oncogenic signaling 66, 67. PDE6δ 
also binds HRAS and NRAS and may be a chaperone for a variety of prenylated proteins; 

however, in this case the degree of palmitoylation appears to counter PDE6δ binding, with 

NRAS binding better than HRAS 67. PDE6δ silencing blocks KRAS function and tumor cell 

growth, suggesting that this molecule may be a novel target in KRAS cancer therapeutic 

development. Moreover, the fact that PDE6δ-null mice are viable and generally healthy 

indicates that molecular targeting of this protein may have limited deleterious side effects 68. 

Indeed, small molecule inhibitors of PDE6δ (Deltarasin and Deltazinone 1) have shown 

promising anti-KRAS oncogenic results 69, 70. In addition, KRAS was recently shown to 

couple to a G protein-coupled receptor, GPR31, in a farnesyl-dependent fashion, and this 

interaction is important for KRAS trafficking from endoplasmic reticulum to PM, KRAS-

mediated macropinocytosis, and tumor cell growth 71. However, it is not clear if this 

represents a ubiquitous mechanism of KRAS regulation across multiple cancer types. It will 

be interesting to observe pre-clinical developments based on these angles in KRAS 

inhibition.

2.2.2. NRAS and VPS35—A newly discovered mechanism of NRAS-specific trafficking 

may provide a partial explanation for differential signaling and targeting relative to HRAS, 

and may also indicate a novel therapeutic target in NRAS-driven cancers. Zhou and 

colleagues used affinity purification to identify a retromer vesicle coat protein, VPS35, as an 
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NRAS-binding protein that requires the farnesyl group, but neither palmitoylation nor GTP 

coupling, for interaction. VPS35 knockdown inhibits NRAS PM targeting, mitogenic 

signaling, and results in limited growth in NRAS mutant melanoma cells. Moreover, VPS35 

does not display any of these properties with respect to HRAS or KRAS4B 72. Thus, as an 

apparent NRAS-specific transport chaperone, a therapeutic targeting VPS35-NRAS 

coupling may be a novel target in disrupting NRAS.

3. Plasma membrane microdomain targeting of RAS and potential 

therapeutics

3.1. Plasma membrane microdomains

Lipid bilayers are comprised of subdomains that contain increased concentrations of 

cholesterol and glycosphingolipids, which are referred to as the lipid ordered domain, or 

lipid rafts. The fatty-acid side chains present in lipid ordered membranes tend to be more 

saturated than those in the surrounding membrane. Due to the presence of cholesterol and 

fatty acid saturation, a lipid ordered domain exhibits less fluidity than the surrounding 

plasma membrane. These microdomains are distinct regions of the membrane that are 

characterized by displaying a resistance to extraction with nonionic detergents. A multitude 

of proteins involved in cell signaling have been shown to reside within the lipid ordered 

microdomain, contributing to both a positive and negative role in cell signaling. Lipid rafts 

may positively regulate signal transduction by responding to agonist stimulation causing 

cluster formation, therefore leading to downstream signal activation. Alternatively, they may 

negatively regulate signal transduction by spatially segregating proteins, leading to reduced 

downstream activation 73. RAS proteins segregate in lipid ordered or disordered domains, or 

at the microdomain borders, by isotype, GTP loading, and palmitoylation state, and these 

states modulate specificity and duration of RAS signal outputs. The regulatory steps of RAS 

signaling and anchorage in microdomains and potential target sites are described below, and 

summarized in Figure 2.

3.2. RAS microdomain targeting

The HVR of different RAS proteins dictate the trafficking to distinct sub-membranous 

domains. Data collected from a variety of experimental techniques including biophysical, 

biochemical, and electron microscopy studies show that interactions of RAS with the plasma 

membrane proteins are dynamic 74–76. Biochemical and electron microscopy studies suggest 

that approximately 50% of the inactive form of HRAS (GDP bound) is localized to lipid 

ordered domains, while activated HRAS (GTP bound) exits lipid ordered domains and 

preferentially resides in the lipid disordered membrane 77. Recently, semi-atomic in silico 
simulations provided evidence which indicates GTP bound HRAS resides within the border 

between the lipid ordered/lipid disordered domains 78. Similar to HRAS, inactive (GDP 

bound) NRAS is found in both lipid ordered and lipid disordered membranes. Atomic force 

microscopy has shown GTP bound activated NRAS is likely at the lipid ordered/lipid 

disordered boundary, where it may help reduce line tension at the phase boundary 79, 80. The 

independent studies publishing the trafficking of H-and NRAS show a similar trend. 

