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Abstract: The lipid-anchored RAS (Rat sarcoma) small GTPases (guanosine triphosphate hydrolases)
are highly prevalent in human cancer. Traditional strategies of targeting the enzymatic activities
of RAS have been shown to be difficult. Alternatively, RAS function and pathology are mostly
restricted to nanoclusters on the plasma membrane (PM). Lipids are important structural components
of these signaling platforms on the PM. However, how RAS nanoclusters selectively enrich distinct
lipids in the PM, how different lipids contribute to RAS signaling and oncogenesis and whether the
selective lipid sorting of RAS nanoclusters can be targeted have not been well-understood. Latest
advances in quantitative super-resolution imaging and molecular dynamic simulations have allowed
detailed characterization RAS/lipid interactions. In this review, we discuss the latest findings on the
select lipid composition (with headgroup and acyl chain specificities) within RAS nanoclusters, the
specific mechanisms for the select lipid sorting of RAS nanoclusters on the PM and how perturbing
lipid compositions within RAS nanoclusters impacts RAS function and pathology. We also describe
different strategies of manipulating lipid composition within RAS nanoclusters on the PM.
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1. Introduction

The plasma membrane (PM) is the main functioning compartment for the highly
oncogenic lipid-anchored RAS small GTPases [1-6]. The restrictive nature of RAS biological
activities to the PM implies that RAS function and pathology can be very sensitive to
changing PM properties. Of all the local environments in mammalian cells, the PM
presents distinct conditions that are less appreciated and still poorly understood. Unlike
previously thought, the PM is not a homogeneous fluid mixture. Rather, the PM contains
nanometer-sized domains, each of which possesses distinct contents of proteins and lipids
(with high specificities of headgroups and acyl chains) [7-10]. Because of the distinct
proteolipid contents, these nano-domains display discrete fluidity, packing density, local
curvature, mechanical (lateral elasticity and bending rigidity) and electrostatic properties,
as well as various lifetimes of <1 s. Unlike the previous view that perturbing membranes
globally affects all membrane contents in a universal fashion, perturbations may impact the
mechanical and electrostatic properties of different PM nano-domains in distinct manners.
Thus, perturbing the local membrane environment, on which RAS primarily replies for
function and pathology, is now an exciting and novel strategy for interfering with RAS
oncogenic activities.

Hydrophobic and electrostatic interactions between the isoform-specific C-terminal
lipid-modified membrane-anchoring domains of RAS proteins and distinct lipids in the PM
result in the formation of nanoclusters [11-26]. Consistently, ~50% of RAS molecules an-
chored to the PM exist as monomers, while the remaining RAS molecules on the PM
are incorporated in nanoclusters [11,12,14]. On average, these RAS nanoclusters are
~20 nm in diameter, comprising 6-7 RAS molecules and possessing a lifetime of 100 ms to
15s[11,12,14,27]. More specifically, RAS nanoclusters are heterogeneous in size and in the
number of RAS molecules in each nanocluster. Typically, the numbers of RAS molecules in
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nanoclusters maintain a consistent population distribution: ~30% dimers, ~10% trimers and
~10% higher ordered oligomers [21,23]. Further, different RAS isoforms bound with either
guanosine diphosphate (GDP) or GTP occupy different spaces on the PM, yielding spatially
non-overlapping nanoclusters with distinct lipid and protein compositions [11,28,29]. RAS
nanoclusters are biologically important for several reasons: (1) These nano-domains con-
centrate multiple RAS molecules and present larger targets for more efficient recruitment
of effectors; (2) RAS nanoclusters also concentrate additional protein and lipid contents
that are essential to the efficient binding of effectors (will be the focus of this article);
(3) Nanoclusters provide a distinct environment to facilitate conformational orientation
of RAS enzymatic G-domains for efficient binding of effectors; (4) RAS molecules within
a nanocluster undergo dimerization and oligomerization for efficient effector binding;
(5) Because RAS nanoclusters are signaling platforms for the GTP-bound active RAS to
recruit effectors, the constitutively active mutants of RAS still require the formation of
nanoclusters to efficiently recruit effectors and propagate signaling. As such, activities
of the oncogenic mutant RAS can be manipulated via changing the structural integrity
of nanoclusters of these mutant RAS. Taking together, RAS nanoclusters are biologically
important for wild-type RAS and oncogenic mutants of RAS. In the current review, we will
discuss in detail the structural constituents of RAS nanoclusters and how the structural
integrity of these nano-domains can be modulated to manipulate RAS signaling.

1.1. RAS Nanoclusters Selectively Sort Distinct Lipids in the Plasma Membrane

RAS nanoclusters comprise various other constituents, including actin cytoskele-
ton [12], galectin 1 [30-33], galectin 3 [34,35], ASPP2 [36], nucleophosmin and nucle-
olin [37,38], along with additional constituents yet to be discovered. Each component
within these RAS nanoclusters plays important biological roles, which have been discussed
in detail in various recent reviews [39—-41]. Another set of major structural components of
RAS nanoclusters is lipids, which are emerging targets of intense investigation. These lipids
are biologically important because most RAS effectors, such as RAF (Rapidly accelerated
fibrosarcoma) and phosphoinositol 3-kinase (PI3K), contain specific lipid-binding domains,
in addition to RAS-binding domains. To be efficiently activated, these RAS effectors must
synergistically bind to activated RAS molecules and distinct lipids in the PM. For example,
CRAF (c-RAF), a major RAF isoform and a preferred effector of KRAS4B (Kirsten rat
sarcoma splice variant 4B), possesses separate domains for binding phosphatidylserine
(PS, in its cysteine-rich domain) and phosphatidic acid (PA, in its C-terminus) [42-45]
(Figure 1). The Binding of PS and PA, in addition to binding of the GTP-bound active RAS,
is required for the proper activation and the kinase activity of CRAF [42,44] (Figure 1).
PI3K is a preferred effector of HRAS (Harvey rat sarcoma) [46—48] and converts phospho-
inositol 4,5-bisphosphate (PIP2) to phosphoinositol 3,4,5-trisphosphate (PIP3). As such,
concentrating PS and PA within KRAS4B nanoclusters, or pre-assembling PIP2 molecules
in HRAS nanoclusters, is important to the biological function of RAS isoforms. Since the
constitutively active RAS still requires the same sets of lipids nearby to properly recruit
effectors, the pathological activities of RAS still depend on how effective they can form
nanoclusters. As such, perturbation of RAS nanoclusters not only disrupts the concentra-
tion of multiple RAS molecules, but also alters the precise lipid composition within these
nano-domains, both of which compromise effector recruitment and signal transduction.
Taking together, altering the lipid composition of RAS nanoclusters is an encouraging novel
strategy for interfering with RAS pathology. Here, we will discuss the latest findings on
the precise lipid profiles of RAS nanoclusters, molecular mechanisms of selective lipid
sorting by different RAS isoforms. We will also summarize how RAS isoforms respond to
changing membrane properties in distinct manners, as well as the intriguing specificity of
how changing lipid profiles of the PM may impact the spatiotemporal organization and
function of different RAS isoforms in distinct manners.
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Figure 1. Specific lipids within RAS nanoclusters directly participate in effector recruitment. RAS
nanoclusters possess distinct lipid profiles. The specific lipids enriched within these nanoclusters not
only contribute to the structural integrity of the nanoclusters, but also directly participate in effector
recruitment. Most RAS effectors contain specific lipid-binding domains. For example, RAF, a major
KRAS effector, possesses separate PS- and PA-binding domains. Efficient recruitment of RAF to the

