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Annexin A6 and NPC1 regulate 
LDL‑inducible cell migration 
and distribution of focal adhesions
Jaimy Jose1,10, Monira Hoque1,8,10, Johanna Engel1, Syed S. Beevi1,9, Mohamed Wahba1, 
Mariya Ilieva Georgieva1, Kendelle J. Murphy2, William E. Hughes3, Blake J. Cochran4, 
Albert Lu5,6, Francesc Tebar5,6, Andrew J. Hoy7, Paul Timpson2, Kerry‑Anne Rye4, 
Carlos Enrich5,6, Carles Rentero5,6* & Thomas Grewal1*

Cholesterol is considered indispensable for cell motility, but how physiological cholesterol pools 
enable cells to move forward remains to be clarified. The majority of cells obtain cholesterol from 
the uptake of Low‑Density lipoproteins (LDL) and here we demonstrate that LDL stimulates A431 
squamous epithelial carcinoma and Chinese hamster ovary (CHO) cell migration and invasion. LDL also 
potentiated epidermal growth factor (EGF) ‑stimulated A431 cell migration as well as A431 invasion 
in 3‑dimensional environments, using organotypic assays. Blocking cholesterol export from late 
endosomes (LE), using Niemann Pick Type C1 (NPC1) mutant cells, pharmacological NPC1 inhibition 
or overexpression of the annexin A6 (AnxA6) scaffold protein, compromised LDL‑inducible migration 
and invasion. Nevertheless, NPC1 mutant cells established focal adhesions (FA) that contain activated 
focal adhesion kinase (pY397FAK, pY861FAK), vinculin and paxillin. Compared to controls, NPC1 
mutants display increased FA numbers throughout the cell body, but lack LDL‑inducible FA formation 
at cell edges. Strikingly, AnxA6 depletion in NPC1 mutant cells, which restores late endosomal 
cholesterol export in these cells, increases their cell motility and association of the cholesterol 
biosensor D4H with active FAK at cell edges, indicating that AnxA6‑regulated transport routes 
contribute to cholesterol delivery to FA structures, thereby improving NPC1 mutant cell migratory 
behaviour.

Abbreviations
ACAT   Acyl-CoA cholesterol acyltransferase
Anx  Annexin
Ca2+  Calcium
CHO  Chinese hamster ovary
EGF  Epidermal growth factor
EGFR  Epidermal growth factor receptor
ER  Endoplasmic reticulum
FA  Focal adhesion
FAK  Focal adhesion kinase
LDL  Low density lipoprotein
LE  Late endosomes
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LPDS  Lipoprotein-deficient fetal calf serum
Lys  Lysosomes
NPC1  Niemann pick type C1
RWD  Relative wound density
SNARE  Soluble NSF Attachment Protein (SNAP) Receptor
SNAP23  Soluble N-ethylmaleimide-sensitive fusion protein 23
Stx  Syntaxin
wt  Wildtype

Metabolic adaptations in cancer include an increased demand for membrane  lipids1. This includes cholesterol, 
which supports growth but also motility, in particular the formation of focal adhesions (FA), enabling cells to 
move  forward2,3. However, how cellular cholesterol pools contribute to coordinate migratory and invasive cell 
behaviour as well as FA assembly are not well understood.

In many tumours, upregulated de novo cholesterol synthesis is common and lowering cholesterol using 
statins interfered with cancer cell growth and  motility4,5. The underlying mechanisms are complex, as statins also 
deplete cholesterol intermediates required for the prenylation of Ras-GTPases, thereby compromising signalling 
events that drive cell  migration4,5. Importantly, for cell movement, continuous FA assembly and disassembly at 
the leading edge and the recruitment of focal adhesion kinase (FAK) and other signalling and structural proteins 
is  essential2,6. Earlier studies identified methyl-β-cyclodextrin, which triggers a robust cholesterol depletion at 
the plasma membrane, to disrupt the functional integrity of FAs, suggesting cholesterol being vital for proper 
FA structure and  assembly2,7,8.

