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Abstract

Triple-negative breast cancer (TNBC) is a highly aggressive form of breast cancer associated with poor prognosis, higher
grade, and a high rate of metastatic occurrence. Limited therapeutic interventions and the compounding issue of drug resist-
ance in triple-negative breast cancer warrants the discovery of novel therapeutic targets and diagnostic modules. To this
view, in addition to proteins, lipids also regulate cellular functions via the formation of membranes that modulate membrane
protein function, diffusion, and their localization; thus, orchestrating signaling hot spots enriched in specific lipids/proteins
on cell membranes. Lipid deregulation in cancer leads to reprogramming of the membrane dynamics and functions impact-
ing cell proliferation, metabolism, and metastasis, providing exciting starting points for developing lipid-based approaches
for treating TNBC. In this review, we provide a detailed account of specific lipidic changes in breast cancer, link the altered
lipidome with membrane structure and mechanical properties, and describe how these are linked to subsequent downstream
functions implicit in cancer progression, metastasis, and chemoresistance. At the fundamental level, we discuss how the
lipid-centric findings in TNBC are providing cues for developing lipid-inspired theranostic strategies while bridging existing
gaps in our understanding of the functional involvement of lipid membranes in cancer.
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Introduction

The plasma membrane is the most fundamental cellular
component, which is now visualized, not just as a homog-
enous protein-enriched lipid bilayer providing structure but
also as a platform for orchestrating the interactome of signal-
ing proteins and lipids [1]. Various cellular processes such
as membrane fusion, fission, endocytosis, protein trafficking,
and exchanges with the external environment are initiated at
the very heart of the plasma membrane within heterogeneous
lipid domains [2]. Some of these domains are ordered and
known as liquid-ordered (/) lipid domains that reside within
the sea of liquid-disordered lipid domains (/). Lipid-ordered
domains are also referred to as lipid rafts; however, due to
conflicting views regarding the definition of lipid rafts, we
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prefer to use only the term ordered lipid domains through-
out this work. Lipid domains house complex and dynamic
protein-lipid structures, including distinct lipids and proteins
[3]. Ordered lipid domains are relatively rigid compared to
the surrounding region due to the presence of saturated
lipids and cholesterol within their lipid pools. Casares et al.
recently reviewed the role of membrane lipid composition
within the plasma membrane (PM) and endomembrane com-
partments that are critical for sustaining organelle structure
and function by regulating the abundance, size, and nature of
lipid domains [4]. Hence, the lipid environment and proteins
have an immense influence on most cellular functions, and
the precise configuration and architecture of cell membrane
and lipid domains delineate the fundamental pathophysi-
ological aspects of cells. Pathological conditions, such as
cancer or infection, bring about exceptional alterations in the
lipid repertoire of cells [5—7] underpinning how membrane
lipid composition changes, and their associated physico-
chemical properties, are significant enough to be regarded as
biomarkers [8]. Aptly, these are considered potential targets
for tangential therapeutic approaches [9, 10].
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Breast cancer is a highly heterogeneous form of cancer
known to have life-threatening consequences for women across
the globe. Molecular classification of breast cancer based on
therapy constitutes the following three major types (which are
also further divided into subtypes): hormone-positive (estro-
gen (ER)- and progesterone (PR)-positive tumors), HER2-pos-
itive (positive for the human epidermal growth factor receptor
2 (HER2)) and triple-negative breast cancer (TNBC), which
does not express ER, PR, or HER2 [11]. While there is some
relief in the fact that the first two can be treated with hormonal
therapies and chemotherapy, TNBC is exceptional in being an
aggressive type of cancer, with a distinct phenotype expressing
high invasiveness, high metastatic potential, predisposition to
relapse, and poor prognosis [12]. TNBC can be subdivided
into androgen receptor (AR)-positive TNBC and AR-nega-
tive TNBC, also known as quadruple-negative breast cancer
(QNBC). QNBC is an even more aggressive form of cancer,
and there is a dearth of prognostic biomarkers and therapeutic
targets for it [12]. Compared with other subtypes of breast
cancer, the survival time of TNBC patients is shorter, with a
high probability and faster rate of metastasis to distant organs
and a short relapse time [13]. Furthermore, TNBC tumors are
not receptive toward endocrine therapy or molecular targeted
therapy (as they lack ER, PR, and HER2 expression), and ded-
icated TNBC treatment protocols are still under-developed.
Therefore, it is imperative to discover new biomarkers and
therapeutic targets for breast cancer, particularly TNBC, to
assist diagnosis and prognosis after surgery and to develop
new and superior therapies.

Lipid alterations in cancer are known to vary for different
stages of progression and cancer types [5]. Importantly, elabo-
rating the ever-evolving role of lipids in reprogramming mem-
brane dynamics for cancer proliferation, cell metabolism, and
metastasis holds a huge promise for developing a lipid-based
or lipid-targeted approach toward treating TNBC. This review
describes how in recent years, cell membrane composition,
organization, and nanomechanical properties have been cor-
related with the malignancy and invasiveness of breast cancer,
and hence, are considered as orthogonal biomarkers for breast
cancer diagnosis and prognosis. We also summarize some of
the lipid-based/targeted therapeutic advancements in the last
years. Overall, the lipidomic biomarkers can play a crucial role
in prognostic characterization, diagnosis, and anticipation of
the scope of available anticancer therapeutics.
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Lipid composition, structural attributes,
and biophysical properties of cellular
membranes

Major lipid constituents of cell membranes

Major structural constituents of eukaryotic membranes
are glycerophospholipids (GPL), sphingolipids (SL), and
cholesterol (Chol) [4] (Fig. 1). Less abundant are the sign-
aling-induced hydrolysis products of GPLs and SLs (such
as lyso-P, and diacylglycerol, DAG); e.g., messenger lipids
having distinct functions in signaling processes. GPLs are
further classified on the basis of the phospholipid head
group structure, which could be zwitterionic or charged.
Chol is a crucial and abundant structure-forming unit of
eukaryotic cell membranes. The rigid steroid backbone of
Chol favors its interaction with SL [14], rendering Chol-
SL platforms as important elements of some lipid domains
[4] (Fig. 1). Chol and SL-enriched lipid domains harbor
various receptor proteins, and these domains contribute to
the specific membrane properties. As recently reviewed,
such lipid domains are considered plausible therapeutic
targets against different types of cancer [15, 16]. Variable
levels of membrane order within lipid domains correlate
to different levels of Chol-infusion that enable the regula-
tion of membrane fluidity. The lipid domain surrounding
the /; region has higher fluidity, less density, and increased
dynamics due to the increased abundance of unsaturated
phospholipids [17] (Fig. 1). Along with the structural
role, lipids also influence membrane protein localization
within membranes. Membrane proteins act as the recep-
tors, channels, transporters [18] and are involved in signal
transduction; some even act as enzymes [19, 20]. For the
proper functioning of these proteins, the distinct interac-
tions with membrane lipids (within lipid domains) are of
utmost significance. Consequently, any destabilization of
lipid domains is likely to impact membrane protein func-
tions and hence lead to severe complexities and often a
pathological condition [21-24].

The supramolecular assembly in lipid membranes
involves the lamellar arrangement of lipids, which can get
further organized into more structured varieties such as
solid-ordered (s,), gel-phase (Lg), ripped-phase, or liquid-
ordered phase ([,); the liquid crystalline/fluid phase (L)
being the most physiologically relevant [25-28]. The lipid
membrane can also acquire hexagonal or cubic lipid phases
owing to the abundance of lipids such as phosphatidyle-
thanolamine (PE), diacylglycerol (DAG), and acidic phos-
phatidylserine (PS) [3, 29, 30]. These lipids can induce
curvature in the context of the cellular membrane (i.e.,
in vivo) as a result of their non-cylindrical shapes. Lipids
such as lysophospholipids with big polar heads induce
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Fig.1 Steady-state composition of cellular membranes, site of lipid
synthesis, and lipid domain. The central panel shows the lipid com-
position of different cellular membranes, including plasma and inter-
nal membranes; data adapted from [37]. The site of synthesis of the
major phospholipids (red: ER; brown: plasma membrane; gray: mito-
chondria; green: Golgi) along with lipid identity are shown. The most
common glycerophospholipids assembled in the endoplasmic reticu-
lum (ER) are phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS), and phos-
phatidic acid (PA). ER also synthesizes ceramide, galactosylceramide
(GalCer), and cholesterol (chol). The Golgi is the site of synthesis of
sphingomyelin (SM), complex glycosphingolipids (GSLs), and PC.
Mitochondria synthesize almost 45% of phospholipids, including PE,
PA, phosphatidylglycerol (PG), and cardiolipin (CL). The lipid com-
position of different membranes varies throughout the cell, and bar
graphs show the composition of the total phospholipid for each mem-
brane type in a mammalian cell. Plasma membranes consist of lipid
domains enriched in saturated lipids, cholesterol, and proteins form-

a positive curvature in the membranes, forming normal
hexagonal monolayers (HI) or micelles [31, 32] (Fig. 1).
DAG and PE induce negative curvature stress into the cell
membrane and induce the formation of inverted hexago-
nal structure monolayers (HII) or inverted micelles that

