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Cholesterol is considered indispensi-
ble for the recruitment and func-

tioning of integrins in focal adhesions for
cell migration. However, the physiologi-
cal cholesterol pools that control integrin
trafficking and focal adhesion assembly
remain unclear. Using Niemann Pick
Type C1 (NPC) mutant cells, which
accumulate Low Density lipoprotein
(LDL)-derived cholesterol in late endo-
somes (LE), several recent studies indi-
cate that LDL-cholesterol has multiple
roles in regulating focal adhesion dynam-
ics. Firstly, targeting of endocytosed
LDL-cholesterol from LE to focal adhe-
sions controls their formation at the lead-
ing edge of migrating cells. Other newly
emerging literature suggests that this
may be coupled to vesicular transport of
integrins, Src kinase and metalloproteases
from the LE compartment to focal adhe-
sions. Secondly, our recent work identi-
fied LDL-cholesterol as a key factor that
determines the distribution and ability of
several Soluble NSF Attachment Protein
(SNAP) Receptor (SNARE) proteins, key
players in vesicle transport, to control
integrin trafficking to the cell surface and
extracellular matrix (ECM) secretion.
Collectively, dietary, genetic and patho-
logical changes in cholesterol metabolism
may link with efficiency and speed of
integrin and ECM cell surface delivery in
metastatic cancer cells. This commentary
will summarize how direct and indirect

pathways enable LDL-cholesterol to
modulate cell motility.

Introduction

At the cell surface, heterodimeric integ-
rin receptors composed of a and b subu-
nits bind to ECM, enabling cells to
adhere and migrate.1 For cells to move
forward, the continuous assembly and dis-
assembly of focal adhesions at the leading
edge is critical. Cell surface integrins are
central to focal adhesion structure and
function, and for cell migration, are con-
stantly internalized and recycled for redis-
tribution at the leading edge.1 Integrin
trafficking is regulated by a complex set of
proteins, including Rabs, ARFs, protein
kinase Ca and p120GAP and coupled to
the recruitment and spatiotemporal sig-
naling of numerous signaling proteins
including focal adhesion kinase (FAK),
Src, Rho GTPases, and growth factor
receptors.1 Most relevant to this commen-
tary, cholesterol is essential for focal adhe-
sion function and the ability of cholesterol
to stabilize and establish specialized mem-
brane microdomains at the leading edge,
provides the compartmentalized platforms
for tight coordination of multiple signal-
ing and trafficking events in a temporal
and spatial manner relevant for cell migra-
tion and crucial to tumor initiation, pro-
gression and metastasis.1-3
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COMMENTARY



Role of cholesterol in integrin-
dependent cell migration and invasion

Cholesterol is closely connected to
integrin function and regulates avb3
integrin signal complex formation, b1
integrin recycling and overall cell adhesion
and migration.1,4 The underlying mecha-
nisms potentially involve the dynamic
recruitment of integrins to specialized,
cholesterol-containing microdomains,
including focal adhesions and caveolae, a
subtype of microdomains that comprises
many receptors and signaling proteins
driving cell migration.1-3 Indeed, integrin
recycling targets cholesterol-containing
focal adhesions1 and disrupting the integ-
rity of microdomains inhibits the dynam-
ics of focal adhesion assembly and
disassembly in migrating cancer cells.2,5

Furthermore, integrin-mediated adhesion
regulates the trafficking and endocytosis
of microdomains, including caveolae, but
also membrane order at focal adhesions.2,3

Altogether, cholesterol is an important
factor for focal adhesion dynamics and
integrity. This widely accepted concept is
predominantly based on studies employ-
ing unphysiological and vigorous
cholesterol depletion, using methyl-
b-cyclodextrin, at the plasma membrane.
As it remains difficult to trace cellular
movement of endogenously synthesized or
lipoprotein-derived cholesterol, these
observations still lack physiological con-
text. Based on recent findings from our
laboratory and others, using NPC1
mutant cells as models,6,7 we will discuss
direct and indirect pathways of cholesterol
pools derived from LDL or High Density
lipoprotein (HDL) that can differentially
control key events in cell motility.