However NRAS PM localization is more controversial, as experiments looking at 
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fluorescence recovery after photobleaching (FRAP) have reported GTP-bound NRAS to 

reside within lipid rafts 75, 81, which underscores the importance in further investigation of 

NRAS PM localization. KRAS traffics to the lipid disordered subdomain, regardless of 

activity state, trafficking directly from the endoplasmic reticulum without modification from 

the Golgi. Despite the electrostatic force generating the association with the plasma 

membrane, approximately 85% of KRAS is found to localize within the lipid disordered 

domain. Importantly, KRAS generates signals from the lipid disordered membrane that is 

spatially distinct from HRAS 76, 82. Collectively, the farnesyl lipid moiety appears to 

preferentially localize RAS proteins to the lipid disordered domain, while the palmitate 

group prefers the lipid ordered domain. This trend accounts for similar trafficking of H- and 

NRAS to the lipid raft border, and for the nonpalmitoylated KRAS to preferentially 

propagate signals from the lipid disordered domain. However, membrane lipid binding of 

KRAS and subsequent signaling is further dictated by distinct preferences of arginine and 

lysine residues in the polybasic domain, as well as the length of the attached prenyl group. 

Interestingly, KRAS nanocluster composition based on these distinctions was found to relate 

directly to signal output; for example, KRAS that selectively forms nanoclusters enriched for 

PIP2, the substrate for PI3K, showed elevated PI3K signaling (AKT phosphorylation) at the 

expense of reduced RAF signaling (MEK phosphorylation) 83. RRAS is geranylgeranylated, 

not farnesylated, and palmitoylated, and found to be localized to lipid ordered microdomains 

in both active and inactive forms (GTP or GDP bound) 78, 84. We recently found that the 

distinctions in RRAS and HRAS microdomain targeting account for their distinct vesicle 

trafficking from Golgi to the PM, and oncogenic and signaling effects, and that these 

properties could be exchanged by switching the targeting domains 63, 85, suggesting similar 

regulation of HRAS oncogenesis by subtle changes in RAS microdomain targeting, 

nanoclustering, and orientation towards the membrane.

3.3. KRAS4A

For decades KRAS4B was considered the major splice variant and this isoform occupied 

most of the attention in KRAS signaling studies. The Philips group recently used splice 

junction priming to screen cancer cell lines and human colorectal tumors, and found that 

KRAS4A was not only detected in multiple lines but was expressed at levels on par with the 

4B variant 86. They found that KRAS4A, which has both a bipartite polybasic region (like –

4B) as well as a palmitoylation site contained in the 4A exon which is not spliced out, can 

reach the PM using either of these targeting motifs. While KRAS4A does not bind PDE6δ, it 

is possible this variant traffics via Golgi targeting in similar fashion to the other 

palmitoylated RAS isotypes, and hence KRAS4A would not require the chaperone. Thus, 

this highly expressed KRAS variant may not only be subject to therapeutic intervention 

through these dual membrane targeting motifs, but KRAS4B blockade alone may not be 

sufficient to inhibit KRAS oncogenesis. Because of its dual targeting motifs, KRAS4A is 

likely to require combinatorial approaches to interfere with both motifs. Much more work 

needs to be done to determine whether this variant is expressed as widely in other cancers, 

as well as additional mechanistic details and effects of available drugs that inhibit the 

putative trafficking pathways.
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3.4. Galectins regulate RAS membrane localization

The process which regulates membrane microdomain shuttling is largely unknown, though 

at least one type of scaffold protein, Galectins - a family of carbohydrate-binding proteins 

with high affinity for β-galactosides - have been identified as a critical part of this process. 

Galectin overexpression – notably Galectin-1 (GAL1) and Galectin-3 (GAL3) - have been 

observed in several tumor types, and have been associated with tumor progression 87, 88. 

GTP-bound HRAS has been demonstrated to selectively bind GAL1, and GTP-bound KRAS 

selectively binds GAL3 89, 90. While GAL3 does not directly bind to NRAS, increased 

GAL3 expression simultaneously increases KRAS signaling while decreasing NRAS 

activation 91. This is due to an interaction of the N-terminus of GAL3 with RAS exchange 

factor, RASGRP4, which diminishes NRAS GTP loading 92. Coincidently, no Galectin 

proteins have currently been shown to interact with NRAS specifically.