Conical: PE, DAG

PE | Chol i Actin
© cytoskeleton Proteins

Inverted Conical: lyso-PL, P

Lipidic
Proteins

Integral

ing ordered lipid domains. Actin cytoskeleton underneath the plasma
membrane is also involved in the stability of protein-lipid domains.
These ordered domains are surrounded by fluid lipid domains.
Another major characteristic feature of a normal and healthy plasma
membrane is the lipid asymmetry between the two leaflets of the
lipid bilayer, where charged lipids such as PS and PE are preferen-
tially localized in the cytoplasmic leaflet. The lipid structure (rela-
tive size of the head and tail group area) determines its molecular
geometry that dictates membrane curvature; membrane proteins also
contribute substantially to the stabilization of membrane curvature.
In the absence of proteins and in pure lipid bilayers, while PC forms
membrane with no curvature, PE and lyso-lipids form negatively and
positively curved membranes, respectively (bottom, inset). PI(3,5)P2
phosphatidylinositol-(3,5)-bisphosphate; PI(4,5)P2 phosphatidylin-
ositol-(4,5)-bisphosphate; PI(3,4,5)P3 phosphatidylinositol-(3,4,5)-
trisphosphate; PI4P phosphatidylinositol-4-phosphate; S/P sphingo-
sine-1-phosphate; Sph sphingosine; R remaining lipids

are known to play a crucial role in budding, fusion, and
fission [2, 5, 30, 33, 34]. The presence of these specific
regions can ultimately be responsible for the activation of
key membrane proteins involved in various cell signaling
pathways and their deregulation in pathological states.
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Cellular lipid pool is organelle-specific

Membrane composition between organelles is highly
divergent and mediates the organelle-specific function
facilitated by the distinct conformation of the membranes.
Thickness and stiffness are the two main physical parame-
ters that invariably discriminate between the functions and
identities of different secretory organelles like endoplas-
mic reticulum (ER), Golgi apparatus, and plasma mem-
brane (PM) [4]. There exist a gradient of SL and Chol
concentrations in ER and Golgi, with the highest abun-
dance in PM that underlines its thickness and stiffness [5].
The ER provides a large percentage of membrane lipids
for Golgi and PM [35] and produces significant levels of
the structural phospholipids (PL) and Chol, together with
non-structural lipids such as triacylglycerol cholesteryl
esters and ceramide (Cer) [36]; Cer is the precursor for SL,
Fig. 1. The rapid transference of Chol to other organelle
decreases its concentration in ER, leading to enhanced ER
membrane fluidity. Furthermore, the low Chol content-
enabled loose lipid organization regulates ER function as
it eases the insertion and the transport of lipids and pro-
teins [37]. ER also houses minor lipids such as DAG, PA,
and lysophospholipids [37] that induce membrane curva-
ture, decrease the energy required for membrane fission,
fusion, pore formation, and vesicle trafficking, and eventu-
ally assist in ER functions [34]. The trans-Golgi network,
which produces complex sphingolipids utilizing Cer from
ER, plays a significant role in the transition from the thin
and loosely packed membrane found in the ER to the thick
and rigid bilayer found at the PM [4]. It also transports
proteins with variable transmembrane domains to the PM.

Mitochondria is a specialized organelle that derives its
lipids mainly from mitochondria-associated membrane sub-
fraction of the ER and is responsible for the synthesis of
unique lipids like cardiolipin (CL), along with phosphatidyl-
glycerol (PG), PE, PA, and DAG [38]. Mitochondrial lipid
composition is marked by high levels of PC and PE (almost
80% of total PL), high CL, and low sterol and SL concen-
trations (Fig. 1). Mitochondrial membranes of the nervous,
immune, and cardiovascular systems also contain PC and PE
plasmalogens [39]. Plasmalogens are membrane structure
lipids that contain a vinyl-ether and ester bond at the sn-1
and sn-2 positions, respectively, in the glycerol backbone
[40]. This unique structural feature endows highly lipophilic
characteristics to plasmalogens allowing them to generate
inverse hexagonal phase structures that promote membrane
fusion [39, 41]. Plasmalogens play an important role in the
organization of stable lipid microdomains and Chol-rich
membrane scaffolds and articulating cellular signaling while
also serving as endogenous antioxidants and protecting other
PL, lipid, and lipoprotein particles from oxidative stresses
[40].

@ Springer

The plasma membranes of various cell types have dif-
ferent and unique lipid domains of variable order and fluid-
ity [42—47]. While the ordered microdomains, sometimes
also referred to as lipid rafts (I,), are rigid, tightly packed,
and abundant in Chol, SL, and GSLs. Some of the disor-
dered domains (/) have PE-rich regions and are comprised
of unsaturated FAs (Fig. 1); both of these lipid regions are
enriched with a distinct set of membrane proteins. This cul-
minates in enhanced membrane fluidity and reduced sur-
face packing density in /; membrane regions reported both
in vitro [48-51] and in cellular native membranes [47, 52,
53]. Various biological processes, including signal trans-
duction, membrane trafficking, and immune responses are
regulated by the specific properties of these lipid microdo-
mains [54].

How do membrane properties govern cellular
functions?

Lipid composition, spatiotemporal membrane arrangement,
and membrane proteins dictate the biophysical properties of
the cell membrane. One of the most significant properties is
membrane fluidity, which is inversely related to membrane
viscosity and has a huge impact on the dynamics of travers-
ing molecules within the membrane [54, 55]. The optimal
diffusion of proteins and lipids within the membrane plane
enables efficient interactions between them and regulates
lipid/protein clustering, which directly impacts the assembly
of signaling hot spots. Membrane heterogeneities and lipid
domains of distinct composition strongly control membrane
fluidity, which in turn governs downstream cellular sign-
aling, lipid-protein interactions, and cell communication
[17, 37, 56]. Alterations in membrane fluidity have been
reported in the pathogenesis of various diseases such as
cancer, obesity, and neurodegenerative disorders by modu-
lating numerous membrane-associated signaling pathways
[57, 58]. Membrane fluidity also affects the interaction of
chemotherapeutic drugs with membranes and has been
linked to the ever-increasing problem of drug resistance in
cancer cells [59].

PM has high heterogeneity and asymmetry in the lipid
composition and spatial organization. The atomistic view of
membrane heterogeneity or phase coexistence, phase tran-
sitions, and specific details of interactions within the lipid
microdomains have been recently shown by Gu et al. [60].
They simulated binary (DPPC, DOPC) and ternary lipid
mixtures (DOPC, DPPC, and Chol), showing La—gel/rip-
ple, [ —1;, and gel-/, coexistence. This work also highlighted
specific interaction geometries between Chol and PLs, which
serve as new insights on possible driving forces for lipid
phase separation. Experimentally, use of membrane sensitive
probes [17, 61] and technologies with an advanced spatial
and temporal resolution, such as super-resolution stimulated
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emission depletion (STED) microscopy [62], label-free
Raman microscopy [63], high dimensional super-resolution
imaging [64], and cryo-EM imaging [65] have opened new
avenues for gauging the lateral heterogeneity in native mem-
branes (both in vitro and in vivo) with unambiguous accu-
racy of their functional relevance.

Asymmetry in lipid distribution between the two leaflets
of the plasma membrane (PM) is well known and crucial for
cellular processes [6, 42, 66]. While the intracellular leaflet
of the PM is composed of higher concentrations of anionic
phosphatidylserine (PS) and phosphatidylethanolamine
(PE), the exoplasmic leaflet is rich in zwitterionic phos-
phatidylcholine (PC) and sphingomyelin (SM). Skotland and
Sandvig reviewed the possible interactions between the very
long-chain sphingolipids in the outer leaflet of the plasma
membrane and the PS (18:0/18:1) in the inner leaflet and the
role that cholesterol plays for such associations [67]. The
inner leaflet is also enriched with signaling lipids like phos-
phatidylinositol (PI) or phosphatidic acid (PA). Membrane
asymmetry causes a negative inner membrane surface charge
that drives hydrolysis of PI, by means of phospholipase C,
into inositol 1,4,5-triphosphate (IP3) and DAG second mes-
sengers [68]. Furthermore, lipid rafts, caveolae, receptors,
and channel clusters of higher-order asymmetry facilitate
cellular functioning by balancing electrostatic interactions
and lateral diffusion within the cell membrane. The asym-
metric distribution of PLs between both the leaflets of the
membrane and, therefore, the analogous effect on membrane
electrostatics are controlled by the Golgi apparatus. Finally,
the asymmetric partitioning of lipids in the membrane is an
active process and requires flippases, floppases, and scram-
blases [69]. These are proteins that differently translocate
lipids from one leafiet to another. For example, flippases are
ATP-consuming proteins that move the aminophospholipids
PS and PE from the PM outer leaflet to the inner leaflet.
Floppases are also ATP-dependent and transport substrates
such as PC, SL, and Chol from the inner to outer PM leaflet
[70]. Scramblases, on the other hand, are ATP-independent
and Ca2 + -dependent transporters that facilitate the passive
transit of lipids in either direction [69].