PM, a key step in the activation of RAF, requires synergistic binding to both the GTP-bound active
KRAS and specific lipids including PS and PA.

1.2. Electron Microscopy-Spatial Analysis Quantifies the Nanoclustering and Selective Lipid
Sorting of RAS on Intact Plasma Membrane

Lipid profiles of RAS nanoclusters have been studied via quantitative super-resolution
imaging, in vitro biophysical assays and in silico molecular dynamic (MD) simulations
in a wide variety of model systems including intact tissues, cultured mammalian cells,
synthetic bilayers and simulated membranes. Specifically, electron microscopy (EM)-spatial
analysis, including univariate nanoclustering analysis and bivariate co-clustering analysis,
is a quantitative super-resolution imaging method and has been particularly instrumental
in characterizing the spatiotemporal organization of RAS on the PM [11,12,21-25]. The
spatial parameters determined via the EM-spatial analysis include the extent of lateral
nanoclustering, PM localization, monomers/dimers/oligomers population distribution
and optimal radii (in nanometers) of nanoclusters of RAS proteins, as well as the selective
enrichment of distinct lipids, actin and other proteins in RAS nanoclusters. The protocols
of the EM-spatial analysis have been described in detail recently in several reviews [49,50].
Briefly, to calculate effects of different lipids on the extent of nanoclustering of RAS, the
GFP-tagged RAS molecules anchored to the inner leaflet of the PM are immunolabeled
with 4.5 gold nanoparticles conjugated to anti-GFP antibody. Transmission EM (TEM)
is used to image the gold distribution on intact PM sheets attached the EM grids. The
statistical Ripley’s K-function analysis calculates the extent of nanoclustering of the gold
nanoparticles. To quantify the lipid composition of RAS nanoclusters, a bivariate EM
co-clustering analysis calculates the extent of co-localization between a GFP-tagged specific
lipid-binding domain and an RFP-tagged RAS on intact PM sheets. GFP and RFP on intact
PM sheets are immunolabeled with 2 nm gold bound to anti-GFP and 6 nm gold-anti-RFP,
respectively. Co-clustering between the two populations of gold particles is calculated
using a Ripley’s bivariate co-clustering analysis. A statistically meaningful co-clustering
between a lipid-binding domain and RAS suggests that the specific lipid type probed by
the lipid-binding domain is enriched within RAS nanoclusters studied. The enrichment of
a lipid type within RAS nanoclusters is validated via various depletion and subsequent
acute addback protocols to carefully examine in parallel how acute supplementation of
different natural extracts and synthetic exogenous phospholipids may restore/impact
the nanoclustering and PM localization of RAS in distinct manners. Findings using the
EM-spatial analysis have been mostly corroborated in quantitative fluorescence imaging
methods in intact/live cells and intact tissues, including fluorescence lifetime imaging
microscopy-fluorescence resonance energy transfer (FLIM-FRET), fluorescence recovery
after photobleaching (FRAP), total internal reflection fluorescence-single particle tracking
(TIRE-SPT), Raster image correlation spectroscopy (RICS) and photoactivable localization
microscopy (PALM). Nanoclustering of RAS, as well as some of their lipid environment,



Biomolecules 2021, 11, 1439

40f17

has also been consistently observed in vitro, including supported bilayers via atomic force
microscopy (AFM), spherical synthetic vesicles and isolated PM blebs via FLIM-FRET
and molecular dynamics (MD) simulations [15-17,19,24,51]. The use of these powerful
quantitative imaging methods in model systems with varying complexities allows the
detailed characterization of the lipid profiles in the nanoclusters of different RAS isoforms.

