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Abstract

Lipid rafts are dynamic microdomains enriched with cholesterol and sphingolipids that play critical roles in cellular
processes by organizing and concentrating specific proteins involved in signal transduction. The interplay between
lipid rafts, raft-associated caveolae and the human epidermal growth factor receptors has significant implications in
cancer biology, particularly in breast and gastric cancer therapy resistance. This review examines the structural and
functional characteristics of lipid rafts, their involvement in EGFR and HER2 signaling, and the impact of lipid rafts/
CXCL12/CXCR4/HER?2 axis on bone metastasis. We also discuss the potential of targeting lipid rafts and caveolin-1
to enhance therapeutic strategies against HER2-positive cancers and the impact of co-localization of trastuzumab
or antibody drug conjugates with caveolin-1 on therapy response. Emerging evidence suggests that disrupting
lipid raft integrity or silencing caveolin-1, through several strategies including cholesterol-lowering molecules, can
influence HER2 availability and internalization, enhancing anti-HER?2 targeted therapy and offering a novel approach

metastasis

to counteract drug resistance and improve treatment efficacy.
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Introduction

Lipid rafts are sphingolipid- and cholesterol-enriched
microdomains within the cell membrane involved in
many physiological and pathological processes [1].
Rafts have been reported to play a pivotal role in signal
transduction in cancer, promoting receptor homo- and
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heterodimerization, shielding proteins from enzymatic
degradation, or acting as scaffolds to enhance intracellu-
lar signaling pathways. Due to their ability to include or
exclude proteins, with a strong affinity for glycosylphos-
phatidylinositol (GPI)-anchored proteins, Src-family
kinases, palmitoylated type-I transmembrane proteins
(i.e., CD44) and receptor tyrosine kinases, lipid rafts are
reported to be involved in tumor initiation and progres-
sion of both carcinomas and sarcomas [2—4].

Overexpression, gene amplification, or mutation of
human epidermal growth factor receptors (ErbB-HER),
especially EGFR and HER2, lead to the development and
support of several cancer types, such as non-small cell
lung cancer (NSCLC), head and neck, breast and gastric
cancers [5].

The advent of targeted therapies, the development of
monoclonal antibodies and antibody-drug conjugates
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(ADCs) against EGFR (e.g. cetuximab, panitumumab)
and HER2 (e.g. trastuzumab, trastuzumab-emtansine
(T-DM1), trastuzumab-deruxtecan) have revolutionized
the treatment of patients significantly improving their
response rate and survival [6, 7]. Unfortunately, a variable
proportion of patients present intrinsic or acquired resis-
tance to these treatments, eventually leading to disease
progression [8—11]. Mechanisms behind therapy resis-
tance are diverse, and strategies to overcome resistance
are currently a hot topic in cancer research [10-12].

In this review we analyze the intricate interplay
between lipid rafts and the ErbB receptors family in cell
membrane, with a focus on HER2, looking at how rafts
and rafts-associated proteins can influence HER2 activa-
tion, signaling and response to target therapy.

Lipid raft structure: a brief overview

The Singer and Nicolson model, proposed in 1972, rev-
olutionized the understanding of the cell membrane’s
structure and function by introducing the concept of
the membrane as a fluid mosaic, composed of a dynamic
lipid bilayer spotted with proteins [13]. According to this
model, the lipid bilayer provides a flexible base through
which proteins, involved in various functions, can float
freely or be anchored. The membrane’s fluidity is the key
aspect of Singer and Nicolson’s model who proposed that
lipids and proteins can do lateral movements within the
membrane. This fluidity allows for the dynamic reorgani-
zation of membrane components and facilitates various
cellular processes, such as membrane fusion, endocyto-
sis, and cell-cell communication [13, 14].

Later studies, initially based on solubility in detergent
assays and then on advanced microscopy techniques
[15, 16], have shown how cell membranes are structur-
ally heterogeneous and contain several subdomains with
different physical and biological properties, presenting
liquid-disordered and liquid-ordered phases in the same
lipid bilayer [17, 18].