Rather than synthesizing cholesterol de novo, most cells obtain cholesterol from Low-Density lipoprotein 
(LDL)  uptake3,9,10. Once internalized, LDL-derived cholesteryl esters are hydrolyzed in late endosomes (LE)/
lysosomes (Lys), to generate free cholesterol, which is then delivered to the plasma membrane. In addition, 
LDL-derived cholesterol is transported to the endoplasmic reticulum (ER) for acyl-CoA cholesterol acyltrans-
ferase (ACAT)-mediated re-esterification, ensuing storage as cholesteryl ester in lipid  droplets3,9,10. This appears 
relevant in pancreatic ductal adenocarcinoma and other cancers, as elevated LDL receptor expression, increased 
LDL-cholesterol uptake and accumulation of cholesteryl esters are associated with malignant  progression11,12. 
Similarly, LDL stimulated breast cancer cell migration in an ACAT-dependent  manner13 and elevated LDL 
uptake led to ACAT-dependent cholesteryl ester accumulation and correlated with increased prostate cancer 
cell  aggressiveness14.

Yet, the molecular players in LE/Lys conferring LDL-inducible cell motility are not well known. Several pro-
teins, including the Niemann-Pick Type C1 (NPC1) protein, contribute to late endosomal cholesterol (LE-Chol) 
 egress3,9,10. LE-Chol accumulation upon NPC1 inhibition identified dysfunctioning of soluble NSF attachment 
protein receptor (SNARE) proteins, including soluble N-ethylmaleimide-sensitive fusion protein 23 (SNAP23), 
syntaxin 4 (Stx4) and Stx6, that regulate extracellular matrix secretion and integrin  recycling9,15,16, the latter being 
critical for FA assembly and cell  motility6,16. In line with this, NPC1 depletion in cervical cancer cells inhibited 
cell proliferation and  migration17. Lysosomotropic  compounds18 and the anti-histamine  astemizole19 were also 
found to block LE-Chol egress and retarded melanoma tumour growth and cell migration.

In addition, upregulation of annexin A6 (AnxA6), an annexin regulating endo-/exocytic pathways, choles-
terol transport and assembly of signalling  complexes20–22, also caused LE-Chol  accumulation23. Alike NPC1 
deficiency, AnxA6 upregulation was accompanied by cholesterol depletion in other cellular sites, including the 
plasma membrane, Golgi apparatus and recycling endosomes. This cellular cholesterol imbalance triggered the 
mislocalization and dysfunction of SNAP23, Stx4 and Stx6, interfering with cell surface delivery of integrins, 
extracellular matrix proteins, as well as cholesterol, being detrimental for cell migration and  invasion15,24,25.

Annexins, including AnxA6, bind to membranes in a  Ca2+-dependent manner, but LDL loading or loss of 
NPC1 function led to the association of significant AnxA6 amounts with cholesterol-rich LE/Lys26,27. This enabled 
the AnxA6-mediated recruitment of the Rab7-GTPase activating protein (Rab7-GAP) TBC1D15 to downregu-
late Rab7 activity, which interfered with LE-Chol  egress28. Strikingly, AnxA6 depletion in NPC1 mutant cells 
upregulated Rab7 activity, rescuing LE-Chol export for cholesteryl ester storage in lipid droplets via transport 
routes involving the StAR-related lipid transfer domain-3 (StARD3)  protein28,29. These findings indicated that 
AnxA6 controls LE-Chol export routes that operate in the absence of  NPC128,29.

Here we demonstrate that pharmacological or genetic NPC1 inhibition as well as AnxA6 overexpression 
strongly reduced the ability of LDL to stimulate A431 cell migration and invasion or to potentiate epidermal 
growth factor (EGF)-inducible A431 cell migration. Interestingly, high FA numbers in NPC1 mutant cells identify 
their ability to overcome reduced cholesterol levels at the plasma membrane in order to establish FA structures. In 
addition, FA redistribution in NPC1 mutant cells occurred, with less FAs at the cell edges and more FAs across the 
cell body. Strikingly, AnxA6 depletion in NPC1 mutant cells was associated with increased motility, and elevated 
association of cholesterol with FA at cell edges, indicating that AnxA6 deficiency promotes NPC1-independent 
cholesterol transport routes to FA. The contribution of the cholesterol transport machinery in LE/Lys to increase 
cancer growth and motility in an LDL-rich microenvironment is discussed.