2. KRAS4B Nanoclusters Selectively Enrich Lipids with Distinct Headgroup and Acyl
Chain Structures

2.1. KRAS4B Nanoclusters on the PM Contain Distinct and Precise Molecular Contents
Important for Signal Propagation

KRAS4B (hereafter simply referred to as KRAS) is the most prevalent RAS isoform in
cancer, with its oncogenic mutants found in ~80% of all RAS-dependent tumors, especially
in 98% of pancreatic, 45% of colorectal and 31% of lung tumors [1-3,6]. KRAS remains one
of the most difficult targets to pharmaceutically inhibit, most likely because the dynamic
and globular G-domain of KRAS has been difficult for inhibitors to bind. Interestingly;
KRAS function and pathology are mostly compartmentalized to the plasma membrane
(PM) [1], where KRAS uses its C-terminal membrane-anchoring domain to interact with a
distinct set of lipids. More specifically, two important features of the membrane-anchoring
domain of KRAS are required: a hexa-lysine polybasic domain (PBD, amino acids 175-180)
and a poly-unsaturated and branched 15-carbon farnesyl chain covalently linked to its
C-terminal Cysteine (Cys) 185 [52,53]. Early fractionation assays and fluorescence imaging
identified that the absence of either feature significantly compromised the ability of KRAS
to localization to membranes [52,53]. Later EM-nanoclustering analysis showed that the
GFP-tagged inactive KRAS-GDP, active KRAS-GTP, the truncated C-terminal hypervari-
able region CTK (amino acids 167-185) or the minimal anchoring domain tK (amino acids
175-185) effectively formed nanoclusters on the PM [11,12,21]. In addition of 6-7 KRAS
molecules (on average), each KRAS nanocluster also comprises other proteins and lipids
with a precise composition. The past several decades of intense studies have revealed a
complex protein content within KRAS nanoclusters on the PM. In particular, disruption
of actin cytoskeleton, via the treatment of Latrunculin A, significantly disrupted the nan-
oclustering of GFP-KRAS on the PM [12,21,24]. This suggests that KRAS nanoclusters are
dependent on actin. EM-nanoclustering, in combination of FLIM-FRET and other imaging
techniques, further discovered other important protein components of KRAS nanoclusters,
including galectin-3 (Gal-3), nucelophosmin and nucleolin [34,35,37,38]. Depletion of any
of these components significantly compromised the nanoclustering of KRAS, and in turn
inhibited the signal output of the KRAS-dependent mitogen-activated protein kinases
(MAPKSs) signaling cascades. Thus, KRAS nanoclusters comprise various actin and protein
constituents crucial to the structural integrity of these nano-domains and consequentially
directly and indirectly participate in the effector recruitment and signal propagation of
KRAS nanoclusters. Future studies may discover additional proteins in KRAS nanoclusters.

2.2. KRAS Nanoclusters Contain Distinct Lipid Types with Specific Headgroups, with a Selective
Enrichment of PS Lipids

EM-bivariate co-clustering analysis showed that the RFP-tagged full length constitu-
tively active mutant KRASG12V or the truncated minimal membrane-anchoring domain
tK co-clustered with lipid-binding domains GFP-LactC2 specifically probing PS and GFP-
PASS tagging PA, but not GFP-PH-PLC$ with specific affinity for PIP2, GFP-PH-Akt for
PIP3 and GFP-D4H for cholesterol [21-23]. These data suggest that KRAS nanoclusters
selectively enrich PS and PA, but not PIP2, PIP3 and cholesterol (Figure 2). This is con-
sistent with the notion that CRAF, a preferred effector of KRAS, possesses specific PS-
and PA-binding domains [42,44]. Indeed, acute cholesterol depletion did not affect the
nanoclustering of GFP-KRAS, including the GDP-/GTP-bound full-length, the truncated
C-terminal hypervariable region CTK or the minimal membrane-anchoring domain tK,
consistent with the notion that KRAS nanoclusters are cholesterol independent [11,25].
Atomic force microscopy (AFM) showed that the purified full-length KRAS localized to the
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cholesterol-poor liquid-disordered (Ld) domains in supported bilayers [16]. The similar
affinity of KRAS anchor for the cholesterol-poor Ld has also been predicted in coarse-
grained MD simulations [17]. The PS enrichment is interesting because PS is an abundant
anionic phospholipid primarily concentrated in the inner leaflet of the PM, comprising
~20-30% of all lipid contents in the PM inner leaflet. In EM-nanoclustering analysis, de-
pleting the endogenous PS, via knocking down a PS synthase PSS1 [54], in PSA3 cells
(a mutant Chinese hamster ovarian cell line) mislocalized GFP-KRAS from the PM and
disrupted the nanoclustering of KRAS molecules left on the PM [21-25]. Further EM-
univariate nanoclustering analysis showed that increasing the endogenous PS levels, via
supplementation of different concentrations of ethanolamine (Etn) to the PS-depleted PSA3
cells, dose-dependently restored the PM localization and the nanoclustering of GFP-KRAS
on the PM [21]. In the PS-depleted PSA3 cells, acute addback of exogenous PS extracted
from mouse brain also effectively restored the nanoclustering of GFP-KRAS [21-25,55]. On
the other hand, acute addback of mouse brain extracts of PIP2, PC, PE or cholesterol did
not impact the nanoclustering of GFP-KRAS in the PS-depleted PSA3 cells [55]. These data
strongly suggest that KRAS nanoclusters selectively enrich PS. Further functional assays
showed that depleting endogenous PS (via PSS1 knockdown) or mislocalizing PS from the
PM (via treatment of fendiline to inhibit acid sphingomyelinase) effectively compromised
the KRAS-regulated phosphorylation of RAF/MEK/ERK in the MAPK cascade and the
proliferation of the mutant KRAS-dependent human tumor lines, without affecting the
KRAS-independent human tumor lines. Similar sensitivity of KRAS mutant activities to
PS was also found in vivo in xenografts of human tumor lines [55-58]. These data further
reenforce the selective dependence of KRAS nanoclustering, signaling and function on PS
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Figure 2. RAS proteins form spatially distinct nanoclusters in isoform- and guanine nucleotide-
specific manners. HRAS, KRAS and NRAS each form non-overlapping nanoclusters on the PM.
For each isoform, the GDP-bound inactive and the GTP-bound active forms also form separate
nanoclusters. The nanoclusters of the inactive GDP-HRAS contain PIP2 and cholesterol, while the
active GTP-bound HRAS selectively associates with PIP3. The active and inactive KRAS contain
similar lipid contents, enriching PS and PA. The nanoclusters of the inactive KRAS contain additional
PIP2. The lipid environments of the inactive and active NRAS are less clear, except that cholesterol is
more enriched in the nanoclusters of the active GTP-bound NRAS.