The concept of lipid heterogeneity and its significance
was brought to attention with the introduction of the
“raft hypothesis,” stemming from findings documented
by Simons and van Meer in 1988 [19]. They proposed that
the segregation of lipids into distinct domains is an initial
step in the sorting process within the plasma membrane
of epithelial cells. Over time, this hypothesis evolved to
suggest the presence of microdomains, referred to as
“rafts,” which are characterized by high concentrations
of glycosphingolipids, cholesterol, and phospholipids
acylated with saturated fatty acids. Thus, in 1997 these
rafts were theorized to be functionally linked to specific
proteins involved in intracellular lipid trafficking and
cell signaling [20]. Since that moment, the structure and
role of lipid rafts have been further investigated by sev-
eral research groups [14], culminating in a consensus
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definition in 2006, when rafts were described as small
(10-200 nm) cholesterol and sphingolipid-enriched
membrane nanodomain. Rafts can also form platforms
(>300 nm) through protein-protein and protein-lipid
interactions [21].

As better discussed in other reviews [17, 18], the
interactions between sterols and sphingolipids in lipid
rafts make these microdomains resistant to solubiliza-
tion by specific non-ionic detergents. This resistance is
key to isolating rafts using density gradient centrifuga-
tion. Cholesterol is a major regulator of lipids in plasma
membranes, it enhances lipid order while maintaining
membrane fluidity and diffusion rates, and regulates
membrane permeability, ensuring mechanical stability
and low leakiness. Indeed, cholesterol’s role in lipid raft
formation is crucial, promoting the clustering and pack-
ing of sphingolipids and cholesterol into dynamic plat-
forms [17, 18, 22].

Lipid rafts are held together by specific proteins that
anchor the inner and outer layers of the membrane.
Inside the cell, scaffolding proteins such as flotillin, cave-
olins, and annexins help anchor the inner leaflet of the
lipid rafts. These proteins stabilize the rafts by binding to
the inner part of the cell membrane. On the outer side
of the membrane, other proteins like glycosylphosphati-
dylinositol-linked proteins connect the rafts. These lipid
rafts create organized platforms that facilitate signaling
processes by clustering with proteins or other lipid rafts
(17, 18].

Several proteins with a pivotal role in cancer, including
dually acylated proteins (i.e., Src-family protein tyrosine
kinases), palmitoylated type-I transmembrane proteins
(i.e., CD44) or receptor tyrosine kinases with two trans-
membrane subunits (i.e., Insulin-like growth factors
(IGFs) receptors and epidermal growth factor receptor
(EGFR)), show reversible association to rafts in response
to appropriate signals (Fig. 1) [1].

As further discussed below, this means that the rafts
can bring together various molecules needed for trans-
mitting signals inside the cell, ensuring that these pro-
cesses happen co-ordinately, efficiently and accurately
[23].

The intricate relationship between lipid rafts and
caveolae
Lipid rafts can be classified into the flat type and the
invaginated type. Flat lipid rafts maintain a smaller, flat,
and orderly structure. The flotillin protein is essential for
the structure and function of these rafts [24]. In contrast,
invaginated lipid rafts, called caveolae, present a concave
configuration and are rich in caveolins (Fig. 1) [1].
Caveolin is a cholesterol-binding protein that is con-
centrated in caveolae due to its affinity for choles-
terol [25, 26]. The caveolin family includes three genes:
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Fig. 1 Plasma membrane organization of flat and invaginated lipid rafts Lipid rafts are specialized membrane microdomains enriched with sphingolipids
and cholesterol. Flat lipid rafts are small and ordered structures rich in flotillin. Invaginated lipid rafts present an invaginated configuration, called caveolae,

rich in caveolins. Several proteins and receptors, such as tyrosine kinases, are associated with rafts (created with BioRender.com)

caveolin-1 (CAV-1), caveolin-2 (CAV-2), and caveolin-3
(CAV-3). Cav-1 and Cav-2 are close to human chromo-
some 7q31.1, whereas Cav-3 is located on a different
chromosome (3p25) [27]. While caveolin-1 and caveo-
lin-2 are colocalized and coexpressed in epithelial and
mesenchymal cells including osteoblasts [28—30], caveo-
lin-3 is predominantly found in striated and smooth
muscle cells [30].