3.4.1. GAL1 and HRAS—In the case of HRAS, GAL1 contains a prenyl-binding pocket, 

which interacts with the farnesyl group in GTP-HRAS, independent of lectin function. This 

interaction is thought to alter the orientation of the HRAS globular domain with respect to 

the plasma membrane, and thereby regulate lateral segregation of HRAS and promote 

MAPK signaling90, 93. Indeed, ectopic GAL1 overexpression or suppression increases or 

abrogates GTP-bound HRAS nanoclustering, respectively 94. Thus, upon GTP-loading, the 

conformational shift of HRAS promotes affinity for Galectin binding, which subsequently 

allows lateral movement at the plasma membrane, allowing for distinct signaling 

platforms93. Moreover, ectopic expression of GAL1 has been previously demonstrated to 

divert HRAS signaling to the Raf/MEK/ERK effector pathway, at the expense of PI3K 95. 

NRAS also appears to be able to be oriented at the membrane in a manner supporting GAL1 

interaction, suggesting NRAS signaling may also be regulated by a similar mechanism 96. 

Thus, GAL1 plays a key role in maintaining H- and NRAS in the active state by preventing 

shuttling away from the lipid disordered domain border. We found that GAL1 inhibition 

with small molecule inhibitor OTX008 sensitized HRAS-driven tumorigenesis to blockade 

with mTOR inhibition by rapamycin 97, suggesting one mechanism of potential dual 

pathway targeting based on HRAS microdomain localization. Interestingly, inhibitors of 

mTOR signaling (rapalogs, next generation analogs of rapamycin) were recently found to 

specifically promote HRAS nanoclustering through a GAL1-dependent mechanism, 

modulating HRAS tumorigenic function 98. Thus, GAL1 inhibition may have potent effects 

on HRAS oncogenesis through interfering with HRAS at multiple levels.

3.4.2. GAL3 and KRAS tumor inhibition—Whereas HRAS localization is mediated by 

GAL1, PM anchorage of activated KRAS is supported by the GAL3 scaffold, which binds 

the farnesyl group on KRAS 99–104. GAL3 over-expression leads to chronic KRAS 

activation, potentiation of RAS signaling, tumor cell activation including increased 

proliferation and migration, and tumor progression 100, 105, 106. KRAS nanoclustering and 

other biophysical aspects may be in play in these aspects of GAL3 function 101, 104, 107, 108. 

GAL3-mediated KRAS activation is associated with ERK but not PI3K signaling. There is 

substantial evidence for GAL3 inhibition as a potential tumor blocker, via GSC-100, a small 

molecule inhibitor of GAL3 109–116. A soluble vitamin, modified citrus pectin (MCP), also 

acts as a selective and potent GAL3 inhibitor 117, can be provided in drinking water, and has 
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shown efficacy in anti-tumor treatments 110, 112, 114–116, 118–122. Small molecule inhibitors 

of GAL3 have shown efficacy against acute myeloid leukemia (AML) and are in clinical 

trials for other diseases 109, 117, 123. Dual MAPK/PI3K inhibition has shown promise in 

blocking KRAS mutant tumor progression 124. We have found that Lewis lung carcinoma 

cells (LLC) in our lab harbor one mutant Kras allele encoding CA KrasG12C (Fig. 3a). A 

single CA KRAS allelic mutation is common in KRAS-driven cancers, and tumor 

progression appears to result from cooperative signaling between the mutant and WT 

proteins 125. This led us to test whether: 1) Gal3 inhibition with MCP would inhibit tumor 

growth in these cells, and; 2) mTOR inhibition, coupled with Gal3 inhibition with MCP, 

would yield additive anti-tumor effects on Kras mutant LLC tumors in mice. Growth of 

allograft ectopic tumors made by subcutaneous implantation of LLCs was partially inhibited 

by either MCP or rapamycin treatment alone. Dual inhibition with MCP and rapamycin 

together yielded stronger tumor inhibitory effects (Fig. 3b). These effects correlated with 

reduced Erk phosphorylation (Thr202/Tyr204), assessed by blotting lysates of resected 

tumors, in MCP-treated tumors, and reduced S6 (Thr389) phosphorylation in rapamycin-

treated tumors. In addition, both Erk and S6 activation (mTOR downstream target) were 

blocked with dual inhibition, reflecting the stronger effects on tumor growth (Fig. 3c). These 

results indicate that Gal3 inhibition selectively blocks the Erk pathway in these CA Kras 

tumor cells, consistent with a role for GAL3 in RAS/RAF/MEK/ERK signaling in human 

cancers99. Further experimentation is needed to explore this mechanism and putative 

translational applications in KRAS cancer therapies.