2.3. KRAS Nanoclusters Selectively Sort Distinct PS Species with Specific Acyl Chain Structures

A key feature facilitating the lipid interactions of KRAS is its C-terminal membrane-
anchoring domain comprising 10 positively charged lysine residues, especially its con-
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tiguous hexa-lysine polybasic backbone (Lys175-180), suggesting a strong electrostatic
interaction between KRAS and the PM. The specific enrichment of PS, which is the most
abundant anionic phospholipid in the PM inner leaflet and a major contributor to the nega-
tive charges on the cytosolic surface of the PM, further reenforces the electrostatic nature of
the selective lipid sorting of KRAS. This is indeed supported by in vitro surface plasmon
resonance (SPR) binding assays, where the binding of the purified KRAS to zwitterionic
bilayers without anionic lipids was very weak [59]. Interestingly, KRAS nanoclustering
and activities depended on the monovalent PS, but not the more highly charged PIP2 or
PIP3 [21-24], suggesting more than just electrostatics. The non-electrostatic contribution to
the KRAS lipid sorting capability suggests extensive interactions between the KRAS anchor
and the bilayer core, hence potential sensitivity for the packing density of lipids and the
hydrophobic interactions. This is supported by evidence that KRAS nanoclusters possess
ability to sort lipid acyl chains, the packing of which contributes to packing density and hy-
drophobic properties of membranes. Specifically, in PSA3 cells depleted of endogenous PS,
different synthetic PS species were acutely added back [23-25]. These PS species included
the fully saturated di18:0 PS (DSPS), mono-unsaturated di18:1 PS (DOPS), di-unsaturated
di18:2 PS (DLPS), the mixed-chain 16:0/18:1 PS (POPS) and the mixed-chain 18:0/18:1
PS (SOPS) [23-25]. EM analysis of intact PM sheets, fluorescence imaging and lipidomics
consistently showed these different PS species equivalently incorporated into cells and
properly transported to the inner leaflet of the PM [23-25]. With the identical phosphoser-
ine headgroup, these PS species should interact with KRAS electrostatically in the same
fashion. The differences arise from their distinct acyl chains, thus giving rise to distinct
packing patterns and mechanical properties. This acyl chain-dependent membrane mechan-
ics has been extensively characterized in phosphatidylcholine (PC) species with acyl chains
of different lengths and unsaturation levels [7-10]. PS species with distinct acyl chains
also spatially segregate to distinct regions of the PM. This is reflected by the EM-bivariate
co-clustering analysis, where the PS-binding domain GFP-LactC2 co-localized extensively
with the cholesterol-binding domain RFP-D4H in the PS-depleted PSA3 cells supplemented
with the fully saturated DSPS, but not when supplemented with the unsaturated DOPS or
the mixed-chain POPS [25]. This data suggests that the fully saturated DSPS, but not other
PS species tested, exhibit strong cholesterol affinity and different PS species distribute to
spatially distinct regions of the PM. Further EM-nanoclustering analysis showed that the
acute addback of the fully saturated DSPS had no effect on the spatiotemporal organization
(including PM localization and lateral nanoclustering) of GFP-KRASG12V, while the un-
saturated PS species (DOPS and DLPS) and the mixed-chain PS species (POPS and SOPS)
effectively restored the localization of GFP-KRASG12V to the PM [23,25]. Intriguingly,
only the mixed-chain POPS and SOPS effectively restored the lateral nanoclustering of
GFP-KRASG12V on the PM of PSA3 cells depleted of endogenous PS [23,25]. EM-bivariate
co-clustering analysis further illustrated that the recruitment of effector CRAF to KRAS
nanoclusters only occurred when the PS-depleted PSA3 cells were supplemented with the
mixed-chain POPS, but not other synthetic PS species examined [23]. These data suggest
the sensitivity of the spatial distribution of KRAS to PS acyl chain composition. Further,
EM-bivariate co-clustering analysis showed that the RFP-tagged KRASG12V with the
original hexa-lysine co-localized with the PS-binding domain GFP-LactC2 in PSA3 cells
depleted of endogenous PS and acutely supplemented with the mixed-chain POPS and
SOPS, but not other PS species tested [23,25]. Taken together, KRAS nanoclusters selectively
enrich mixed-chain PS species, thus possessing distinct abilities to sense and respond to
changing the lipid acyl chain-dependent membrane properties.

3. Conformational Sampling of Polybasic Domain Contributes to Selective Lipid
Sorting of KRAS

It is intriguing that KRAS polybasic domain enriched with many charged residues
(10 lysines within the last 17 residues of its C-terminal membrane-anchoring domain)
interacts with membranes non-electrostatically. Polybasic domains have been traditionally
thought to adopt more random structures. However, an earlier MD simulation predicted
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that KRAS anchor preferred a pseudo-helical hairpin structure on a negatively charged
bilayer [60]. Further EM-spatial analysis examined single point mutants of the KRAS
polybasic domain, K175Q, K176Q, K177Q, K178Q, K179Q and K180Q [23]. These polybasic
domain mutants share identical charges, but sort distinct lipids. In particular, a series
of EM-bivariate co-clustering analyses compared in parallel the co-localization between
the GFP-tagged lipid-binding domains and the RFP-tagged KRASG12V with the original
polybasic domain or single-point mutations [23]. More strikingly, when compared with the
nanoclusters of KRAS with the original hexa-lysine polybasic domain, the nanoclusters of
KRAS.K177Q and KRAS.K178Q more strongly interacted with PIP2 and no longer enriched
PS [23]. These quantitative imaging analyses suggest that specific residues within KRAS
polybasic domain possess precise coding for select lipid sorting. This is corroborated by all-
atom MD simulations predicting that the KRAS polybasic domain mutants sampled among
various well-defined conformational orientations, including the ordered (O), intermediate
(I) and disordered (D) states [23]. More specifically, the original KRAS polybasic domain
favored the D states, with ~64% of the simulated polybasic anchors adopting the D states,
29% sampling the I states and 6% sampling the O states [23,25]. The mutant K177Q or
K178Q anchors, on the other hand, switched their conformational sampling to favor the
O states, with 42% of K177Q and 25% of K178Q mutant anchors (as opposed to 6% of the
original KRAS anchor) sampling the O states [23,25]. Further all-atom MD simulations
predictedthat the KRAS anchor in the D states associated more extensively with the PS
headgroup than the anchors adopting the O and I states [23], providing a molecular
mechanism for how KRAS selectively sorts PS.