Cholesterol from the late endosomal
compartment contributes to cell
migration

Besides de novo synthesis, cells acquire
cholesterol by LDL endocytosis. The lack
of LDL receptor function in familial
hypercholesterolemia or the loss of
NPC1/2 proteins causing cholesterol
accumulation in LE/lysosomes exemplify
its physiological importance.8 Inhibition
of cholesterol egress from LE in NPC
mutant cells strongly reduces cholesterol
levels in other compartments such as
the Golgi and plasma membrane.6-9

Importantly, loss of NPC function is asso-
ciated with enlargement and reduced
motility and segregation of LE vesicles,
emphasizing dysfunctional membrane
trafficking from LE to other sites.7,9-11

Newly emerging literature suggests that
blocked LDL-cholesterol export from LE
also affects cell migration. In particular,
Ikonen and coworkers examined the
LDL-cholesterol transport from LE to the
plasma membrane in live human A431
squamous carcinoma cells, using BODIPY
cholesteryl linoleate-labeled LDL (LDL-
BC).7 Interestingly, LDL-BC containing
vesicles emanating from LE/lysosomes
were CD63-positive and predominantly
targeted into the proximity of focal adhe-
sions. In contrast, in NPC1-depleted cells,
segregation, motility and arrival of LDL-
BC containing vesicles at the plasma
membrane as well as formation of focal
adhesions at the leading edge of migrating
cells, was compromised.7 Focal adhesions
only represent a minor fraction of the
plasma membrane, indicating a substantial
enrichment of LDL-cholesterol from LE
in these highly specialized membrane
domains. As integrin recycling targets
focal adhesions in a cholesterol-dependent
manner,1-3 coupling transport of LE-cho-
lesterol with both integrins and CD63
might be essential, possibly enabling
CD63 to interact and ensure delivery of
integrins to focal adhesions.12 Although
NPC1/2 deficiency may also cause accu-
mulation of endogenous cholesterol in
LE/lysosomes in some cell types, this
could indicate that migrating cells have an
increased demand to acquire cholesterol
by LDL endocytosis. However, experi-
mental evidence for this hypothesis is still
lacking and as outlined below, HDL-
derived cholesterol can also promote cell
migration.

Several other observations further
implicate LDL-cholesterol transport from
LE to the cell surface being intimately
linked with protein delivery required for
cell migration.13-15 Src kinase, which pro-
motes disassembly and turnover of cell-
ECM adhesions for cell migration, trans-
locates from LE to focal adhesions.14,15

Remarkably, total and phosphorylated Src
protein in liver homogenates from hetero-
zygous and homozygous NPC1 KO-mice
are highly upregulated.16 Src protein levels

were not increased in Triton-X insoluble
fractions, indicating that the majority of
total and activated Src from NPC1-defi-
cient hepatocytes is not enriched in cho-
lesterol-rich focal adhesions, but remains
in LE and other intracellular sites. Simi-
larly, we observed upregulated total and
phosphorylated Src in NPC1 mutant Chi-
nese Hamster Ovary (CHO) cell lines
(Hoque and Grewal, unpublished data).
Likewise, U18666A-induced LE-choles-
terol accumulation similar to the NPC1
mutation, was associated with elevated Src
activation in the kidney proximal tubule
cell line LLC-PK1.17 Further connecting
LDL-cholesterol transport routes with
Src-induced tumorigenesis, loss of Endo-
somal Sorting Complexes Required for
Transport (ESCRT) and Rab7 function, 2
regulators of LE membrane transport, not
only induce an NPC1-like phenotype,10,11

but are critical for Src translocation from
LE to focal adhesions in primary mouse
fibroblasts and HeLa cells14,18 Although
intracellular Src is mostly inactive, large
amounts of oncogenic Src are found in
perinuclear structures resembling LE.14,15

Thus, dietary, genetic or pathological fluc-
tuations of LDL levels may be associated
with aberrant Src signaling.

Integrins are normally rapidly endo-
cytosed and recycled, while only small
amounts are targeted for lysosomal deg-
radation. Interestingly, the Norman lab-
oratory identified that in various
invasive cancers, transport of a5b1
integrin and membrane type 1 metallo-
protease (MT1-MMP) from LE to the
cell surface was critical in maintaining
persistency during invasion.13,19-22

LDL-cholesterol regulates cell
migration through modulation of
secretory pathways emanating from the
Golgi apparatus

As outlined above, LDL-cholesterol
from LE is transported through exocytic
pathways to reach the cell surface. How-
ever, multiple exocytic LDL-cholesterol
trafficking routes seem to exist. Depend-
ing on the cell type and cellular environ-
ment, LDL-cholesterol transport from LE
to the plasma membrane is direct, or
through recycling endosomes and/or
TGN compartments.7,8 Several studies
from our laboratories strongly suggest that
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LDL-cholesterol trafficking through TGN
and recycling endosomes indirectly con-
trols several important regulators of mem-
brane transport, all of which involved in
integrin trafficking and ECM secretion.