Peculiar case of Cancer Cell Membrane
Structure

Membrane landscape in cancer

An altered lipid repertoire due to impaired lipid metabolism
impacts the spatial-temporal arrangement of lipids within
membranes. Foremost is the lipid asymmetry that undergoes
major rearrangements, wherein its disorganization rewires
cell signaling [25]. In several types of cancer, a loss of asym-
metric lipid distribution has been observed, which results

in the exposure of the negatively charged PS and PE on the
outer surface of their membranes [68], Fig. 2A. A study by
Vallabhapurapu et al. explored the mechanisms regulating
the surface PS exposure in human cancer cells and found
that differential flippase activity and intracellular calcium
are the major regulators of surface PS exposure in viable
human cancer cells [71]. Cancer cell lines with high surface
PS exhibited low flippase activity and high intracellular cal-
cium. The surface exposure of PS was observed to be of dif-
ferent extents in different cancer cell lines. Strikingly, breast
cancer cells had a low exposure of PS, while the metastatic
breast cancer cells had a higher surface PS, emphasizing
that variable lipid compositions are observed during differ-
ent stages of cancer progression. Due to the high levels of
exposed PS in cancer cells, an immunosuppressive envi-
ronment is created [72—-74] that enables cells to evade the
inflammatory immune response and promotes proliferation
[75], a form of non-classical apoptosis mimicry [76].

The exposure of PE enhances membrane curvature that
aids in hypervesiculation, leading to a release of extracel-
lular membrane vesicles (MVs) implicated in cancer metas-
tasis (Fig. 2A). PE also acts as a lipid chaperone by assisting
in the folding of membrane proteins [77]. A lack of PE on
the PM cytosolic side leads to the accumulation of unfolded/
misfolded proteins and induces chronic endoplasmic reticu-
Ium (ER) stress, which further shifts the metabolism toward
a cancerous phenotype [78-80]. PE is a fine regulator of
autophagy, and its altered abundance affects the clearing
process of malfunctioning organelles that eventually pro-
mote carcinogenesis [80]. Furthermore, as a part of the gly-
cosylphosphatidylinositol (GPI) anchor, PE is responsible
for binding proteins to the membrane, and impairment of
this function leads to the destabilization of the membrane
proteins [81] (Fig. 2A). As a result, downstream intracel-
lular signaling events, metabolism, and communication are
modulated, leading to cellular imbalance and carcinogenesis.
In addition, lysophospholipids are also abundant in cancer
cells which are attributed to the enhanced activity of phos-
pholipase A2. The increased lysophospholipid content leads
to the destabilization of the membrane and irregular mem-
brane curvature [82] making it more susceptible to leakage
and fusion.

Phosphatidylcholine (PC) is the most abundant struc-
tural component of the lipid bilayer and is mostly present
in the outer PM leaflet [83]. It is also a precursor of signal-
ing molecules such as DAG, arachidonic acid, and lyso-PC
produced through a network of enzymatic reactions known
as the phosphatidylcholine cycle. In the case of cancer, the
PC content in the cell membrane increases by the induction
of the Kennedy pathway, PE N-methyltransferase, and CDP-
choline pathway [6, 84]. Moreover, its degradation to release
signaling messengers for the proliferating cancer cells also
increases by upregulation of enzymes such as choline kinase
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alpha (CHK @), phospholipase C (PLC), or phospholipase D
(PLD) [85]. PC-specific phospholipase C (PC-PLC) acts as a
chaperone for HER2 receptor, and its levels are 3- to sixfold
elevated in breast cancer cells [86]. Confocal microscopy
in vivo confirmed that PC-PLC extensively colocalizes with
HER2 in the raft domains of SKBr3 breast cancer cell PM,
and coimmunoprecipitation assays substantiated a physical
association of PC-PLC with HER?2 [87]. Therefore, PC-PLC
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Actomysoin stress fibers

inhibition comes across as a potential target against breast
cancer as its inhibition leads to the substantial and long-last-
ing inhibition of HER2. DAG, a hydrolysis product of PC,
has a profound effect on membrane structure and signaling.
A local accumulation of DAG disorganizes phospholipid
bilayer as the characteristic negative curvature of DAG, and
its lack of charge induces unstable and asymmetric regions
in the membrane bilayer. This facilitates fusion and fission
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«Fig. 2 Representation of altered lipid landscape in breast cancer.
A Uptake of exogenous lipids and de novo lipid synthesis are major
sources of cellular lipid pools in non-TNBC and TNBC cancers. Fatty
acids (FAs) provide substrates for membrane synthesis and metabolic
fuels through p-oxidation. In addition, specific to TNBC, expression
of enzymes involved in acquiring exogenous FAS such as lipoprotein
lipase (LPL), very low-density lipoprotein receptor (VLDLR) expres-
sion is elevated, contributing to deregulated lipidome. FA binding
and activating proteins such as FABP, FABP7, and long-chain acyl
CoA synthetase (ACSL)-4, respectively, are overexpressed, con-
tributing to altered lipid landscape in TNBC. The excess lipids in
tumors are stored in lipid droplets (LDs), and in the case of TNBC,
the LDs are enriched with specific proteins such as Lipin-1, PLA2,
and COX-2. Cancer cells display a loss of PM bilayer asymmetry,
i.e., re-distributed amounts of PE and negatively charged PS lipids
at the extracellular bilayer leaflet due to reduced flippase activity,
eventually destroying asymmetric PE/PS distribution. Lack of PE at
the cytoplasmic PM leaflet destabilizes membrane proteins, modu-
lating signaling events in TNBC. PDB code of the depicted human
PE binding proteins, IBEH. PDB codes of transmembrane proteins
shown are 2MFR (insulin receptor, red) and 4PYP (GLUT-1, blue).
The enhanced PE abundance at the exoplasmic site provides sites for
hypervesiculation in TNBC, leading to enhanced induction of extra-
cellular membrane vesicles. ACC, acetyl-CoA carboxylase; ACLY,
ATP citrate lyase; FABPs, fatty acid-binding proteins; FASN, fatty
acid synthase; PUFA, polyunsaturated FA; SFA, saturated FA. B
Representation of relative changes (not to scale) of the deregulated
lipid classes in TNBC compiled from primary studies [107-113]
to depict changes within various lipid classes on the same graph. C
Schematic representation of the alteration in the plasma membrane
organization and bilayer deformation in TNBC, concomitant with
global lipid rewiring and implication in drug resistance. The loss of
lipid asymmetry in cancer cell membranes due to the presence of
negative charged phospholipids (PLs) impact membrane lipid domain
organization. Reduced cholesterol (Chol) and SM levels modulate the
membrane deformability and alter actin cytoskeleton. The reduced
abundance of actin stress fibers that harbors actin-myosin interac-
tion sites are reduced in cancer cells, subsequently modulating cell
mechanical properties such as stiffness

interactions, induces the formation of microdomains, and
alters protein-lipid interactions, de-routing the signaling cas-
cades [88]. DAG and lyso-PA are also known to stimulate
cell migration in cancer cells [4]. Finally, changes in the
lipid composition are related to the malignancy of the tumor.
For example, the pro-apoptotic Cer is reduced in tumors, and
its levels are inversely associated with tumor progression.
Other notable changes include the aberrant distribution of
immunosuppressing gangliosides and the accumulation of
esterified Chol levels, which are inadvertently associated
with increased cell-cycle progression and tumor growth.

How does altered cell membrane impact drug
resistance?

Lipid asymmetry is implicated in multidrug resistance in
cancer cells [89] by virtue of altered lipid packing. Lipid
packing is a balance between repulsive long-range forces
between the lipid head groups and attractive-hydrophobic
interaction between the lipid acyl chains. With negatively

charged lipids, such as abundant PS in the inner leaflet,
acidic pH decreases repulsion between their polar head
groups and reduces the surface tension, leading to reduced
area per lipid. This eventually forms a loosely packed mem-
brane in non-transformed cancer cells. In the case of drug-
resistant cells, a small increase in alkalinity at the cytoplas-
mic side reduces the neutralization of charges by H+ions
and increases the repulsion of polar head groups, thereby
increasing the surface tension and optimal area per lipid.
This leads to tighter packing, eventually reducing perme-
ability toward chemotherapeutics [89]. In a recent dynamic
molecular simulation study of model membranes, the effect
of lipid asymmetry and cholesterol content has been shown
to reduce the cell permeability toward anticancer drugs such
as cisplatin [90]. This study shows how these membrane
lipid properties play a role in mechanically resisting anti-
cancer drug uptake.

In an independent study, Peetla et al. investigated the
role of lipids in drug transport in cancer chemotherapy to
overcome drug resistance in breast cancer cells [91]. In
this study, they isolated lipids from doxorubicin-sensitive
(MCF7) and resistant (MCF7/ADR) breast cancer cells to
characterize the biophysical properties of membrane lipids
(particularly lipid packing and membrane fluidity) and to
understand the role of the interaction of cell membrane
lipids with drug/nanocarrier on drug uptake and efficacy.
Resistant cell membrane lipids showed significantly differ-
ent compositions and formed more condensed, less fluid
monolayers than did lipids from sensitive cells. Similarly,
the cancer cells which undergo metastasis reduce membrane
Chol levels to enhance membrane fluidity and elasticity. This
makes the cancer cells more resilient for permeation through
blood vessels [5].