The conformational sampling of the equivalently charged KRAS polybasic domain
anchor constructs, including the original farnesylated hexa-lysine anchor, farnesylated
hexa-arginine polybasic domain (denoted as 6R), geranylgeranylated hexa-lysine polyba-
sic domain (denoted as C20), and a geranylgeranylated hexa-arginine polybasic domain
(denoted as 6R-C20), also differs significantly. These 4 KRAS polybasic domain constructs
contain identical number of charged residues and undergo similar electrostatic interactions
with the charged membranes. Interestingly, the geranylgeranylated C20 and the hexa-
arginine 6R KRAS anchors favored the D states, with the 6R anchor adopting exclusively
the D states [23,25]. The combo mutant 6R-C20 KRAS anchor adopted similar distribution
of D, I and O states as the KRAS anchor with the original polybasic domain [23,25]. The
distinct conformational sampling correlates with the selective lipid sorting of these equiv-
alently charged KRAS polybasic domain mutants (Figure 3). EM-bivariate co-clustering
analysis between the GFP-tagged lipid-binding domains and the RFP-tagged KRASG12V
with the original or the equivalently charged mutant polybasic domains showed that
these mutants with equivalent charges sort distinct lipids types. As described above, the
nanoclusters of GFP-KRASG12V with the original polybasic domain selectively sorted PS
and PA [23]. The nanoclusters of GFP-KRASG12V.6R more favorably sorted cholesterol but
less with PA when compared with GFP-KRASG12V with the original farnesylated hexa-
lysine polybasic domain [23]. On the other hand, GFP-KRASG12V.C20 more extensively
interacted with PIP2 and PIP3 [23]. GFP-KRASG12V.6R-C20 sorted similar lipid types
as GFP-KRASG12V with the original polybasic domain [23]. These equivalently charged
KRAS polybasic domain constructs also associate with distinct PS species with different
acyl chain structures (Figure 4). As described above, in the synthetic PS acute addback
experiments using PSA3 cells depleted of endogenous PS, EM-bivariate co-clustering anal-
yses showed that GFP-KRASG12V with the original farnesylated hexa-lysine polybasic
domain selectively sorted the mixed-chain POPS but not other PS species tested [25]. The
nanoclusters of GFP-KRASG12V.6R selectively enriched the fully saturated DSPS and no
longer associated with POPS, while the nanoclusters of GFP-KRASG12V.C20 enriched DSPS
and the mono-unsaturated DOPS and no longer associated with POPS [25]. Nanoclusters
of GFP-KRASG12V.6R-C20 behaved similar as the original KRAS, selectively sorting the
mixed-chain POPS, but not other PS species tested [25]. These parallel comparisons nicely
illustrate that electrostatics and non-electrostatics contribute to the selective lipid sorting of
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KRAS on the PM, and that individual residues encode intricate capabilities to selectively

sort lipid headgroups.
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Figure 3. KRAS polybasic domain contributes to the selective sorting of lipid headgroups. The
prenylation (15-carbon farnesyl or 20-carbon geranylgeranyl chain) and the polybasic domain of
KRAS combine to contribute to the selectivity of lipid headgroups within KRAS nanoclusters. The
constitutively active oncogenic mutant KRASG12V with different combinations of the prenyl anchors
and the residues of polybasic domains selectively sort distinct lipid types with different headgroups.
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Figure 4. The prenylated polybasic domain of KRASG12V possesses capability to selectively sort PS
acyl chains. Despite highly charged, the prenylated polybasic domain of KRASG12V distinguishes the
acyl chain structures of PS lipids. In particular, four KRASG12V constructs with equivalently charges
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but distinct prenyl anchors and/or basic residues within the polybasic domain sort different PS
species with distinct acyl chains. This selective sorting of lipid acyl chains contributes to the distinct
abilities of KRASGI12V polybasic domain mutants to respond to different membrane properties,
including transmembrane voltages, membrane curvature, cholesterol depletion, etc.
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4. Selective Lipid Sorting Capability Mediates Distinct Responses of KRAS
Nanoclustering and Signaling to Perturbations of Membrane Properties

4.1. PM Depolarization Enhances the Nanoclustering and Signaling of Oncogenic Mutant KRAS

Extensive biophysical studies establish tight correlations among lipid structures, the
spatial distribution of lipids in bilayers and membrane properties [61]. The ability of
KRAS to selectively sort distinct lipid headgroups and acyl chains suggests that KRAS
nanoclusters on the PM may act as transducers to allow cells to convert between membrane
perturbations and the KRAS-regulated intracellular signaling cascades. An intriguing
example is the connection between the transmembrane voltage and tumor development.
In particular, the PM of tumor cells has long been characterized to be more depolarized
than their normal counterparts [62-65]. Since concentration gradient of potassium ions
across the PM is mainly responsible for establishing the transmembrane potential, a series
of potassium ion channels has been shown to participate in cell growth, proliferation and
apoptosis [62-65]. However, how intracellular mitogenic signaling respond to changing
surface electric potential is still less clear. EM-univariate nanoclustering analysis revealed
that the nanoclustering of the GFP-tagged full-length oncogenic mutant KRASG12V, as
well as the minimal membrane-anchoring domain tK, elevated upon PM depolarization
in dose- and time-dependent manners [22]. On the other hand, the nanoclustering of
the GFP-tagged HRAS, or its minimal membrane-anchoring domain tH, was completely
insensitive to changing transmembrane voltages [22]. Concordantly, the MAPK signal
output of the oncogenic mutant KRASG12V-transformed mammalian cells, as well as intact
Drosophila embryo expressing a KRAS ortholog, elevated upon PM depolarization [22]. PM
depolarization also promoted the nanoclustering of PS and induced further enrichment of
PS within KRAS nanoclusters [22,25]. Depletion of the endogenous PS effectively abolished
the responses of KRAS nanoclustering and signaling to changing transmembrane voltages.
Supplementation of Etn, which effectively recovered the endogenous PS level in PSA3
cells depleted of endogenous PS, restored the sensitivity of KRAS nanoclustering and
signaling to PM depolarization [22,25]. Intriguingly, when comparing the effectiveness of
specific PS species acutely added back to PSA3 cells depleted of the endogenous PS, only
the mixed-chain POPS, but not the symmetric species DSPS and DOPS, effectively restored
the sensitivity of GFP-KRASG12V to PM depolarization [25]. The non-electrostatic contri-
bution of responses of KRAS to changing PM electric voltages is further reflected in a set of
EM-univariate nanoclustering analyses comparing in parallel 4 KRAS polybasic domain
mutants with equivalent numbers of charged residues [25]. In particular, PM depolariza-
tion effectively further enhanced the nanoclustering of KRAS with the original farnesylated
hexa-lysine polybasic domain, KRAS with a geranylgeranylated hexa-lysine polybasic
domain and KRAS with a geranylgeranylated hexa-arginine polybasic domain [25]. On the
other hand, depolarizing the PM had no effect on the nanoclustering of KRAS with a farne-
sylated hexa-arginine polybasic domain [25]. Taken together, PM depolarization selectively
promotes the nanoclustering of KRAS, but not that of HRAS, on the PM. PS mediates the
responses of KRAS nanoclustering and signaling to changing transmembrane voltages.