Results
AnxA6 overexpression and pharmacological NPC1 inhibition reduce A431 cell migra-
tion. NPC1 deficiency or AnxA6 overexpression in Chinese hamster ovary (CHO) and A431 squamous epi-
thelial carcinoma cells reduced cell migration and invasion in 2- and 3-dimensional  environments16,24. To vali-
date these findings, cell migration of wildtype A431 cells (A431-WT), which lack endogenous AnxA6, and the 
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well-characterized A431 cell line stably expressing AnxA6 (A431-A6)30,31 in the presence of the pharmacological 
NPC1 inhibitor U18666A was analysed (Fig. 1a,b).

A431-WT and A431-A6 cells were grown in serum-containing media (10% FCS) and treated ± U18666A 
(4 μg/ml) overnight. Then scratch assays were performed and alike previous  studies24, in the absence of U18666A, 
A431-WT showed ~ 40% greater wound closure (relative wound density %; RWD %) and speed of wound closure 
(%/h) compared to A431-A6 cells (Fig. 1a,b). Under these lipid-rich conditions, U18666A-induced LE-Chol 
 accumulation16,28 in A431-WT was accompanied by a strongly reduced wound closure and cell velocity. In 
A431-A6 cells, which already exhibit an NPC1-like phenotype in serum-containing  media23, this inhibitory 
effect of U18666A on cell migration was less pronounced (Fig. 1b).

Likewise, ectopic expression of the loss-of-function NPC1 mutant P692S, which cannot bind cholesterol and 
inhibits LE-Chol  export16,32, inhibited A431 cell migration similar to U18666A treatment or AnxA6 overexpres-
sion (Fig. 1c). Stable shRNA-mediated NPC1 knockdown (≥ 35%; clone 1–4) in A431 cells (Suppl. Figure 1a), 
which caused substantial LE-Chol accumulation in serum-containing media (see arrows and mean filipin inten-
sity per cell in Fig. 1d), also significantly reduced wound closure and cell velocity (Fig. 1e,f).

LDL‑inducible A431 cell migration is compromised by AnxA6 overexpression or NPC1 inhibi-
tion. To examine if LDL-derived cholesterol could induce cell migration, A431-WT and A431-A6 cells were 
pre-incubated in 10% lipoprotein-deficient serum (10% LPDS)-containing media to lower cellular cholesterol 

Figure 1.  AnxA6 overexpression and pharmacological NPC1 inhibition reduce A431 cell migration. 
(a,b) A431-WT and A431-A6 cells were treated ± U18666A (4 µg/ml) and then wound healing assays were 
performed. Representative images at t = 0 and 24 h are shown. The relative wound density (RWD %) and speed 
of wound closure (%/h) from 3 independent experiments with triplicate samples (mean ± SD) is shown. (c) 
A431-WT treated ± U18666A (4 µg/ml), ectopically expressing NPC1 wildtype (NPC1-WT) or mutant (NPC1-
P692S), and A431-A6 cells were grown until 90% confluency and then wound healing assays were performed. 
The RWD (%) at t = 18 h from 2 independent experiments with duplicate samples (mean ± SD) was calculated. 
(d) A431-WT stably expressing scrambled shRNA (scr) or a combination of four shRNAs (1–4) targeting 
NPC1 (NPC1-KD) were fixed and stained with filipin. Arrowheads indicate filipin staining at the plasma 
membrane of control cells. Arrows point at cholesterol accumulation in perinuclear compartments of NPC1-
depleted A431-WT cells. The mean filipin intensity per cell (a.u.) in 32 control (scr) and 36 NPC1-KD cells was 
quantified (mean ± SD). Bar is 10 µm. (e–f) Wound healing assays with A431-WT stably expressing scrambled 
shRNA (scr) or NPC1-depleted A431-WT cells using the IncuCyte were performed. Representative images 
at t = 0 and 18 h are shown (e). Cell migration was monitored at 2 h intervals and RWD (%) and cell velocity 
(µm/h) from 2 independent experiments with quadruple (left panel) or quintuple samples (right panel) was 
calculated (mean ± SD). The mean of individual experiments (b,c) and individual data points (f, left panel) is 
indicated by dot points in each bar graph. *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with Tukey’s post-
hoc test (b,f), one-way ANOVA with Tukey’s post-hoc test (c) and Mann–Whitney two-tailed test (f).
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in  LE10,28. Then cells were loaded with LDL (50 µg/ml) ± U18666A (4 μg/ml) for additional 24 h and lipids were 
extracted to determine cellular cholesterol levels (see “Methods” section) and confirm LDL-cholesterol loading 
(Suppl. Figure 1b). When cells were grown without LDL in lipoprotein-deficient media, U18666A alone did not 
significantly increase cellular cholesterol levels compared to controls. As expected, LDL increased cellular cho-
lesterol levels, which was elevated even further upon pharmacological NPC1 inhibition, in both cell lines (Suppl. 
Figure 1b). Then wound healing assays ± LDL, U18666A or both were performed (Fig. 2a,b). In lipid-depleted 
A431-WT cells, which contain only minor amounts of LE-Chol28, U18666A did not significantly impact on 
cell migration. In contrast, LDL strongly stimulated A431-WT wound closure and cell velocity (~ 2–2.5 -fold), 
which was effectively blocked by co-incubation with U18666A. In line with previous  findings24, cell migration of 
lipid-depleted A431-A6 cells was significantly reduced compared to A431-WT cells. Yet, in striking contrast to 
A431-WT cells, LDL did not stimulate A431-A6 wound closure and had a much smaller impact on cell velocity. 
Thus, NPC1 inhibition and AnxA6 overexpression, which both inhibit LDL-derived LE-Chol  egress9,23,28, inter-
fere with the ability of LDL to stimulate A431 cell migration.