Rewiring of Lipid Metabolism in Cancer

Cancer cells, for their rapid proliferation, require mem-
brane biogenesis which they achieve by reprogramming
the inherent lipid metabolism. In response to the changes in
the microenvironment, in terms of differential availability
of oxygen and nutrients, most cancer cells exhibit aberrant
stimulation of lipid metabolism. They respond to this meta-
bolically challenging environment by striking a new balance
between the endogenous synthesis and exogenous uptake of
fatty acids in order to meet the growing need for membrane
biogenesis, energy production, and protein modification [92,
93]. Alterations in lipid metabolism bring about changes
in membrane composition and membrane dynamics which
have several pathological implications. A detailed descrip-
tion of the fate of lipid metabolism through varied pathways
has been demonstrated by Szalsa et al. in different types of
carcinogenesis [6].
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A predominant feature of lipid metabolic adaptation
is the elevated de novo synthesis of fatty acids (FAs) in
cancer cells which otherwise have a pathway of minor
importance (with exceptions of liver and mammary cells)
in healthy cells (Fig. 2A). This meets the increasing
requirement of the proliferating cells and is a phenomenon
observed in many different cancer types [94, 95]. In this
context, it has been demonstrated that in breast tissue, the
FA and PL profiles are altered not only in the tumor areas
but also in the surrounding healthy areas [96]. This pro-
vides evidence that changes in PL. composition can occur
before morphological changes. The authors observed sig-
nificantly higher amounts of the n-3 FA DHA in cancer
tissue compared to the other tissues. Upregulation of FA
synthase and the subsequent biogenesis of saturated fatty
acids (SFA) initiating from palmitic acid (C16) play a key
role in the synthesis of saturated membrane phospholipids
that imparts rigidity to the membrane bilayer. The subse-
quent transformation to mono- and polyunsaturated fatty
acids (MUFAs and PUFAs) by specific enzymatic machin-
ery (desaturase and elongase) leads to the coordination
of fluidity and permeability to the membrane structure.
The balance between SFA, MUFA, and PUFA gets greatly
altered in different cancer types, leading to a modified FA
pool (Fig. 2A). In fact, the SFA-MUFA transformation is
regarded as an important biomarker of cancer status [67].

Stearoyl CoA desaturase (SCD-1), an enzyme associated
with SFA-MUFA transformation specifically acting on pal-
mitic and stearic acid, is overexpressed in cancer cells and
regulated by signaling cascades such as MAPK (mitogen-
activated protein kinase) and AKT-favored in cancer [97,
98]. Elevated levels of SCD-1 are regarded as a biochemical
signature of cancer cells and tumor tissues in lung, breast,
colon, kidney, and prostate cancers [98, 99]. Additionally,
lipogenesis is also upregulated due to increased mTORC2
activity, promoting tumorigenesis via increased production
of glucosylceramide and CL as observed in hepatic cancer
cells. Changes in the microenvironment, such as low oxygen
availability or hypoxia, have several implications. Under a
hypoxic environment, it has been reported that the ratio of
MUFA (C18:1/C16:1) to SFA (C18:0/C16:0), also known
as desaturation index, gets significantly reduced in many
types of cancer cell lines (e.g., MDA-MB-468, HeLa, A549,
MCF7,7 86-0, UMRC?2, U87, and HCT116). The hypoxia-
inducible factor (HIF1x) leads to an accumulation of lipid
droplets which promote uptake of FAs through fatty acid-
binding proteins rather than de novo FA synthesis [100].
It also induces the expression of acetyl-CoA synthetase
(ACSS2), an enzyme that converts acetate to acetyl-CoA
[101], for increasing the lipid availability in proliferating
cancer cells. In addition to hypoxia, lipid depletion syner-
gistically stimulates ACSS2 expression, depending upon the
cancer cell-cycle stage [102].
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Another strategy to increase the lipid mass in cancer cells
is enhanced uptake of exogenous or dietary lipoproteins,
driven by the upregulation of PI3K/AKT and subsequent
storage of excess lipids within lipid droplets (LD; Fig. 2A).
Lipid droplets are membrane-enclosed subcellular organelles
acting as a reservoir for FAs and Chol in the form of tri-
glycerides and cholesterol esters. The LD accumulation of
cholesteryl esters in prostate cancer tissues and breast can-
cer cells has been associated with proliferation and aggres-
siveness [103, 104]. Apart from the usual route of SCD-1
dependent fatty acid desaturation, an SCD-1 independ-
ent and alternate desaturation pathway has recently been
explored that generates the unusual FA, sapienate/sapienic
acid (cis-6-C16:1) through activation of fatty acid desatu-
rase-2 (FADS2) [105, 106]. Interestingly, in several cancer
cell lines, including lung, breast, and prostate, desaturation
through the FADS2 pathway has been observed in addition
to SCD-1 dependent fatty acid desaturation. This pathway
renders an alternative source of MUFAs and represents a
novel route to expanding the pool of deregulated lipidome
in cancer [95, 105]. The cumulated data underlines some of
the most important alterations in FA compositions in various
cancer types. Ferreri et al. have compiled a comprehensive
FA landscape where they coordinated elevated levels of oleic
acid, linolenic acid, arachidonic acid, pentadecanoic acid,
heptadecanoic acid, 9C-C18:1 and 11¢-C18:1 MUFAs, and
n-6 C18:2 and C20:3 PUFAs with different carcinomas [95].

A substantial catabolic phenomenon that supports cancer
cell metabolism is autophagy. Autophagy serves as lipolysis
machinery for the degradation of lipids by recycling dam-
aged organelles, cytosolic lipids, and thus supplies fatty
acids, and acetyl-CoA for continued metabolism [107].
During autophagy, LDs encapsulated in double-membrane
autophagosomes fuse with lysosomes, and undergoes deg-
radation upon formation of autolysosomes. The degradation
of LDs generates free-fatty acids that serve as a substrate for
B-oxidation in mitochondria providing an efficient source
of energy during cancer progression [108]. The autophagy-
mediated selective degradation of lipids is called lipophagy
and appears to be a well conserved mechanism of lipid
degradation across several cell types. Although lipophagy
plays a dual role (both pro and anticancer) in cancer metabo-
lism upon regulation of lysosomal acid lipase expression,
the relationship between lipophagy and cancer progres-
sion/ metastasis is, not fully understood and warrants more
insights [109].

Lipid metabolic changes specific to breast cancer

Interactions between breast cancer and its microenvironment
are highly complex given its heterogeneous nature, where
the metabolic adaptions drive the metastatic process and
chemoresistance. The expression level of various enzymes
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involved in different aspects of lipid metabolism is distinctly
affected in different breast cancer types. For example, the de
novo FA synthesis pathway, which is upregulated in most
cancers, including HER2-positive breast cancer, appears not
to be the chosen pathway in the case of TNBC [110]. Most
enzymes of this pathway, such as ATP citrate lyase (ACLY),
acetyl-CoA carboxylase alpha (ACACA), fatty acid synthase
(FASN), and SCD-1, are overexpressed in HER2-enriched
breast cancer cells, with extremely low levels in the case of
TNBC (Fig. 2A). On the other hand, enzymes involved in
acquiring exogenous FAS, such as lipoprotein lipase (LPL)
and the very low-density lipoprotein receptor (VLDLR)
expression, are elevated in TNBC (Fig. 2A). Similarly, FA
binding proteins (FABP5 & FABP7) that bind long-chain
FAs mediating their uptake into the cell and transportation
to subcellular organelles, are overexpressed in TNBC and
the basal-like subtype of breast cancer. Enzymes involved
in FA activation, such as long-chain acyl CoA synthetase
(ACSL-4), are also significantly overexpressed in TNBC
and basal-like breast cancers, whereas ACSL-3 expression
predominates in luminal and HER2-enriched subtypes. In
fact, the tyrosine phosphatase, SHP2, which has been known
to increase expression of ACSL-4 protein in MA-10 Leydig
cells [111], also appears to be associated with breast cancer
progression and increased motility in TNBCs [112, 113].
LD accumulation correlates well with increased breast
cancer malignancy [114]. Raman imaging and spectros-
copy have been used to detect the accumulation of LDs in
MCF10A, MCF7, MDA-MB-231 cell lines [115]. Cyto-
plasmic LDs are considerably elevated in highly malignant
MDA-MB-231 cells compared to moderately malignant
MCF7 breast cells, with even lower levels in non-malignant
MCF10A breast cells. The hypoxia-induced accumulation of
lipids within LD is accompanied by an increase of LPIN1.
LPIN1 regulates phospholipid synthesis by encoding lipin-
1, a PA phosphatase (PAP). Lipin-1 is localized in LDs
and drives the conversion of PA to DAG, the rate-limiting
step in the PL and triglyceride synthesis. It was found to be
highly upregulated in basal-like triple-negative breast cancer
(TNBC; Fig. 2A). He et al. found that knockdown of LPIN
(HCC1806 cells) significantly reduced PL synthesis as well
as reduced CL, SM, and Cer levels and also considerably
blocked tumor growth in an in vivo mouse xenograft tumor
model [116]. Furthermore, knockdown of LIPIN-1 resulted
in a reduced abundance of PLs having shorter acyl chains
and an attenuated saturation index of membrane lipids.
Taken together, this work suggests that PL synthesis can
be a potential target for cancer therapy. Moreover, the other
two enzymes known to be localized within LD and highly
upregulated in TNBC are cytosolic PLA2a (PLA2G4A) and
cyclooxygenase-2 (COX-2), both responsible for the synthe-
sis of prostaglandins such as prostaglandin E2 (PGE2). The
displacement of free-fatty acids from triglycerides in LDs

is regulated by a class of proteins called perilipins (PLIN;
Fig. 2A). It has been observed that PLIN2 is associated with
increased LD formation, prolonged breast cancer cell sur-
vival in vitro [117], overexpression of basal-like TNBC, and
downregulation of the ER, which increases expression.