4.2. PM Curvature Disrupts the Nanoclustering and Signaling of KRAS

Cell surface curvature defines cell morphology, which has been shown to correlate
with biological functions including growth, proliferation and apoptosis [66—68]. Specifically,
micropatterning and microplating technologies have been used extensively to confine mam-
malian cells to various shapes and cell functions have been examined [68]. Consistently,
cells with flat and round epithelial morphology undergo more growth and proliferation
and less apoptosis than the same cells confined to more elongated fibroblast-like morpholo-
gies [68]. Since RAS proteins are important upstream regulators of cell growth, proliferation
and apoptosis and functions of RAS proteins are mostly compartmentalized to the cell
surface, RAS nanoclusters on the PM may be important mediators for how intracellular sig-
naling communicates with cell morphology. A recent study showed that the nanoclustering
of RAS proteins responded to changing membrane curvature in an isoform-specific manner.
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Specifically, consistent in EM-univariate nanoclustering analyses on intact PM sheets, Raster
image correlation spectroscopy in live cells, whole cells grown on arrays of nano-fabricated
nanobars, fluorescence lifetime imaging combined with fluorescence resonance energy
transfer in isolated PM blebs and synthetic two-component vesicles, induction of positive
curvature of the PM (curving toward the cytosol) compromised the PM localization and
nanoclustering of the full-length oncogenic mutant KRASG12V or the minimal membrane
anchor tK [24]. Additionally, consistently in EM-univariate nanoclustering analyses on
intact PM sheets and fluorescence lifetime imaging combined with fluorescence resonance
energy transfer in isolated PM blebs, higher positive curvature of the PM further elevated
the nanoclustering and PM localization of the full-length oncogenic mutant HRASG12V or
its minimal membrane anchor tH [24]. Intriguingly, induction of negative PM curvature
(curving away from the cytosol), via expression of a negative curvature-inducing inverse
BAR domain from IRSp53, did not impact the nanoclustering and PM localization of KRAS,
but significantly disrupting those of the HRAS anchor [24]. Interestingly, when the endoge-
nous PS was depleted in PSA3 cells, the spatiotemporal organization of KRAS no longer
responded to changing PM curvature, which was recovered by the acute addback of the
mixed-chain POPS but not other PS species tested [24]. Concordantly, the binding of the
purified and the fully processed KRAS favored larger and flatter vesicles containing 20%
POPS, but became independent of size of vesicles containing DOPS [24]. Further evidence
that the membrane curvature sensing of KRAS is mediated by its ability to selectively sort
lipids came from a parallel comparison among 4 equivalently charged KRAS polybasic
domain constructs (Figure 5). Specifically, elevating PM curvature disrupted the nanoclus-
tering and reduced PM localization of GFP-KRASG12V with the original polybasic domain
and GFP-KRASG12V.6R-C20, both of which selectively sort the mixed-chain POPS [25]. On
the other hand, the nanoclustering of GFP-KRASG12V.6R and GFP-KRASG12V.C20, both
of which prefer to associate with the fully saturated DSPS and/or the mono-unsaturated
DOPS, favors the more curved PM [25]. This is nicely consistent with the EM-univariate
nanoclustering analysis showing that elevating the PM curvature disrupted the spatial
segregation of POPS, but further enhanced the spatial segregation of DSPS and DOPS [24]
(Figure 5). Thus, experiments in both synthetic vesicles and intact PM sheets consistently
show that the membrane curvature sensing of KRAS is specifically mediated by distinct PS
species. MAPK signaling in the RAS-less mouse embryonic fibroblast (MEF) line (in the
absence of all endogenous RAS isoforms) expressing only oncogenic mutant KRASG12V
was further promoted upon hypotonicity-induced flattening of the cell PM [24]. MAPK
signaling in the RAS-less MEF line (no endogenous RAS) expressing BRAFV600E, a consti-
tutively active oncogenic mutant of a major KRAS effector, did not respond to hypotonic
flattening [24]. These data consistently suggest that nanoclustering and signaling of KRAS
favor flatter PM with low curvature. The mixed-chain PS species selectively mediate the
membrane curvature sensing capability of KRAS.

4.3. KRAS Polybasic Domain Mutants Possess Distinct Dependence on Cholesterol in the PM

Cholesterol is an important part of biomembranes and a major driver for phase
separation of model bilayers and compartmentalization of biological membranes. In
mammalian cells (through treatment of methyl 3-cyclodextrin, MBCD, to deplete cellular
cholesterol), supported bilayers and molecular dynamic simulations, RAS isoforms, such
as HRAS and NRAS, have been shown to depend on cholesterol levels for their nanoclus-
tering [11,13,15,17,19,69]. Interestingly, EM-spatial analyses consistently show that the
PM localization and the nanoclustering of KRAS were independent of acute cholesterol
depletion by MBCD treatment [11,16,25]. This is consistent among the full-length wild-type
GDP-/GTP-bound KRAS, the constitutively active mutant KRASG12V or the truncated
minimal anchoring domain tK. The cholesterol independence of KRAS was further sup-
ported in synthetic supported bilayers and coarse-grained MD simulations, illustrating
that the tK anchor preferentially partitioned to the cholesterol-poor liquid-disordered,
Ld, domains [16,17,59,60]. Interestingly, recent EM-nanoclustering analysis showed that
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acute cholesterol depletion via MBCD effectively disrupted the nanoclustering of GFP-
KRASG12V.C20 and GFP-KRASG12V.6R [25]. This is consistent with the notion that both
GFP-KRASG12V.C20 and GFP-KRASG12V.6R preferentially sort the fully saturated DSPS,
which significantly co-localized with cholesterol in EM-bivariate analysis [25]. Taking
together, the sequence of the polybasic domain and the structures of the prenyl anchor
together determine the cholesterol affinity of KRAS.
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Figure 5. KRAS polybasic domain mutants with equivalent charges possess distinct preferences
for membrane curvature. KRASG12V with the original farnesylated hexa-lysine or the geranylger-
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anylated hexa-arginine prefers to form nanoclusters on flatter membranes with low curvature. On
the other hand, KRASG12V with the farnesylated hexa-arginine or the geranylgeranylated hexa-
lysine polybasic domain favors to interact with more curved membranes. The ability of these KRAS
polybasic domain mutants to selectively sort distinct PS species with different packing geometries
contributes to the distinct membrane curvature sensing capabilities of KRAS.