Caveolae are small (50-100 nm), flask-shaped invagi-
nations of the plasma membrane. As reported by Simons
and Toomre, the challenge of isolating pure caveolae has
led to confusion about their relationship with lipid rafts
[2]. Early methods, such as Triton X-100 extraction at
4 °C, included both caveolae and detergent-resistant
membranes (DRMs) from all cellular membranes without
distinguishing between the two substructures. Although
density gradient centrifugation was commonly used, it
cannot isolate pure caveolae. Immuno-isolation has pro-
duced mixed results, making double-label immunoelec-
tron microscopy the most reliable method for identifying
caveolar proteins. As proposed by Simons and Toomre,
to resolve the confusion, it is important to distinguish

between lipid rafts, detergent-resistant membranes, and
caveolae [2]. The term “caveolae” should be reserved for
the morphologically defined cell surface invaginations
containing caveolin, as originally described in the 1950s
[31]. These structures form when caveolin-1 integrates
into lipid rafts, leading to the invagination of these micro-
domains and the formation of flask-shaped caveolae near
the plasma membrane. Caveolae can detach to form plas-
malemmal vesicles, with caveolins acting as scaffolding
proteins that organize and concentrate specific lipids and
lipid-modified signaling molecules [32, 33]. Indeed, lipid
rafts are mainly located in the plasma membrane but can
also form within internal membrane compartments like
the Golgi apparatus. The partitioning of caveolins into
these liquid-ordered domains may begin at the Golgi
apparatus, initiating the caveolae biogenesis. Thus, it was
hypothesized that lipid rafts could be precursors of cave-
olae, facilitating the cholesterol-dependent insertion of
caveolins into membranes [33, 34].

Several studies reported that caveolins, in particular
caveolin-1, can also influence various signaling proteins,
including several oncogenes (i.e. Src-family tyrosine
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kinases, Ha-Ras, and epidermal growth factor (EGF)
receptor among others), underscoring their importance
in cellular and cancer processes, such as cell growth
and proliferation [33, 35-38]. Moreover, caveolin-1 can
act both as tumor suppressor or promoter depending
on the cancer type and stage, playing a pivotal role also
in metastasis formation [39]. For example, in sarcomas
caveolin-1 has been indicated as a tumor suppressor
hampering metastatic dissemination through inhibition
of c-Src and Met signaling [3, 39, 40]. Conversely, caveo-
lin-1 can also act as a tumor promoter in breast cancer,
playing a critical role in cancer progression, migration
and metastasis [41].

To investigate the physiological and pathological roles
of lipid rafts and caveolae, several knockout/silencing and
pharmacological strategies were assessed. As previously
mentioned, cholesterol is essential for the formation
and integrity of both lipid rafts and caveolae. Moreover,
caveolins are raft-associated proteins and they tightly
bind cholesterol and sphingolipids. Thus, one of the most
common pharmacological approaches used exploits this
close link between lipid rafts, caveolae and cholesterols.
In fact, the depletion of cholesterol from membranes
through methyl-p cyclodextrin (MBCD) or cholesterol-
lowering drugs, like statins, has as a consequence the dis-
ruption of both lipid raft and caveolae structures [22, 38,
42, 43).