Finally, elevated levels of PA have been associated with
the activation of kinases and enhanced hypoxia-inducible
factor 1-alpha (HIF1A) transcription, which promotes
angiogenesis and cancer cell proliferation [118]. Hypoxic
cells cause higher levels of glucose consumption, making
the microenvironment acidic, which promotes invasive-
ness in cancer cells. Thus, different breast cancer cells
and peculiarly TNBC cells rewire FA metabolism in most
exclusive ways facilitating their survival, maintenance, and
proliferation.

Transcriptional regulation of cancer lipid
metabolism

Lipid homeostasis is transcriptionally regulated by various
factors, which are modulated in various types of cancer.
Carbohydrate-response element-binding protein (ChREBP),
encoded by MLXIPL gene, acts as a transcriptional factor
facilitating metabolism of excess glucose to FAs via forma-
tion of acetyl-CoA [119]. It also coordinates the carbohy-
drate induction of lipogenesis and is involved in pathogen-
esis of various cancers. For instance, ChREBP knockdown
activates p53 to induce cell-cycle arrest and subsequently
reduces colon cancer growth in vivo [120, 121]. In breast
cancer, a positive correlation has been documented between
ChREBP and lipogenic genes. Upstream of ChREBP is the
liver X receptor (LXR) that directly regulates glycolysis
and increases lipogenesis [122]. Removal of LXR reduces
the abundance of key lipogenic genes and increases pro-
duction of TGs [123]. LXRs are Chol sensors and LXR-
driven genes that regulate Chol-efflux are less frequently
expressed in breast cancer, leading to higher lipid contents
and hence higher cancer cell viability [124]. In addition,
thinner lipid rafts in the plasma membrane after LXR stimu-
lation have been observed using AFM, consistent with its
involvement in Chol modulation [125]. Activation of LXRs
also decreases expression of lipogenic genes such as sterol
regulatory element-binding proteins; SREBP1, SCD-1 and
FASN in breast cancer [126]. Another transcriptional factor
is farnesoid X receptor (FXR) that contributes toward main-
tenance of Chol homeostasis [127]. FXR has been shown to
modulate the tumorigenic effect of lipids isolated from bone,
impacting breast cancer metastasis [128]; however, more
studies are required to explore the mechanisms behind FXR
mediated lipid regulation in cancer. Another way of tran-
scriptionally regulating Chol and other lipids is mediated by
peroxisome proliferator-activated receptor (PPARs). PPAR
downregulation decreases plasma TG levels, and increases
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lipase expression [129]. The delta isoform, PPARS, directly
impacts Chol levels by regulating the expression of genes
that control Chol-efflux [130]. A rather ubiquitous tran-
scriptional regulation of lipid metabolism is mediated by
sterol regulatory element-binding proteins, SREBPs [131];
SREBPs activate expression of > 30 genes and contribute
toward synthesis and uptake of Chol, FAs and TGs.

Lipidic Changes as Efficient Biomarkers
in Breast Cancer

A significant variation is observed in the lipid composi-
tion and distribution among different cancer phenotypes
compared to normal healthy cells; therefore, a lipidomic
characterization is believed to serve as a reliable strategy
to furnish effective biomarkers for detecting cancer. Lipid-
omics refers to the quantitative assessment of all the lipids
in cells, tissue, body fluid, or organisms. Mass spectrom-
etry (MS) coupled with soft ionization techniques such as
MALDI and ESI, NMR, and Raman spectroscopy are key
techniques employed for lipidomic characterization in cancer
diagnostics. Breast cancer is the most commonly diagnosed
cancer, and progress in characterizing the lipidome using
MS has been reported earlier. Min et al., using nanoflow
LC-ESI-MS-MS, analyzed four different categories of PLs
(PS, PI, PG, and PA) from urine samples from breast cancer
patients and healthy controls [132]. The total amounts of
many PLs increased in cancer patients when compared to
healthy controls, with a significant increase in PS species
(18:1/18:1 and 18:2/18:0), while PI 18:0/20:4 was signifi-
cantly reduced in breast cancer samples. Importantly, the PS
levels were restored in the patients after surgery. The authors
implied that the lipid composition found in the urine sam-
ples of breast cancer patients could serve as early diagnosis
avenues.

Similarly, in order to identify lipid targets that play a role
in breast cancer invasion, Wang et al. used MALDI-mass
spectrometry imaging, compared lipidomic profiles of two
poorly and two highly invasive breast cancer cells lines, and
found upregulation of 31 lipids including PG and PA, and
downregulation of 8 lipids, including SM [133]. The authors
made a point that deciphering the correlation between cancer
proliferation and lipid metabolism may assist in the explora-
tion of diagnostic markers and therapeutic targets in breast
cancer. In an earlier MALDI-MSI study of human breast
cancer cells by Kawashima et al., accumulation of phosphati-
dylinositols (PIs) was observed in breast cancer tissues, and
therefore PI was considered as a biomarker candidate [134].
They identified two different populations of cancer cells that
predominantly expressed either PI18:0/18:1 or PI18:0/20:3,
with the latter population believed to be associated with the
invasiveness. Another MALDI-imaging mass spectroscopic
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study reveals that the PC (32:1) content of recurring TNBC
is higher than the non-recurring TNBC tumors [135]; thus,
it appears to be a predictive feature of recurrence and help in
the improvement of the prognosis of TNBC patients. More
recently, lipid profiling by MALDI-TOF MS by Silva et al.
(2020) verified that the Lyso-PC/PC ratio, calculated from
the MALDI-mass spectra, can be used as a marker for breast
cancer progression [136]. The PC content is most likely
affected by the changes in the phospholipase A2 activity,
and its activity increases with the carcinoma stage. Contrary
to earlier reports, Silva et al. confirmed that highly phospho-
rylated PIs are difficult to detect by MALDI MS, and even
though PI levels have been established as reliable biomark-
ers in other studies, they could not be detected under given
experimental settings for breast cancer cells.

Recently, Eiriksson et al. identified key differences
between the lipidome of heterogeneous breast cancer sub-
types with an aim to develop specific targeted therapeutic
solutions [137]. Using LC-MS, an upregulation of triacyl-
glycerols (TG) > C48 with multiple unsaturation in fatty
acyl chains and reduction in PE (C34 to C38) levels in cell
lines exhibiting estrogen and progesterone receptor-positive
tumor subtypes was observed. For the HER2-overexpressing
tumor subtype, an elevated expression of TG (< C46), PC,
and PE-containing short-chained (< C16) saturated or mono-
unsaturated fatty acids were observed. Enhanced levels of
PC > C40 were also found in the cell lines of the TNBC
subtype.

In another study, a comprehensive and comparative meta-
bolic and lipidomic profiling of a human epithelial breast
cell line (MCF10A), a slightly metastatic (MCF7), and a
highly metastatic (MDA-MB-231) breast cancer cell line
was done using gas chromatography-mass spectrometry
(GC-MS) and direct infusion mass spectrometry (DI-MS)
[138]. Enhanced levels of most phospholipids were observed
in both metastatic groups, compared to normal cells. Coher-
ent with earlier observations, the levels of phosphatidylser-
ine (PS) 18:0/20:4, phosphatidylinositol (PI) 18:0/20:4, and
phosphatidylcholine (PC) 18:0/20:4 were markedly higher,
while those of phosphatidylethanolamine (PE) 18:1/18:1
and PI 18:0/18:1 were lower in MDA-MB-231 cells than
in MCF7 cells.

A comprehensive lipidomic analysis through high-reso-
lution LC-MS, specifically targeting the TNBC by Purwaha
et al., were able to measure 684 named lipids across 15 lipid
classes in 70 TNBC tumors [139]. Survival analysis across
different races revealed that an enhanced level of sphingo-
myelins is closely associated with disease-free survival in
TNBC patients. Undeniably, sphingomyelin levels serve as
a potential prognostic marker and the enzymes implicated
in sphingolipid metabolism as candidate therapeutic targets.
An overview of varied changes in the global lipid classes in
TNBC is represented in Fig. 2B for clarity.
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Mechanical Signatures of Lipid Membranes
in Invasive Breast Cancer: Future Biomarkers

Cell membranes are involved in the metabolic events of the
cancer cells, as well as in metastasis. In this regard, cell
stiffness is a crucial mechanical property closely related
to cell motility, and this compliance is considered a bio-
marker of cancer metastasis. Biophysical measurements,
such as micropipette aspiration [140] and predominantly
Atomic Force Microscopy [141] for the determination of
cell stiffness, yield a quantitative parameter designated
as Young's modulus. In recent years, it has been consist-
ently shown that cancerous cells are softer than normal
cells [142]. However, whether metastatic cells are stiffer
or softer than non-invasive cancer cells lacks consensus
due to conflicting evidence showing that cells with higher
motility are sometimes stiffer than their non-invasive
counterparts [143].