5. Strategies of Therapeutically Perturbing Lipid Profiles of RAS Nanoclusters

Because KRAS nanoclusters selectively enrich PS lipids, perturbing the PS contents in
the PM may present an opportunity to attenuate KRAS oncogenesis. There can be three
venues to perturb the PS enrichment in KRAS nanoclusters in the PM: (1) changing PS
metabolism to decrease the total PS levels; (2) alteration of PS intracellular transport to
disrupt the extent of PS trafficked to the PM; (3) shifting the conformational sampling of
the C-terminal polybasic domain of KRAS to modulate the select lipid sorting by KRAS
(Figure 6). PS is mostly converted from phosphatidylcholine (PC) by PS synthase 1 (PSS1)
and phosphatidylethanolamine (PE) by PSS2, via headgroup exchange on the ER mem-
branes [54]. As described above, knocking down PSS1 in CHO cells effectively mislocalized
KRAS from the PM and disrupted the nanoclustering of KRAS molecules left on the
PM [21-25]. The disrupted spatial distribution of KRAS on the PM was efficiently restored
by supplementation of ethanolamine (Etn), which is an upstream ligand in the PE biosyn-
thesis, stimulates PSS2 activities and restores endogenous PS levels [21-25]. In CHO cells
with PSS1 knocked out, acute supplementation of synthetic mixed-chain PS species (POPS
and SOPS), but not other PS species, effectively recovered the nanoclustering of KRAS
on the PM [23,25]. Concordantly, knocking down PSS1 inhibited the KRAS-dependent
MAPK signaling, which was restored by Etn supplementation [22]. Thus, perturbing the
total endogenous PS levels in cells effectively disrupts the nanoclustering of KRAS and
abolishes KRAS signaling.
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Figure 6. The select lipid sorting of KRAS can be targeted to manipulate KRAS function and pathology. The nanoclusters

of the constitutively active oncogenic mutant KRAS enrich PS lipids. Two different strategies can be used to compromise

KRAS nanoclustering, thus effector recruitment and signal transduction: (1) perturbation of the PS content in the plasma

membrane; (2) alteration of KRAS polybasic domain to change the lipid preferences of KRAS.

5.1. Interfering with PS Trafficking through Recycling Endosomes

Once synthesized on the ER membrane, PS is actively transported through various
endomembrane compartments for eventual localization to the PM inner leaflet [54]. A
major endomembrane compartment for mediating PS transport is the recycling endosomes,
which are main reservoirs of PS and secret transport vesicles containing PS lipids to the
PM [55,58,70-72]. Another route for PS transport is an exchange between PS in the ER and
phosphoinositol 4-monophosphate (PI4P) in the PM [73-76]. We will discuss in detail how
PS transport in cells can be modulated pharmacologically to manipulate biological activities
of oncogenic mutant KRAS. A key contributor to the proper trafficking of various lipids,
including PS and cholesterol, among the PM and the endomembranes is a homeostasis
between sphingomyelin (SM) and ceramide (Cer) [77-79]. Fendiline, an inhibitor of the
voltage-gated L-type calcium channels, has been found to effectively inhibit the activities of
acid sphingomyelinase (ASM), which hydrolyzes SM to Cer [55,58,77]. Confocal imaging
showed that, in mammalian cells treated with fendiline (<15 uM for 24-48 h), labeling of
the GFP-tagged SM-specific-binding domain, lysenin, was markedly elevated on the PM
outer leaflet (the main compartment for SM), as well as intracellularly [55,58]. Lipidomics
further showed that fendiline treatment significantly reduced Cer levels by 20%, consistent
with the fendiline-altered SM-Cer homeostasis [55]. As a result, PS and cholesterol were
mislocalized from the PM of mammalian cells treated by fendiline at concentrations well
below its channel-inhibiting doses [55,58]. In further EM-nanoclustering and confocal
imaging experiments, the fendiline treatment consequentially led to mislocalization of the
GFP-tagged oncogenic mutant KRASG12V from the PM, disruption of the nanoclustering
of GFP-KRASG12V left on the PM [55,57,58]. This is concordant with the fendiline-led
inhibition of the KRASG12V-dependent MAPK signaling, compromised the proliferation
the mutant KRAS-transformed cancer cells, as well as decreased the sizes of mutant KRAS-
dependent tumors in xenograft models [55,57,58]. Thus, compromising PS intracellular
trafficking via fendiline treatments effectively attenuates the spatiotemporal organization
and biological function of oncogenic mutant KRAS.