A431-WT cells express large amounts (1–3 ×  106/cell) of epidermal growth factor receptor (EGFR). In these 
cells, AnxA6 downregulates EGFR activity and EGF-induced cell growth and  migration31,33. To examine if LDL 
loading could potentiate EGF-inducible cell migration, A431-WT and A431-A6 cells were loaded ± LDL as 
described above, and wound healing assays ± EGF (10 ng/ml) were performed (Fig. 2c,d). As shown  previously33, 
A431-WT cells displayed a much greater EGF-inducible wound closure (RWD %) and cell velocity (µm/h) com-
pared to A431-A6 cells (Fig. 2d). As above, LDL strongly stimulated A431-WT, and to a smaller extend A431-A6 

Figure 2.  AnxA6 overexpression and NPC1 inhibition compromise LDL-inducible cell migration. (a,b) Wound 
healing assays with A431-WT and A431-A6 cells grown in 10% LPDS-containing media together with LDL 
(50 µg/ml), U18666A (4 µg/ml), or both using the IncuCyte were performed. Representative images at t = 0 
and 16 h are shown (a). RWD (%) and cell velocity (µm/h) from 3 independent experiments with triplicate 
samples (mean ± SD) was calculated (b). (c,d) A431-WT and A431-A6 cells were grown in LPDS-containing 
media ± LDL (50 µg/ml) and EGF (10 ng/ml) as indicated and cell migration was monitored. Representative 
images at t = 0 and 14 h are shown (c). RWD (%) and cell velocity (µm/h) from 3 independent experiments with 
triplicate samples (mean ± SD) was calculated (d). For each individual experiment shown in (b,d), the mean is 
indicated by dot points in each bar graph. *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with Tukey’s post-
hoc test.
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cell migration. Strikingly, EGF and LDL co-incubation greatly stimulated wound closure and cell velocity in 
A431-WT cells. Hence, growth factors and lipoproteins can cooperate to stimulate A431 cell motility. This was 
much less pronounced in AnxA6-expressing A431 cells, probably due to the inhibitory role of AnxA6 in EGFR 
 signalling31,33 and LE-Chol  export23,24,28.

Annexin A6 inhibits LDL‑inducible invasive properties of A431 cells. We then examined if phar-
macological NPC1 inhibition interfered with cell invasion using transwell matrigel invasion chambers (Fig. 3a). 
A431-WT cells were seeded in the upper chamber in serum-free medium and incubated ± U18666A (4 μg/ml). 
The lower chamber contained 10% FCS as chemoattractant and cells that invaded through the coated membrane 
inserts into the lower chamber were determined. Cell migration with uncoated inserts served as control. In line 
with findings described above (Figs.  1, 2), U18666A strongly reduced migration of A431-WT cells through 
uncoated inserts, but also decreased the invasive capacity of A431-WT cells across coated inserts into the lower 
wells (Fig. 3a).