Lipid rafts, caveolin-1, and local density of
epidermal growth factor receptors

The human epidermal growth factor receptor (ErbB-
HER) family consists of four tyrosine-kinase receptors:
HER1 (EGFR or ErbB1), HER2 (ErbB2 or Neu), HER3
(ErbB3) and HER4 (ErbB4) [5, 44]. ErbB receptors struc-
ture includes an extracellular domain (ECD), a lipophilic
transmembrane region, an intracellular domain con-
taining tyrosine kinase, and a carboxy-terminal region
[44] and are ubiquitously localized throughout the cell
membrane of epithelial, mesenchymal, neuronal, and in
their progenitor cells [45]. Except for HER2, an orphan
receptor with no known ligand, ErbB receptors acquire
an open conformation after binding with their ligands
(e.g. EGE, neuregulin, transforming growth factor «)
which allows the dimerization with identical receptors
(homodimerization) or with other ErbB family members
(heterodimerization), leading to the activation of path-
ways that control proliferation and survival in several
cancers [5, 45-47].

Epidermal growth factor receptor (EGFR or HER1)
Both EGFR and HER2 have been found associated with
lipid rafts, especially in their activated form [48-51].

In the A431 cell line, a paradigm of EGFR-overex-
pressing human carcinoma, EGFR has been reported
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to be localized mainly all along the plasma membrane
with approximately 40% within rafts and only a small
amount (7%) in caveolae. Immuno-electron microscopy
(EM) revealed that treatment with cholesterol-lowering
molecules caused an increase in EGFR tyrosine phos-
phorylation both in the presence and absence of EGF
stimulation, since rafts are cholesterol-rich areas. Choles-
terol depletion enhanced EGFR dimerization by changing
its distribution on the plasma membrane and increasing
membrane fluidity, allowing for greater lateral movement
of EGER [49, 52]. Moreover, EGF binding did not affect
EGER localization or caveolae mobilization in A431 and
HEp-2 cells [49, 53].

The lateral movement of EGFR in the cell membrane
and the consequent modulation of its activation, along
with other membrane receptors located in the raft-
enriched areas, after cholesterol depletion indicates the
involvement of lipid rafts in this process, but cannot
exclude the role of other structures, like actin cytoskel-
eton [51].

A different relationship between EGFR, lipid rafts and
caveolae was found in human glioblastoma cell lines
U87MG and U87MG-EGEFRVIII, expressing EGFR ampli-
fication and type III mutation (EGFRVIII) respectively
[54]. Immunocytochemistry and confocal microscopy
revealed that EGFR, but not EGFRVIII, colocalized with
lipid rafts and caveolae. The EGF-mediated phosphory-
lation of the receptor in U87MG cells broke this asso-
ciation. Disruption of lipid rafts by MPCD in U87MG
induced ligand-independent tyrosine phosphorylation of
EGER. Due to the constitutive phosphorylation of EGFR-
vIII in U87MG-EGFRYIII, the phosphorylation levels
were not influenced by EGF or MBCD. Interestingly, the
treatment with the tyrosine kinase inhibitor AG1478 in
both cell lines reduced receptor phosphorylation while
increasing the binding between the receptor and caveo-
lin-1 scaffolding domain [54].

Overall, the relationship between rafts, caveolae and
EGFR seems to change within tumor types showing
sometimes controversial results [49, 54, 55]. However, all
studies suggest that the association between these players
at different levels may influence receptor dimerization,
trafficking and signaling. Thus, looking further into these
mechanisms could lead to increased efficacy of EGFR-
targeted therapies mainly in resistant patients.

Evidence of the potential benefit of modulating raft-
associated molecules such as caveolin-1 or clathrin
using cholesterol-lowering drugs to enhance anti-EGFR
drugs was reported by Pereira P et al. [56], who showed
that silencing CAV-1 in A431 cell line increased EGFR
expression in cell membrane, without altering the total
amount of EGFR protein within cells. Analogous results
were obtained by treating cells with statins such as lov-
astatin. Furthermore, statins improved cetuximab and
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panitumumab binding on EGFR-expressing A431 cancer
cells, both in vitro and in vivo [56].