Utilizing pharmacological LE-choles-
terol accumulation or Annexin A6 over-
expression as NPC1 mutant models in
CHO and A431 squamous carcinoma,
we initially examined caveolin transport,
which traffics from the TGN to the
plasma membrane in a cholesterol-sensi-
tive manner.9 Inhibition of LE-choles-
terol export reduced cholesterol at the
Golgi and plasma membrane, and inter-
fered with cholesterol-dependent caveo-
lin-1 transport from the Golgi to the
cell surface, thereby reducing numbers
of caveolae.9 Hence, LDL-cholesterol
delivery to the TGN may be one of the
yet unknown balancing factors that
determines the ability of caveolin-1 and
caveolae to promote integrin internaliza-
tion, an important step in the transition
from cell adhesion to migration.3 Fol-
low-up studies revealed that decreased
cholesterol availability in the Golgi of
NPC1 mutant-like CHO cells perturbed
Golgi recruitment of cytosolic phospho-
lipase A2, which is required to drive
cholesterol-dependent Golgi vesicula-
tion, including caveolin transport.23

Interestingly, caveolin-1 is upregulated
in NPC1-deficient human and mouse
tissues and besides its cholesterol- and
integrin-binding properties,2,3 recent
studies in human fibroblasts even suggest
a direct interaction of caveolin-1 with
NPC1 to facilitate cholesterol export
from LE.24

Besides caveolin, SNARE proteins are
key players in the regulation of secretory
pathways emanating from the Golgi appa-
ratus. Therefore, we recently extended our
analysis and examined SNARE family
members that facilitate targeting of secre-
tory vesicles to the plasma membrane. We
first focused on the widely expressed t-
SNAREs syntaxin 4 (Stx4) and soluble N-
ethylmaleimide-sensitive fusion protein 23
(SNAP23), which cluster in cholesterol-
rich cell surface domains25 to promote
ECM (fibronectin) secretion and integrin
recycling.26 Indeed, cell surface clustering
of Stx4 and SNAP23 of NPC1 mutant
models in CHO and A431 cells was

strongly reduced, with Stx4 and SNAP23
accumulating in Golgi membranes.27

Consequently, Stx4/SNAP23-dependent
secretion of fibronectin was strongly inhib-
ited in NPC1 mutant models. Thus, other
Stx4/SNAP23-dependent migration
events, including a5 integrin, Src and
FAK trafficking and activation at focal
adhesions, and MT1-MMP delivery to
invadopodia in MDA-MB-231 breast can-
cer cells, may also be affected by LDL-
cholesterol egress from LE.28,29

Further insight comes from Stx6,
which participates in LE-cholesterol deliv-
ery to the ER, and regulates lipid and pro-
tein transport, including caveolin, required
for caveolae endocytosis.30 In HeLa and
other cancer cell models, Stx6 depletion
reduces caveolae numbers, impedes a3b1
and a5b1 integrin recycling and delivery
of FAK to focal adhesions.6,26,30 Stx6 pre-
dominantly interacts with VAMP4 in the
TGN, but can shuttle to recycling endo-
somes and assemble with VAMP3.6,26,30

Most strikingly, cholesterol diminution in
the Golgi of NPC1 mutant CHO cells

triggered increased Stx6/VAMP3 assembly
in recycling endosomes.6 Replenishment
of Golgi cholesterol using LDL in NPC
mutant cells induced Stx6 recruitment
back to the TGN. In contrast, incubation
of CHO wild-type cells with High Den-
sity lipoproteins (HDL) caused Stx6 dis-
persion from the TGN to recycling
endosomes (Fig. 1).6 HDL binds to the
scavenger receptor class B type I (SR-BI)
at the cell surface, which facilitates rapid
delivery of HDL-cholesterol first to the
plasma membrane and then to recycling
endosomes,31,32 which could favor Stx6/
VAMP3 assembly in the recycling
compartment.