The mechanical properties of cancer cells dynamically
change during the metastatic process to successfully survive
the harsh and variable environment of blood vessels, lym-
phatic vessels, and extracellular matrix [144]. Significantly,
the whole metastatic cascade triggered by the accumula-
tion of genetic modification, angiogenesis, and activation
of complex signaling pathways leads to the modification of
physicochemical properties of the cell; specifically, reduced
intercellular adhesion and a morphological transition from
cuboidal epithelial to mesenchymal. It is perceived that the
physical transition to an invasive malignancy induces actin
cortex rearrangement, which tends to make cancer cells
softer and allows provisions for cell deformation for motility.
Cell deformability is largely determined by myosin-driven
cortical tension and actin fiber architecture at the cell cortex.
Myosin II, an abundant force-producing protein, is critical
for the mechanics of cell migration, while myosin IIB seems
to have a preferential role in the mechanics of lamellar pro-
trusion [145]. Using fluorescently labeled peroxisomes as
microrheological probes, Smelser et al. (2015) compared
the interior mechanical properties of normal breast cells
with a triple-negative (metastatic) breast cell line, MDA-
MB-231 [146]. They estimated the mechanical properties of
cell cytoplasm from the motions of their peroxisomes while
reducing the contribution of active cytoskeletal motions
to peroxisome motion by means of myosin inhibiting and
ATP depleting drugs. It was observed that the peroxisomes
exhibited normal diffusion despite treatment with drugs and
their mean squared displacements were significantly higher
in metastatic cells than in normal cells, suggesting that these
cells have differences in cytoplasmic mechanical properties.
The measurement of the mean square displacement led to
the inference that the MDA-MB-231 cells were significantly
softer than normal cells.

AC Martin et al. used peak-force modulation atomic force
microscopy for high-resolution topography and stiffness
imaging of actin filaments of three epithelial breast can-
cer cells lines at the variable state of malignancy: healthy
MCF10A, non-invasive MCF7, and invasive MDA-MB-231
living cells in order to derive a correlation between cytoskel-
eton organization and stiffness [147]. Actin filaments pro-
vide the scaffold for a cell body representing a significant
part of the cytoskeletal structure and features such as stress
fiber generation, cross-linking of fibers, and interaction with
other proteins like myosin II that affect the mechanical prop-
erties of cells [140] (Fig. 2C). In healthy cells, local stiffness
is maximum where filamentous actin is organized as well-
aligned stress fibers (actomyosin fibers) resulting in appar-
ent Young's modulus values up to one order of magnitude
larger than those in regions where these structures are not
observed. However, these organized actin fibers were barely
observed in tumorigenic cells. The authors further investi-
gated the cytoskeleton conformation in the above three cell
lines by immunofluorescence confocal microscopy. The
combination of both techniques determined that actin stress
fiber is present at apical regions of healthy cells, while in
tumorigenic cells, they appear only at basal regions where
they cannot contribute to stiffness as probed by atomic force
microscopy. These results substantiate that actin stress fibers
provide a dominant contribution to stiffness in healthy cells,
while the elasticity of tumorigenic cells appears to be not
determined by these structures.

Apart from stiffness imaging, AFM single-cell force spec-
troscopy is a versatile method that allows the measurement
of other nanomechanical properties of cells, such as forces
of adhesion and tether extrusion, along with an assess-
ment of elasticity. Tethers are nanotubes that get extended
when the cell membrane is pulled away from the underlying
cytoskeleton and can be immensely useful in differentiat-
ing any perturbation in membrane tension or membrane-
cytoskeleton interactions arising as a result of changes in
metabolic impairment, such as in cancer. Smolyakov et al.
used AFM force measurements for assessment of invasive
potential by comparing elasticity, adhesion, and tether
extrusion of four breast cancer cell lines (SKBR3, MCF7,
T47D, MDA-MB231) [148]. The authors observed that more
aggressive is the invasive potential of cells, softer are the
cells (lower young’s modulus) and exhibit higher adhesion
forces. This is understandable because soft cells are more
prone to deformation and present a higher surface area for
adhesion, Fig. 2C. Tether analysis exhibited that more inva-
sive cells tend to form more tethers, with a smaller tether
rupture force per cell.

Yubero et al. recently published a study comparing the
deformability of healthy (MCF10A), metastatic (MDA-
MB-231), and non-invasive (MCF7) breast cancer cells
[143]. They employed computational methods to obtain
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power-law parameters, namely, the elasticity modulus and
fluidity from traditional AFM force vs. indentation curves
and delineated the contributions of myosin II, actin cortex
network, and energy metabolism to the elasticity of these
cells. Strikingly, the value of Youngs’ Modulus revealed
that invasive cancer cells are stiffer than non-invasive cancer
cells, which imposes a challenge for whether the elasticity
of cells can be used as a biomarker of metastatic potential.
The plausible explanation for the higher stiffness of MDA-
MB-231 cells as compared to MCF7 cells is that for migra-
tion and invasion into distant tissues, there is a need for
a robust actomyosin network. For validation, the authors
analyzed the effect of cytoskeletal drugs and energy starva-
tion on the cell mechanical response. The authors reasoned
that whereas the stiffness of healthy cells is due to ATP-
driven actin polymerization, the metastatic cells use myosin
II activity. The metabolic processes activate the actin cortex,
and it is the attributes of these active processes that contrib-
ute toward cell stiffness. Thus, remodeling of the cytoskel-
eton and reprogramming of energy metabolism is a relevant
cancer hallmark.

Additionally, a combination of shear assay and digital
imaging correlation (DIC) techniques have also been used
to measure the local viscoelastic properties of non-tumo-
rigenic breast cells and TNBC cells at different stages of
tumor progression subjected to constant shear stress [132,
133]. In recent work [149], the same group characterized
statistical variations in the structure and the viscoelastic
properties of the non-tumorigenic cell (MCF10A) and tum-
origenic TNBC cells (MDA-MB-468 and MDA-MB-231).
The results are consistent with the earlier findings where
normal MCF10A breast cells exhibited a compact bundle
of the actin cytoskeletal network, and the highly metastatic
MDA-MB-231 TNBC cells had a more dispersed filament
bundle of the actin cytoskeletal structure. Furthermore, the
more metastatic MDA-MD-468 cells had a less dense actin
filament bundle (Fig. 2C). The authors explained the vari-
ations in the viscoelastic properties of the nuclei and cyto-
plasm of non-tumorigenic and TNBC cells in terms of the
statistical variations in pixel fluorescence intensity due to the
local variations in the density of the actin filament bundles.

Hui et al. correlated malignancy and drug resistance, two
significant characteristics of cancer cells originating from
different cancer lines, with membrane resealing responses
[150]. This work demonstrated the potential of using this
quantity as a novel marker for future cancer diagnosis and
drug resistance detection. In this regard, Bouvet et al. (2020)
have shown that the disruption of membrane repair machin-
ery involving Annexins (AnxAS5 and AnxA6) in invasive
MDA-MB-231 cells causes inhibition of metastasis and ulti-
mately cell death [151]. Annexins are Ca’" triggered phos-
pho-lipid-binding proteins and emerge as important compo-
nents of the plasma membrane repair system [152]. Due to
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upregulated annexin levels, cancer cells have an immense
capacity for membrane repair, thus enhancing their survival
against the disruptions of PM and pull-out of membrane
fragments, processes that usually accompany migration
of MDA-MB-231 cells on collagen I fibrils. In an earlier
study, with metastatic MCF7 cells, it was observed that Ca**
dependent annexin A2 and S100A11 proteins largely control
the plasma membrane repair mechanism [153]. Annexins
bind specific cytosolic S100 proteins through their NH2
terminal region along with Ca®* to form a ternary complex
that facilitates opposing of adjacent phospholipid mem-
branes and accumulation of F-actin at the site of membrane
injury. Through in vitro membrane repair assays, the authors
have shown that silencing of the membrane repair machin-
ery inhibits the migration of cancer cells and presents an
encouraging avenue for inhibiting cancer metastasis.

The above studies highlight that the multifaceted
approach toward understanding tumor mechanics is critical
to reveal the underlying mechanism regulating the develop-
ment and metastasis of tumors and is a promising method-
ology for diagnosis and targeted therapeutic interventions
[154].

Oncological Scope of Membrane Targeted
Therapies

Membrane-lipid therapy (MLT) is a relatively new strategy
studied as a method of choice for treating not only cancer but
also other anomalies like neurodegenerative diseases, dia-
betes, and stroke [155]. Conventionally, most cancer thera-
peutics are targeted against abnormally upregulated proteins
and DNA; however, lipid therapy, which has its foundation
on the characteristic differences in lipid composition among
the healthy and cancer cell membranes, is an interesting and
more sensitive alternative as a solution for multidrug resist-
ance [5, 7]. However, this requires a thorough understanding
of how therapeutic agents affect the membrane organiza-
tion and composition by different mechanisms, which are
discussed below.