5.2. Perturbation of PI4P/PS Exchange at the PM/ER Contact Sites

Exchange of PS between the ER and the PM inner leaflet is facilitated by oxysterol-
binding protein (OSBP)-related binding proteins (ORPs), including ORP5 and ORPS, lo-
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cated at the PM/ER contact sites [73-76] (Figure 6). ORP5 and ORPS are lipid exchangers,
each of which contains an oxysterol-related domain (ORD) [73-76]. The hydrophobic
cavity within the ORDs of ORP5 and ORPS specifically bind with PS and PI4P with high
affinity [73-76]. Thus, ORP5 and ORPS actively exchange PI4P in the PM inner leaflet
and PS in the ER [73-76]. EM-nanoclustering analysis and confocal imaging consistently
showed that knocking down ORP5 and/or ORP8 effectively mislocalized the GFP-tagged
PS probe, LactC2, on the PM inner leaflet, suggesting that ORP5/ORP8 knockdown re-
duced the PS levels in the PM [80]. In consequence, ORP5/ORP8 knockdown mislocalized
GFP-KRASG12V from the PM, disrupted the nanoclustering of GFP-KRASG12V left on
the PM [80]. Concordantly, ORP5/ORP8 knockdown effectively reduced the number of
colonies of the mutant KRAS-dependent pancreatic cancer cells without affecting the cancer
cells independent of mutant KRAS [80]. Consistent with the concept of PI4P/PS exchange
for the enrichment of PS in the PM, pharmaceutically inhibiting a class III PI4P kinase,
PI4PKIlle, via a specific PI4PKIllx inhibitor Compound 7 (C7), compromised the spa-
tiotemporal organization of GFP-KRASG12V on the PM, and reduced the colony number
of the mutant KRAS-dependent pancreatic tumor cells in colony counting assays [80].
Thus, interfering with the PS exchange between the PM and the ER effectively depletes PS
contents in the PM, compromises the nanoclustering and function of oncogenic mutant
KRAS and specifically attenuates the tumor activities of the KRAS-dependent tumor cells.

5.3. Perturbation of Lipid Sorting Specificity of KRAS Polybasic Domain

The polybasic domain structure of the oncogenic mutant KRAS can also be manipu-
lated pharmacologically to alter the lipid preferences of KRAS (Figure 6). Phosphorylation
of Serine 181 adds a negatively charged phosphate group immediately adjacent to a polyba-
sic domain (Lys 175-180) alters the electrostatic interactions between the KRAS polybasic
domain and the anionic surface of the PM inner leaflet. Indeed, all-atom MD simulations
predicted that the phosphorylated KRAS polybasic domain backbone underwent distinct
conformational sampling than the unphosphorylated KRAS [23]. While ~64% of the un-
phosphorylated polybasic domain sampled the D states and the remaining 36% sampled
ordered O and I states, the phosphorylated KRAS adopted exclusively the disordered
D states [23]. This shift in conformational sampling resulted in a weakened hydrogen
bonding between individual lysine residues within the phosphorylated polybasic domain
and PS and PC headgroups [23]. In consequence, the phosphorylated GFP-KRASG12V no
longer associated with PS, determined in parallel EM-bivariate co-clustering analysis [23].
Rather, the RFP-tagged phosphorylated KRAS co-clustered extensively with GFP-PH-PLCS
(a specific PIP2-binding domain) and GFP-PH-Akt (a specific PIP3-binding domain) [23],
suggesting that the phosphorylated KRAS shifts its lipid preference from the highly abun-
dant PS to minor lipid types PIP2 and PIP3. Since PIP2 and PIP3 are minor lipid types
in the PM (<1% of the total lipid contents in the PM inner leaflet), the association of the
phosphorylated KRAS with the PM is weakened. Serine 181 of KRAS can be phosphory-
lated by protein kinase C (PKC) and protein kinase G (PKG) [81,82]. Indeed, treatment of
bryostatin-1, a potent activator of PKC, effectively phosphorylated Serine 181 of KRAS,
mislocalized an oncogenic mutant KRAS from the PM and promoted apoptosis of the
mutant KRAS-dependent tumor cells [81]. Small molecule agonists of the PKG pathway
also efficiently phosphorylated Serine 181 of KRAS, which in turn mislocalized KRAS from
the PM, disrupted the nanoclustering of the phosphorylated KRAS and compromised the
KRAS-dependent MAPK signaling [82]. The PKG cascade includes AMP-activated protein
kinase (AMPK), eNOS, soluble guanylyl cyclase (sGC), cyclic GMP (cGMP) and PKG.
Various components in the PKG pathway can be pharmacologically targeted to elevate
the accumulation of cGMP, in turn phosphorylate Serine 181 of oncogenic mutant KRAS,
compromise the nanoclustering and signaling of mutant KRAS. These small molecule
targeting the PKG pathway include AMPK activators, such as oligomycin A, neoantimycin,
antidiabetic drug metformin and aminoimidazole-4-carboxamide riboside (AICAR), ni-
tric oxide donor (diethylamine nitric oxide, DEA-NO), an inhibitor of phosphodiesterase
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5 (Sildenafil) [82]. Thus, pharmacologically inducing phosphorylation of mutant KRAS
interfers with the spatiotemporal organization and signaling of mutant KRAS.

6. Conclusions

RAS small GTPases, especially KRAS, have been difficult drug targets. Alternatively,
the plasma membrane (PM) is the main signaling compartment for RAS small GTPases,
thus a promising target. However, initial attempts of using farnesyltransferase inhibitors
to mislocalize KRAS from the PM have not been successful. This has dampened the enthu-
siasm of targeting the KRAS membrane interactions. Recent advances in super-resolution
imaging methodology have allowed further characterization of the spatiotemporal organi-
zation of RAS proteins, especially KRAS, on the PM. In the current review, we discussed
recent advances in our understanding of the intriguing capabilities of KRAS to selectively
sort not only lipid headgroups but also lipid acyl chains. These specificities reignite the
possibility of targeting KRAS/membrane interactions to interfere with its oncogenesis.
Because of the distinct roles of PS lipids, specifically the mixed-chain PS species, in the
signaling nanoclusters of KRAS, the precisely regulated metabolism and transport of PS
lipids can be targeted to impact KRAS oncogenesis. The intriguing capability of KRAS
to selectively sort mixed-chain PS species can also be targeted to disrupt the structural
integrity of KRAS nanoclusters, and in turn to compromise KRAS oncogenesis. Impor-
tant questions still remain, such as how KRAS uses different features of its C-terminal
membrane-anchoring domain, as well as its G-domain, to selectively sort different lipids.
Does dimerization of KRAS contribute and/or depend on distinct lipids? How do other
protein components within KRAS nanoclusters, such as galectin 3, contribute to the distinct
lipid enrichment in these nano-domains? These aspects will provide further specificities of
lipid sorting, thus making targeting these elements more easily.
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