Stx6 mislocalization in NPC1
mutant CHO cells and NPC1 patient
fibroblasts correlated with diminished
aVb3 and a5b1 integrin surface
expression (Fig. 2), reduced migration
and invasion in 2- and 3-dimensional
environments (Fig. 3).6 This may also
involve Rab11, which modulates choles-
terol trafficking through recycling
endosomes and facilitates b1 integrin

Figure 1. Low and High Density lipoproteins differentially regulate Stx6 localization. (A) Chinese
Hamster Ovary (CHO) wild-type (wt) and Niemann Pick Type C (NPC1) mutant CHO M12 cells were
incubated § High Density lipoproteins (HDL; 0.1 mg/ml) for 30 min or Low Density lipoproteins
(LDL; 0.05 mg/ml) for 24 hours as indicated. Cells were fixed and immunolabeled with anti-Stx6.
Dotted lines indicate cell shape. Bar is 10 mm. Upper panels: Control CHOwt cells show compact
staining of Stx6 in the Golgi. HDL induces partially scattered Stx6 staining, resembling recycling
endosomes. Lower panels: NPC1 mutant CHO M12 cells show dispersed, endosomal Stx6 staining.
Prolonged LDL loading re-establishes compact Stx6 staining in the Golgi.6
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recycling.1,33 Taken together, the differ-
ent transport routes of LDL- and
HDL-cholesterol may differentially reg-
ulate integrin trafficking events requir-
ing caveolin-1, Stx4/SNAP23 or Stx6,
making these regulatory circuits a valu-
able target sensitive to alterations in
cholesterol homeostasis (see working
model in Fig. 4).

Intriguingly, recent proteomics identi-
fied several cholesterol-binding SNAREs,
including Stx4, SNAP23, Stx6, Stx12,
VAMP3 and VAMP2.34,35 Besides Stx4/
SNAP23, Stx6 and VAMP3 (see above),
VAMP2 also participates in transport and
recycling of a5, a3, b1 integrin and
FAK,26 while Stx12 together with
SNAP23 is required for Src and b1 integ-
rin transport to cholesterol-rich invadopo-
dia for cell invasion.29 These regulatory
circuits seem to exist in various cancer cell

lines, and it is tempting to speculate that
all these SNAREs in a large number of
cells may respond to temporal and local
changes in LDL- or HDL-cholesterol
delivery. The molecular basis enabling
cholesterol to control integrin trafficking
via SNAREs remains to be determined.
Fluctuation of cholesterol levels may alter
membrane fluidity and SNARE clustering.
Alternatively, targeting cholesterol into the
vicinity of SNARE complexes or SNARE
tethering factors, possibly via vesicular or
non-vesicular cholesterol carriers, may
allow SNARE-cholesterol interactions.

Is there a link between lipoprotein
profiles and metastasis?

LDL- or HDL-derived cholesterol, via
caveolin, SNAREs and integrins, could
substantially impact on the ability of can-
cer cells to move and spread. But is there

clinical or experimental evidence that pos-
sibly link dietary, genetic or pathological
changes in cholesterol metabolism with
ECM and integrin cell surface delivery in
cancer cell migration?

Increased energy requirements are
now well recognized as an additional
hallmark of cancer, and commonly
include an increased demand for choles-
terol.36 However, initial retrospective
studies addressing the anticancer poten-
tial of cholesterol-lowering statins,
which effectively inhibit cholesterol syn-
thesis and reduce LDL-cholesterol, were
inconclusive. But over the years, statins
have been shown to exhibit anti-prolif-
erative and pro-apoptotic effects in
numerous clinical and experimental set-
tings.36 By inhibiting the generation of
isoprenoids in the cholesterol synthesis
pathway, statins effectively block protein

Figure 2. Reduced cell surface expression of integrins in NPC1 mutant cells. Human skin fibroblasts (HSF) from control (§ U18666A) and NPC1 patients
(G03123, G1) were analyzed for the localization of recycling endosome marker VAMP3 (blue), a5 (green) and b1 integrins (red). a5 and b1 integrins were
highly enriched at the cell surface of HSF control fibroblasts, but accumulated and co-localized with VAMP3-positive recycling endosomes in GM03123,
G1 and U18666A-treated HSF (see arrows in enlarged inlets). Bar is 10 mm. Figure reproduced from original highlighted manuscript (6 courtesy of Cell
Reports).

www.tandfonline.com 387Cell Adhesion & Migration



prenylation and consequently, appropri-
ate membrane targeting and localization
of members of the Ras superfamily of
GTPases, with established roles in cell
proliferation, survival, migration and
invasion.36,37