Targeting PS and PE

Among the common targets of MLT, PS on the outer mem-
brane of tumor cells is proposed to be an effective target
for cancer therapy [156, 157]. The loss of PS asymmetry
in cancer cells may be related to reduced activity of these
ATP-dependent phospholipid translocases or to elevated
activity of phospholipid scramblase due to high levels of
intracellular calcium. The PS-targeting antibody bavi-
tuximab [158, 159] and the PS-binding peptide/peptoid
hybrid PPS1D1 [160, 161] have shown significant cyto-
toxic effects in cancer cells (Fig. 3). Another approach
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Fig.3 Summary of the drugs targeting lipids and membranes in
breast cancer. Cinnamycin, duramycin, and cyclotides target exposed
PE in the plasma membrane. Bavituximab and PPS1D1 target
exposed PS. Statins, MTDBs, EPA, DHA, and Edelfosine modu-
late lipid raft structure and membrane cholesterol to downregulate
raft-dependent processes. PC-SA-based liposomal drug delivery
leads to efficient intracellular drug release by specifically binding to
PS domains in the plasma membrane. Similarly, immunoliposomes
specific to TNBC can deliver ncRNA and simvastatin to induce

involves the use of anticancer drugs encapsulated in spe-
cific lipid carriers. Anticancer drugs (e.g., camptothecin
and doxorubicin) are entrapped in cationic phosphati-
dylcholine-stearylamine (PC-SA) liposomes which bind
strongly to the membrane by direct interaction with the
surface exposed PS and have been a successful antican-
cer strategy both in vitro and in mice models [162, 163]
(Fig. 3). Similarly, the antibiotic cinnamycin, produced
by Streptomyces sp., and the structurally related tetracy-
clic peptide duramycin, produced by some Gram-positive
bacterium, including Streptoverticillium cinnamoneus, are
among the PE-targeting drugs in cancer cells. Cinnamycin
and duramycin belong to the family of lantibiotics. These
toxins specifically bind to PE-containing membranes

cell death. Resveratrol and azurin modify membrane properties that
enable their use in combination therapy to facilitate uptake of anti-
cancer agents such as doxorubicin and paclitaxel 1S, 3R-RSL3, and
SAS inhibited GPX4 that activates ferroptosis cell death via mem-
brane damage. HTO alters the composition and organization of the
membrane by altering the abundance of SFA, PUFA, and Cer levels
impacting membrane-associated signaling. PDB codes of depicted
transmembrane proteins are 2MFR (insulin receptor, red) and 4PYP
(GLUT-1, blue)

by changing membrane curvature and by inducing trans
bilayer lipid movement, which consequently kills the cells
[164]. A model-membrane-based study revealed that the
binding of duramycin and cinnamycin to PE-containing
liposomes is dependent on the membrane curvature,
and the lantibiotics bind small vesicles more efficiently
as compared to large liposomes. Electron microscopy
and small-angle X-ray scattering studies showed that it
involves tubulation of membranes in the course of bind-
ing the lantibiotics to multilamellar liposomes, suggesting
that membrane deformation occurs upon binding [165].
Other PE-targeting molecules are cyclotides that disrupt
PE-containing membranes by means of binding, followed
by insertion and formation of a pore, eventually leading to
cell death [166] (Fig. 3).
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Targeting Lipid Domains

Another MLT target comprises lipid domains, including
lipid rafts which disrupt either by altering Chol concen-
tration (short-chain ceramides, statins, etc.) or by increas-
ing the permeability of the membrane for other drugs—by
means of changing membrane properties. The latter is
achieved by drugs like resveratrol, which is commonly
found in red wine [167], and azurin, a membrane-asso-
ciated protein from Pseudomonas aeruginosa (Fig. 3).
Azurin and its derived peptide p28 have been comprehen-
sively studied as anticancerous and are known for down-
regulating common signaling pathways controlled by
membrane receptors, inducing alteration of lipid domains,
decreases the stiffness of PM and ordered domains, and
affects adhesion and invasiveness in vivo [68, 168, 169].
Bernades et al. observed that azurin uptake in cancer cells
is mediated by lipid raft markers like caveolin one and
ganglioside one and that its simultaneous administration
along with anticancer therapeutic drugs like paclitaxel
and doxorubicin enhance their anticancer potential [170].
Targeting the membrane cholesterol is another strategy
proposed by Zhang et al. against the ErbB2-positive
breast cancer subtype [171] in vivo (Fig. 3). Membrane
cholesterol contents maintain cell surface distribution of
ErbB2, a membrane-embedded receptor tyrosine kinase,
by increasing the rigidity and decreasing the fluidity of
cell membranes. Authors reported that lowering choles-
terol levels by the use of drugs such as lovastatin assisted
the internalization and degradation of ErbB2 along with
the observation of synergistic effects of lovastatin with
the ErbB2 inhibitor lapatinib, which were evaluated
using an ErbB2-positive breast cancer xenograft mouse
model. Lipophilic statins are also perceived as one of
the promising adjuvants in cancer chemotherapy. Apart
from their known function of lowering cholesterol, sev-
eral membrane-based in vitro studies indicate that statins
independently interact and induce modification of mem-
brane dynamics in a depth-dependent manner [172, 173]
along with alterations within membrane architecture by
multi-domain formation [174] (Fig. 3). Translation of
such an effect in cellular membranes in vivo remains to
be fully investigated. Lipophilic statins, as compared to
hydrophilic ones, are known to be associated with fewer
side effects and lower cancer mortality [175-177]. Apart
from therapeutics, the role of select membrane-targeted
dietary bioactive (MTDBs) such as polyunsaturated fatty
acids (PUFAs like eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA)) and linoleic acid has been
implicated in reorganizing PM hierarchal domains and
subsequently reduce cancer risk, especially in colon can-
cer [178] (Fig. 3).
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State of the Art of Lipid-based Therapy in Breast
Cancer: The Road Ahead

Breast cancer is the biggest cause of cancer-related mor-
bidity among women across the globe. Unfortunately, com-
plicated molecular mechanisms underlying breast cancer
invasion and metastasis are not yet sufficiently understood.
In order to improve the efficiency of the current antitumor
therapies and overcome issues of drug resistance and cyto-
toxicity to normal cells, novel treatment approaches based
on liposomal carrier agents are being considered as a prom-
ising solution. Statins, as mentioned above, are recognized
as potential anticancer therapeutic agents. Alternatively,
using statins formulated in different drug delivery systems
has helped in improving their efficiency as antitumor agents.
Augmented simvastatin cytotoxicity using optimized solutol-
based lipid nanocapsules has been a potential breast cancer
treatment [179]. Long circulating EGFR (epidermal growth
factor receptor)-targeted immunoliposomes as a selective
delivery system of simvastatin, a lipophilic statin, has been
tested for its potential use in the treatment of TNBCs [180].
Similarly, treatment methods using lipid-based nanoparticles
(LBNPs) have markedly improved the delivery efficiency of
therapeutic noncoding RNAs (ncRNAs), more specifically
microRNAs (miRNAs) and small interfering RNAs (siR-
NAs) into tumor cells and tissues [181] (Fig. 3). ncRNAs
are involved in several biological processes, including cell
growth and proliferation, apoptosis, invasion, and metasta-
sis. Recently, fascinating evidence has shown the impending
contribution of ncRNAs toward breast carcinogenesis [182].
ncRNAs regulate the expression levels of oncogenes and
tumor suppressor genes and hence, have emerged as attrac-
tive pharmacological targets for treating variegated malig-
nancies like TNBC. A very recent example is the formula-
tion of therapeutic RGD-PEG-ECO/siDANCR nanoparticles
[183], which are targeted against oncogenic long noncod-
ing RNA (IncRNA) DANCR one of the most overexpressed
genes in TNBC and an emerging therapeutic target in human
cancer [184]. The nanoparticle complexes were made via the
self-assembly of multifunctional amino lipid ECO, cyclic
RGD peptide-PEG, and siDANCR for systemic delivery.
MDA-MB-231 and BT-549 cells treated with the therapeutic
RGD-PEG-ECO/siDANCR nanoparticles, where they exhib-
ited 80-90% reduction in the expression of DANCR for up to
7 days, indicated efficient intracellular siRNA delivery and
sustained target silencing.

Very recently, Saraiva et al. demonstrated that edelfosine-
based nanoemulsions (an anticancer drug and synthetic lipid
member of the alkyl-lysophospholipid family) are effec-
tive against highly aggressive and invasive TNBC (MDA-
MB-231) xenografts in zebrafish embryo animal models
[185]. The nanoemulsions were composed of lipophilic
edelfosine—an oil (Miglyol), and PC-a stable lipid with a
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neutral zeta potential and an average size of approximately
120 nm. Edelfosine, being an alkyl-lysophospholipid, has
a long carbon chain, which gets incorporated into the oily
core of the structure, while the phosphate and quaternary
amine groups remain exposed on the surface, similar to PC
(Fig. 3). The authors found that the nanoformulation was
effectively internalized by cancer cells with a subsequent
improved therapeutic effect (in vitro and in vivo) as com-
pared to edelfosine alone. This is also the first time that the
efficacy of edelfosine has been tested against TNBC, and
the nano emulsion-based drug delivery has been claimed by
authors to be a promising treatment against TNBC.