Human epidermal growth factor receptor 2 (HER2 or
Erbb2)

The lipid environment and local density of HER2 and
HER3 in the plasma membrane deeply influence the
dimerization and biological properties of HER2. Besides
small-scale associations through receptor homo- and
heterodimerization, larger clusters of ErbB2 have been
identified. These clusters, containing hundreds of ErbB2
receptors, are about 0.5 um in diameter and increase in
size upon ErbB2 activation. The high local concentra-
tion of ErbB and other signaling proteins within these
clusters may facilitate receptor complex formation [50,
57]. Donor/acceptor photobleaching FRET measure-
ments using confocal microscopy identified large-scale
clusters with around 1000 HER2 molecules, showing in
SKBR3 (a HER2-positive human breast cancer cell line)
a 2-fold higher density of HER2 within clusters as com-
pared to outside them. Interestingly, HER2 homodimer-
ization was similar inside and outside clusters. Pointing
attention to local densities of HER2 and HER3 as possible
determinants of HER2 homodimerization, the analysis
showed that HER2 homodimerization positively corre-
lated with the local density of the protein, but negatively
correlated with the local density of HER3. Lipid rafts also
influence the association state of HER2. When HER?2 dis-
sociated from lipid rafts following crosslinking of GM1
(a raft-associated ganglioside) by the B subunit of chol-
era toxin (CTXB), there was a decrease in HER2-HER3
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heterodimerization and a reduced tyrosine phosphoryla-
tion of HER2 (Fig. 2). Furthermore, the internalization of
HER2 mediated by 4D5 (a murine monoclonal antibody,
precursor to trastuzumab [58]) was blocked in CTXB-
pretreated cells, although the antiproliferative effect of
4D5 remained unaffected [50].

Later studies reported that non-phosphorylated (not
activated) HER2 monomers in HER2-positive SKBR3
and BT-474 human breast cancer cell lines were located
mainly in the nonlipid raft membrane microdomain. On
the other hand, HER2 dimerization and phosphoryla-
tion occurred primarily in lipid rafts-CAV-1-positive-
enriched areas [59].

The preferential distribution of HER2 in lipid rafts was
also analyzed in mouse mammary epithelial HC11 cells,
expressing both EGFR and HER?2, thus confirming that
the receptor localization could not be modified by EGF
stimulation [60]. Their analysis confirmed that HER2 was
not exclusively associated with the rafts, suggesting the
presence of a dynamic equilibrium with lipid rafts in the
membrane protrusions. Therefore, at any given time, only
a fraction of HER2 interacted directly with raft ganglio-
sides. This transient HER2—gangliosides/lipid rafts inter-
action could potentially regulate the function of HER2
colocalization areas and influence the signaling-trans-
duction pathways by compartmentalizing the receptor in
different membrane domains [60].

Among the molecules associated with lipid rafts, in
addition to caveolin-1 and GM3, MAL2 (Mal, T Cell Dif-
ferentiation Protein 2) is a resident protein of lipid raft
involved in apical trafficking and has also been shown to

Antibody-drug conjugates (ADC) and caveolin-1
colocalization positively correlated with reduced

MAL2-mediated lipid raft formation leads to HER2
plasma membrane retention
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play a role in HER?2 retention on the cell membrane of
breast cancer cell lines. Jeong et al. showed that MAL2
interacted closely with HER2 within lipid rafts and this
interaction diminished by depleting membrane cho-
lesterol with MBCD. Indeed, knocking down MAL2
reduced total HER2, pHER?2, and pEGEFR levels. It also
caused abnormal internalization of HER2 together with
EGEFR in response to receptor activation but did not
cause dissociation of the heterodimers. Moreover, MAL2
downmodulation led to a decrease of membrane protru-
sions, crucial for HER2 signaling in breast cancer cells
and normally seen in SKBR3 cells. An increased HER2/
MAL?2 interaction was observed in trastuzumab-resis-
tant cells and targeting MAL2, through its knockdown
or after MPCD treatment, re-sensitized resistant cells to
trastuzumab caused HER2 internalization (Fig. 2) [61].

Caveolin-1 and HER2 availability in cell membrane

Several HER2-positive cancer cell lines representative of
different cancer types, such as UMUC14 bladder, NCI-
N87 gastric, BT-474 and SKBR3 breast cancer cell lines,
have protein expression of HER2 which inversely corre-
lated with that of CAV-1 [38, 62].