Lipoprotein receptors and cancer cell
migration and invasion

Finally, accumulation of cholesterol
and its metabolites appears to contrib-
ute to cancer growth and progression.
Many cancer cells show elevated LDL
receptor levels and increased LDL
uptake,36,38 which would favor a sce-
nario enabling caveolin, Stx6, Stx4 and
SNAP23 to promote integrin and ECM
delivery to the surface. Furthermore,
SR-BI is often overexpressed in tumors,
and considered to contribute to increase
HDL-cholesterol uptake in cancer
cells.36,38 Overall, the increased cellular
demand for cholesterol may explain
consistently low plasma HDL levels and
hypocholesterolemia in many cancer
patients. Hence, LDL receptor and SR-
BI overexpression, together with LDL
and HDL particles exhibiting a long

residence time in the circulation, show-
ing high-drug payload and small
size (<30 nm), enabling deep penetra-
tion of tumors, have made LDL and
HDL pathways attractive candidates for
anticancer drug delivery.36,38 LDL
endocytosis may provide options to tar-
get players relevant for cell migration in
the LE compartment, while SR-BI
mediated drug delivery using reconsti-
tuted HDL particles may facilitate rapid
and localized delivery of Src or FAK
kinase or integrin inhibitors to focal
adhesions, as substantial amounts of
SR-BI are found in cholesterol-rich
membrane domains.31,32

Despite the numerous epidemiological
studies, it is still unclear if lipoprotein pro-
files in blood can predict risk of cancer
metastasis.38 Insights from cell and animal
models seem more conclusive. In MDA-
MB-231 breast cancer cells, a classical
model for aggressive cell behavior, LDL
receptor is upregulated, and LDL stimu-
lates cell migration.40 In A431 epidermoid
carcinoma, invasion and efficient integrin
recycling are associated with elevated LDL
receptor and LDL uptake.21,41 In mice,

deficiency of proprotein convertase subtil-
isin/kexin type 9, which increases hepatic
clearance of LDL, reduces melanoma
metastasis in liver.42 In MDA-MB-231
cells, knockdown of SR-BI inhibits migra-
tion in cell culture and tumor growth in
vivo.43 In MMTV-PyMT mice, a well-
established mouse model for the develop-
ment of mammary tumors, a high-fat/
high cholesterol diet more rapidly induced
aggressive tumors and more pulmonary
metastasis than controls. SR-BI was upre-
gulated in these tumors.44 Furthermore, a
high-fat and -cholesterol diet in apoE-KO
mice, a model that develops hypercholes-
terolemia, increased mammary metasta-
sis.45 Alikhani and coworkers proposed
that the hypercholesterolemic environ-
ment may increase formation of choles-
terol-rich invadopodia, which as outlined
above, have prominent roles for integrins
in migration and invasion.45

b1 integrins, in particular a5b1, and
avb3 integrins, are most promising
therapeutic targets in melanoma, breast
and prostate cancers,46 all cancers with
recognized links to cholesterol metabo-
lism. In the liver, the central organ for

Figure 3. (A) Schematic of an organotypic invasion assay for the 3-dimensional assessment of tumor cell behavior. Primary human fibroblasts are
embedded in 3D collagen-I matrix prepared from rat tails by acid extraction. Detached, polymerized matrix is allowed to contract for 5–6 d in media until
embedded fibroblasts have contracted the matrix to »1.5 cm diameter to form a matrix with high in vivo fidelity. Then tumor cells are plated on top of
the matrix in complete media and allowed to grow to confluence for »3–5 d The matrix is then mounted on a metal grid and raised to the air/liquid
interface, resulting in the matrix being fed from the media below. Media is changed every 1–2 days, and after 8–21 days, cultures can be fixed, processed
(e.g. hematoxylin and eosin staining) and analyzed.6,22,46 (B) Representative images of CHO wild-type (CHO WT) and NPC1 mutant cell lines (CHO 2–2,
CHO M12) seeded on 3D-matrices and allowed to invade over an air-liquid interface for 21 days, prior to fixation and hematoxylin and eosin staining.
Scale bars represent 50 mm. Invasion of NPC1 mutant cells into the organotypic matrix is strongly reduced compared to the control cells.
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lipoprotein metabolism with high LDL
receptor and SR-BI levels, a5b1 and
avb3 integrins are downregulated dur-
ing development of hepatocellular carci-
noma, while other b1 containing
integrins increase.47 Clarifying how die-
tary or pathological changes in LDL or
HDL metabolism impact on the biol-
ogy of integrins may contribute to the
development of new biomarkers for
clinically stratifying the potential effi-
cacy of integrin-targeting therapies,
such as cilengitide or volociximab, or
clinically relevant non-receptor tyrosine

kinase inhibitors, such as dasatinib or
PF00562271, which target focal adhe-
sion-based cross-talk signaling nodes in
cancer, such as Src and FAK.48-50
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