Recently, Seguin and colleagues demonstrated that GAL3 supports KRAS-mediated 

macropinosome formation, which drives oncogene addiction by enhancing uptake of 

nutrients and reducing reactive oxygen species. This function of GAL3 is derived from 

direct interaction of GAL3 with αvβ3 integrin, which induced KRAS clustering pursuant to 

macropinosome formation126. Moreover, GAL3 inhibition with GCS-100 blocked the αvβ3 

integrin-mediated clustering and downstream KRAS activation, and inhibited growth of 

KRAS-mutant lung and pancreatic tumors in mice 127. Thus, GAL3 association may 

represent a potent weak spot in KRAS-driven cancer progression, as GAL3 potentiates both 

tumor cell proliferation due to KRAS mitogenic signaling, and KRAS addiction and 

neutralization of reactive oxygen species. NRAS may also be sensitive to GAL3 

inhibition128, 129, and there is some evidence for GAL3 modulation of N- and HRAS 

activation; however, these activation effects would be irrelevant in mutant H-/NRAS-driven 

cancers129. Interest in GAL3/RAS biology is an emerging topic, and further studies to 

explore therapeutic interventions are clearly warranted.

4. Conclusions

After many years of unsuccessful attempts to modulate oncogenic RAS in cancer, we now 

face the possibility of attacking RAS based on a wealth of new information on the 

maturation mechanisms and spatial regulation of RAS in cells. Therapeutics designed to 

target enzymes involved in RAS isoprenylation, palmitoylation, intracellular membrane 

anchorage, and trafficking, have shown some promise in blocking RAS oncogenesis. A 

challenge in this arena will be to avoid toxicities due to general inhibition of protein 

processing; however, some targets such as ICMT have been able to be inhibited with 
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minimal toxic effects. Novel chaperone proteins may also be effective targets, and recent 

discoveries suggest that other RAS chaperones or associated molecules may yet be found. 

Recent work examining microdomain targeting and retention, as well as the structure of 

RAS tethered at the plasma membrane and their combined contributions to signal output, 

offer still more opportunities for interference. Finally, membrane proteins which support 

RAS microdomain association and/or nanoclustering have not only been identified as 

putative oncogenic drivers, but have been shown to be viable targets for anti-cancer 

therapies. Together, it is now firmly established that RAS maturation and subcellular 

targeting provide multiple vulnerabilities to exploit for precision medicine-based anti-RAS 

targeting in cancer treatment.
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Figure 1. RAS protein maturation processes and inhibitors
Posttranslational modifications of RAS polypeptides mediate RAS trafficking through the 

endoplasmic reticulum and Golgi, and subsequent trafficking to the plasma membrane as 

described in the text. In the specific case of KRAS4B, chaperone protein PDE6δ (PDE) is 

critical for cytosolic trafficking; NRAS appears to be chaperoned by VPS35 binding to its 

farnesyl group. Small molecule inhibitors discussed in the text are shown for each step in 

RAS membrane targeting.

Michael and Goldfinger Page 19

Semin Cancer Biol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. RAS signaling and tumorigenesis in response to inhibition of Galectins and mTOR
a) HRAS-GAL1 and KRAS-GAL3 coupling support downstream RAS oncogenic signaling. 

b) Schematic of predicted effects of anti-Galectin treatments in H- and KRAS cancers. 

Galectin-1 inhibition using OTX008 or other GAL1 inhibitors results in loss of HRAS at the 

lipid ordered/disordered domain borders, and disruption of MAPK mitogenic signaling. 

GAL3 inhibition with modified citrus pectin, GSC-100, or other inhibitors blocks MAPK 

signaling by destabilizing KRAS membrane retention. Some PI3K signal output is retained 

by these treatments. c) Predicted effects of dual inhibition of Galectins and mTOR. 

Rapamycin or rapalog treatment potently reduces mTOR survival signaling. Combinatorial 

pathway inhibition blocks MAPK and PI3K signaling by RAS, resulting in an additive anti-

tumor effect over either monotherapy.
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Figure 3. Dual inhibition of mTOR and Gal3 in Kras mutant LLC tumor growth and Ras 
signaling
a) Genomic sequencing of exon1 of Kras in LLC cells using flanking primers revealed a G-

>T SNP resulting in G12C codon substitution. n = 3, sequenced both forward and reverse. b) 

LLC allograft tumor growth in C57Bl/6 mice. Mice were shaved and injected i.p. with 5 

mg/kg rapamycin, and/or 100 mg/kg MCP, or vehicle as indicated, every 48 hours beginning 

at day 0 of tumor implantation in the flanks. Tumor volumes were measured with calipers. *, 

p < 0.03. **, p < 0.001. #, p < 0.05. n = 10. c) Ras pathway signaling in LLC tumor lysates 

after mono or dual drug treatment. Resected tumors from (b) were lysed and proteins blotted 

for total Erk, total S6, phospho-Erk (pERK), and phospho-S6 (pS6) as indicated. Veh, 

vehicle; Rap, rapamycin; MCP, modified citrus pectin. Blots representative of 4 independent 

experiments.
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