Caveolae-mediated endocytosis was investigated as a
novel resistance mechanism to trastuzumab emtansine
(T-DM1). NCI-N87 cells resistant to T-DM1 (N87-TM)
were obtained by continuous in vitro exposure to the
ADC. N87-TM presented more intracellular CAV-1 than
the parental NCI-N78 cell line. Indeed, N87-TM cells
internalize ADCs into intracellular CAV-1 and alter their
trafficking to the lysosome compared with N87 cells.
However, CAV-1 knockdown was not sufficient to re-
sensitize N87-TM cells to T-DM1. The analysis of a panel
of HER2-positive cell lines showed no positive correla-
tion between CAV-1 protein levels and decreased T-DM1
sensitivity. Given that high levels of CAV-1 protein alone
do not necessarily induce the formation of caveolar
endocytic compartments, the study further assessed the
propensity for caveolae-mediated T-DM1 internalization
across this cell line panel. Interestingly, some CAV-1-
high cell lines (e.g., JIMT1, N87-TM) displayed colocal-
ization of T-DM1 and CAV-1, whereas other CAV-1-high
cell lines (e.g., SKOV3, HCC1954) did not. Intriguingly,
the amount of ADC colocalization with CAV-1 positively
correlated with a reduced response to T-DM1 [62].

Pereira and coworkers confirmed that, in cancer cells
lacking CAV-1, HER2 was exclusively present at the cell
membrane. On the other hand, cancer cells express-
ing CAV-1 exhibited reduced HER?2 staining at the cell
membrane. Interestingly, immunofluorescence stain-
ing of HER2-positive tumor samples of gastric cancer
patients revealed the same relation between CAV-1 levels
and HER?2 expression in the cell membrane. Pronounced
silencing of CAV-1 increased HER2 half-life at the cell
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membrane in NCI-N87 and UMUCI14 cells, without
impact on total HER2 protein levels. In contrast, induc-
tion of CAV-1 overexpression promoted loss of HER2 at
the cell membrane. Downregulation of CAV-1 through
siRNA, MPCD or lovastatin treatment resulted in a
decreased HER2 endocytosis mediated by trastuzumab
and increased stability of HER?2 at cell membrane in NCI-
N87 cells. Treatment with lovastatin in vivo improved
the tumor avidity for trastuzumab and its therapeutic
efficacy on NCI-N87 and BT-474 xenograft [38]. Caveo-
lin-1 depletion mediated by statins like lovastatin also
increased TDM1 binding, internalization and efficacy in
the heterogenous gastric cancer model [63]. Moreover,
lovastatin significantly enhanced the formation of HER2-
HER2 homodimers and HER2-EGFR heterodimers in
NCI-N87 cells, without altering HER2 phosphorylation
(Fig. 3) [64].

Caveolin-1 modulation through cholesterol-lowering
molecules enhanced anti-HER2 radioligand efficacy
Immuno-positron emission tomography (immuno-PET)
is an advanced molecular imaging technique combining
monoclonal antibody specificity labelled with a positron-
emitting radionuclide, such as Zirconium-89 (*¥Zr), with
PET imaging sensitivity [65, 66]. Inmuno-PET can help
in HER2-positive tumor diagnosis, therapy planning by
quantifying HER2 expression and monitoring treatment
response, allowing for therapy adjustments.

As discussed above, cholesterol-lowering molecules
and drugs can increase anti-HER2 target therapy effi-
cacy by altering lipid rafts and/or caveolin-1 expres-
sion. Statins showed promising results also in enhancing
HER2-targeting radioligand therapy in esophagogastric-
resistant cancers through similar mechanisms [67].

Recent studies have explored the modulation of HER2
endocytosis to increase pertuzumab uptake in HER2-
positive gastric cancers (NCI-N87 cancer xenograft)
allowing a pre-targeted imaging approach. In lovastatin-
pretreated mice, tumor uptake of the radiolabel analog of
pertuzumab 4 h post-injection was higher than in control
mice, suggesting the potential temporal lovastatin treat-
ment to enhance the avidity of pertuzumab in HER2-pos-
itive tumors [64].