Another multifaceted approach in targeting TNBC has
been demonstrated by Vita et al. [186]. To give context, the
extracellular matrix (ECM) is an important component of
the tumors microenvironment and regulates several tumor
processes by means of certain enzymes such as lysyl oxidase
1 (LOX). LOX activity is responsible for the cross-linking of
elastin and collagen fibers, resulting in the inflection of the
architecture and stiffness of tumor ECM; this also coordi-
nates cell migration and adhesion. Inhibition of LOX activ-
ity has been previously targeted as a promising approach
against breast epithelial carcinogenesis, lung tumors, and
prostate cancer. Vita et al. designed a poly-ethylene—glycol-
based liposomal system functionalized with a LOX-antibody
and encapsulating a breast anticancer drug, epirubicin (Lipo-
LOX-EPI). Epirubicin is an anthracycline-based chemo-
therapeutic drug that suffers from drawbacks like limited
tumor targeting and systemic toxicity. This work represents
remarkable maneuvering of the inherent therapeutic activ-
ity of targeting LOX in the tumor ECM and discerningly
enhancing the epirubicin concentration at the tumor site,
with minimal systemic toxicity. The authors tested and
compared Lipo-LOX-EPI, Lipo-EPI, and Lipo-LOX for the
cell viability of MDA-MB-231 3D culture and found more
than 80% cell death with Lipo-LOX-EPI. Concomitantly, a
significant reduction of stiffness of the 3D-collagen-based
scaffold, which mimics the tumor environment with features
of ECM, was observed. Indeed, the development of such
drug delivery vehicles opens up new avenues for the treat-
ment of TNBC.

Doll et al. revealed that TBNC is more sensitive to fer-
roptosis than ER-positive breast cancer and hence, trigger-
ing ferroptosis cell death seems to be an effective treatment
strategy for TNBC [187]. Ferroptosis is a recently discov-
ered distinct type of regulated cell death caused by the accu-
mulation of lipid-based reactive oxygen species (ROS), and
targeting ferroptosis is proposed to be a promising antican-
cer strategy against breast cancer [188], Fig. 3. Ferropto-
sis is characterized by oxidation of polyunsaturated fatty
acid-containing phospholipids, the presence of redox-active
iron, and loss of lipid peroxide repairing ability by phos-
pholipid hydroperoxidase glutathione peroxidase-4 (GPX4).

The ferroptotic agent (1S, 3R)-RSL3 [189] and sulfasala-
zine (SAS) [190] inhibit the peroxidase activity of GPX4 in
breast cancer cells. It has also been realized that drug-resist-
ant breast cancer cells exhibit an augmented dependency on
GPX4, which in turn relies on the presence of glutathione
(GSH). This suggests that the inhibition of GPX4 and GSH
is a potential measure to overcome drug resistance in breast
cancer [191]. It has been shown that starvation of cystine, a
substrate used to synthesize GSH to prevent ferroptosis, was
able to induce cell necroptosis and ferroptosis in TNBC via
the GCN2-elF2a-ATF4-CHAC1 pathway [192].

Plant-derived pentacyclic triterpenic acids (TAs), namely
betulinic acid (BA) and ursolic acid (UA), have been stud-
ied (IHNMR-based quantification and identification of cell-
metabolome) and were found to modulate diverse pathways
in carcinogenesis, pertaining to glucose and lipid metabo-
lism in highly metastatic MDA-MB-231 cells [193]. TNBCs
are marked by high rates of FA oxidation of DAG, triacyl-
glycerides, and cholesteryl esters stored in the lipid drop-
lets (LD), which are utilized for sustaining oxidative phos-
phorylation in the mitochondria through downregulation of
acetyl-CoA and seem to play an extensive role in the cancer
invasiveness [194]. NMR analysis of organic cell extracts
displayed decreased levels of triglycerides and cholesteryl
esters upon BA/UA treatment. Furthermore, MDA-MB-231
cells treated with TAs displayed significantly increased
levels of free cholesterol and glycerophospholipids (GPL)
(especially in the case of BA), which are known to be major
constituents of the membrane. This induced reprogramming
of lipid metabolism demonstrates a plausible therapeutic
alternative in TNBC.

A novel anticancer drug, hydroxytriolein (HTO), has
been found to regulate the composition and spatiotemporal
organization of the membrane by direct interaction. This
synergy in turn alters the downstream signaling events
through transmembrane proteins embedded within the
lipid bilayer that impairs the growth of TNBC cells, MDA-
MB-231 and BT-549 [195] (Fig. 3). The authors suggested
two possible mechanisms for the mechanism of action of
HTO. First, HTO could possibly trigger the ERK (extracel-
lular signal-regulated kinase) signaling pathway, and thus
channelizing TNBC cell autophagy. Alternatively, or in addi-
tion, it could accelerate generation of dihydroceramide and
ceramide that eventually inhibit Akt (protein kinase B) with-
out EGFR activation. It was observed that the unsaturated/
saturated fatty acid ratio increased in MDA-MB-231 cells
following exposure to HTO, which inadvertently affects the
biophysical properties of cell PM, such as its non-lamellar
propensity, membrane surface packing density, or membrane
domain organization and fluidity. Alterations of the struc-
tural properties of PM bring about significant changes in
the membrane-binding interactions and activity of important
membrane proteins that are critical for cell survival. Since
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HTO treatment does not exhibit any undesired side effects,
this study puts forth a promising anticancer molecule that
targets the lipid bilayer to tackle TNBC.

Among the approved liposomal formulations of doxoru-
bicin are Lipo-Dox (DSPC, cholesterol, PEG 2000-DSPE
(56:39:5), Doxil (HSPC:Cholesterol:PEG 2000-DSPE
(56:39:5 molar ratio) and Myocet (EPC and cholesterol)
designed to be more tolerable and more effective than free
doxorubicin, targeted against breast cancer [196—198].
Myocet is a nonpegylated liposomal Dox that has been
approved in combination with cyclophosphamide (CPM) for
first-line treatment of patients with metastatic breast cancer
[196]. MM-302 is another formulation of doxorubicin, a
HER?2-targeted antibody-liposomal doxorubicin conjugate
that specifically targets HER2-overexpressing cells, increas-
ing the delivery of doxorubicin to tumor cells and limiting
exposure to healthy cells. MM-302 is yet awaiting approval.
In 2016, Miller et al. (2016) used the MM-302 formulation
plus trastuzumab in a phase II trial in patients with HER2-
positive locally advanced/metastatic breast cancer [199].
Other Pegylated liposomal doxorubicin (PLD)-based for-
mulations, either alone or in combination with other drugs
targeted against MBC include Caelix, under phase II trials
[200, 201] and PLD + CPM, under phase III clinical trials
[202]. Specifically targeting against TNBC, the combina-
tion of PLD + bevacizumab + temsirolimus and PLD + beva-
cizumab + everolimus are under phase I clinical trials [203].
Endo-TAG (DOTAP, DOPC, PTX (50:47:3)) is a paclitaxel-
based liposomal formulation against TNBC which is cur-
rently under clinical trials [204]. Paclitaxel-based approved
formulation is that of Genexol-PM which is a PEGylated
polymeric micelle formulation [205].

Conclusions

Our understanding of lipid reprogramming in cancer has
steadily progressed over the years due to advances in lipi-
domics, analytical methods to sensitively detect and quan-
tify cellular lipid classes, and a surge in cellular biophysical
techniques for studying lipid membranes. The highly selec-
tive alteration in varied lipid classes in cancer (in general)
and TNBC (in specific) culminate in the modification of cel-
lular membrane biophysical properties predisposing changes
in lipid membrane attributes as attractive diagnostic tools.
These also serve as a validated platform to inspire the devel-
opment of lipid-targeted therapy against TNBC and gauge
the correlation of drug resistance with altered membrane
structure, all eventually contributing to the common goal of
exploring the potential of lipid-based theranostics in TNBC.
Although promising, this field requires further investigations
to validate the therapeutic and diagnostic potential of lipids

@ Springer

and membranes in TNBC. This can be achieved by acutely
and directly exploring the lipidome changes in membranes
of TNBC patients using label-free and universal methods
and scoring the same for disease progression and chemore-
sistance. Further, for lipidomics to be widely integrated into
routine cancer diagnoses, an issue that needs urgent atten-
tion is the technicality of doing these investigations. These
include sample collection, storage, access to mass spectro-
scopic instruments, and bio-informatic expertise to interpret
changes in the patient lipidome with disease progression and
in response to therapy with high confidence. A few ways to
partially solve this problem are (a) the use of automatic high
through-put mass spectrometers to save costs related to run-
ning experiments, transportation, and performing analysis
within the limited sample shelf-life; (b) the development
of highly sensitive bench-top mass spectrometer models
which could be customized for specific lipid class detection
for routine use in diagnoses; and (c) higher collaborations
between clinicians and academic researchers to enable more
exhaustive lipidome analysis in real-time. It can be foreseen
that some of these goals will be achievable in the near future.
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