These findings have led to identify CAV-1 as a possi-
ble predictive biomarker of response to HER2-targeted
therapies in gastric cancer. A prototype of ¥Zr-labeled
anti-CAV-1 antibody showed a high affinity for HER2-
positive/CAV-1-high NCI-N87 gastric cells injected
subcutaneously or intragastrically in mice through
immuno-PET. Biodistribution studies of the radioimmu-
noconjugate confirmed in vivo imaging results suggesting
the potential use of CAV-1-PET and optical imaging for
detecting gastric tumors and their therapy response [68].
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Lipid rafts /CXCL12/CXCR4/HER2 axis in bone
metastasis

Metastatic spread is a highly inefficient biological pro-
cess, nonetheless it is the leading cause of cancer-related
deaths [69]. Lipid rafts can play pivotal roles in cancer
cell metastatization through various mechanisms, which
include angiogenesis, epithelial-to-mesenchymal transi-
tion (EMT), migration and cancer cell adhesion because
of their interaction with molecules such as VEGF, TGFf
and CD44 [1, 4].

The interplay between lipid rafts and epidermal growth
factor receptors, in particular HER2, was also found to
be associated with bone metastasis in prostate cancer
cells through CXCL12/CXCR4 axis transactivation of the
HER2 receptor in lipid rafts [70]. Chinni et al. reported
that HER2 and CXCR4, the receptor of CXCL12 chemo-
kine, co-localize within lipid rafts on the plasma mem-
brane of PC-3 and C4-2B prostate cancer cells. The study
confirmed the presence of CXCR4 predominantly in lipid
rafts, whereas HER2 was present both in lipid rafts and
non-raft membrane regions as reported in other cell lines
cancer models previously discussed. Interestingly, the
CXCL12/CXCR4 interaction specifically enhanced HER2
activation within lipid rafts without significantly altering
HER2 phosphorylation status outside these subdomains.
The CXCL12/CXCR4/HER2 axis activated down-
stream signaling pathways involving Src, Akt and matrix

metalloproteinase-9 (MMP-9), which promoted migra-
tion and metastasis, particularly to the bone. PC3 cells
injected into human fetal femur fragments previously
implanted into severe combined immunodeficient mice
confirmed that overexpression of CXCR4 in prostate can-
cer cells significantly enhances bone tumor growth and
osteolysis. The bone microenvironment, rich in CXCL12,
provides a conducive setting for CXCR4-expressing can-
cer cells to grow and expand within this niche. Lipid
rafts on the cell membrane empower CXCL12/CXCR4-
induced HER2 receptor transactivation supporting
invasion and metastatic growth in the bone microen-
vironment. Given these findings, the authors proposed
several potential therapeutic strategies to counteract this
metastatic process. One approach involves disrupting
lipid rafts using MBCD, which inhibits the localization of
CXCR4 and HER?2 in these microdomains. This disrup-
tion impaired the CXCL12/CXCR4-induced transactiva-
tion of HER2, resulting in reduced downstream signaling
and the invasive capabilities of cancer cells [70].

Conclusions

Lipid rafts are involved into the regulation of EGFR and
HER?2 signaling and their associated pathways in cancer
cells. Their ability to compartmentalize and modulate
receptor activity makes them a critical factor in cancer
initiation and progression. Among other raft-associated
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proteins, caveolin-1 seems to modulate receptor local-
ization, thereby affecting the sensitivity of cancer cells
to targeted therapies. Preclinical data revealed that tar-
geting lipid rafts and caveolin-1, through for example
cholesterol-lowering drugs, might represent a promising
therapeutic strategy to enhance the efficacy of HER2-tar-
geted treatments. Indeed, co-localization of trastuzumab
or ADCs with caveolin-1 could be a possible marker of
predictive response to treatments.
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