Next, in three-dimensional organotypic matrices that more closely recapitulate a tumour stromal environment 
in vivo16,24,25, LDL significantly stimulated A431-WT invasion into organotypic matrices over a 14-day period 

Figure 3.  NPC1 inhibition and AnxA6 overexpression inhibit LDL-inducible A431 cell invasion. (a) Transwell 
migration and invasion of A431-WT cells treated ± U18666A (4 µg/ml). Representative images of migrating and 
invading cells from five fields per condition of a representative experiment (n = 2) were quantified and relative 
invasion (%) was calculated (mean ± SD). Individual data points from the five fields are indicated by dot points 
in each bar graph. (b) A431-WT and A431-A6 cells on three-dimensional matrices of rat tail collagen were 
grown in 10% LPDS-containing media ± LDL (50 μg/ml) fixed, and stained with hematoxylin and eosin. The 
relative invasion (%) was calculated as the percentage of cells that invaded beyond ≈30 μm as a percentage of 
total cells in the assay. Representative images from 2 independent experiments are shown. The mean ± SD from 
4–6 images per condition is given. Individual data points are indicated by dot points in each bar graph. *p < 0.05, 
**p < 0.01, ***p < 0.001; Mann–Whitney two-tailed test (a), and two-way ANOVA with Tukey’s post-hoc test (b).
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(Fig. 3b). In contrast, A431-A6 cells showed a reduced ability to invade these  matrices30, which was not stimulated 
by LDL. Hence, elevated LDL levels in the tumour microenvironment may improve the invading properties of 
cancer cells. Moreover, the inhibitory role of AnxA6 in the cellular distribution of LDL-derived  cholesterol28 
most likely compromised LDL-inducible invasive properties of A431 cells.

LDL promotes cell migration in CHO‑WT, but not NPC1 mutant CHO cells. To strengthen LDL 
endocytosis as the underlying mechanism stimulating cell migration, we next compared wildtype CHO cells 
(CHO-WT) and a CHO line lacking the LDL receptor (CHO ldlA)34. CHO-WT and CHO ldlA cells were pre-
incubated in lipoprotein-deficient media as above, scratched, and then cell migration ± LDL was monitored 
(Fig.  4a). LDL improved wound closure of CHO-WT (≥ 20%), but not CHO ldlA cells, at later time points 
(≥ 32 h), supporting LDL endocytosis to induce cell migration.

Next, CHO-WT and CHO cell lines lacking NPC1 (CHO M12, CHO 2–2) were pre-incubated in 10% LPDS-
containing media and then wound closure ± LDL was monitored (Fig. 4b,c). As shown  previously16, NPC1 
mutant cells displayed significantly reduced wound closure and cell velocity compared to wildtype controls. 
Alike A431-WT cells (Fig. 2b,c), LDL stimulated CHO-WT, but not CHO M12 and CHO 2–2 cell motility at later 
time points (Fig. 4b,c). Likewise, pharmacological NPC1 inhibition effectively blocked LDL-induced CHO-WT 
wound closure and cell velocity (Fig. 4d).

To reinforce export of LDL-derived Chol from LE to support cell migration, pulse-chase experiments were 
performed. CHO-WT and CHO M12 cells were grown in LPDS-supplemented media and then treated ± LDL for 
2 h to load the LE/Lys  compartment23. Then the LDL-containing media was removed and cell motility in lipo-
protein-deficient media was monitored (Fig. 4e). Indeed, LDL pre-loading stimulated CHO-WT, but not CHO 
M12 cell migration, indicating that LDL-derived LE-Chol egress to other cellular sites stimulates cell motility.

AnxA6 depletion restored LE-Chol egress in CHO M12  cells28. To examine if this could change migratory 
behaviour, CHO M12 and CHO M12-A6ko cells were pre-incubated in lipoprotein-deficient media, and then 
wound closure ± LDL was monitored (Fig. 4f). Strikingly, CHO M12-A6ko cells showed a strongly increased 
ability to close the wound compared to CHO M12 cells already in the absence of LDL, indicating that AnxA6 
deficiency could overcome dysfunctional and possibly cholesterol-dependent events in NPC1 mutant cells that 
govern cell migration.

NPC1 deficiency in CHO cells increases FA number and alters FA distribution. Reduced cell 
motility and plasma membrane cholesterol levels in NPC1 mutant cells (Figs. 1c–f, 4b,c,e,f)9,16,23 prompted us 
to compare FA distribution in CHO-WT, M12 and 2–2 cells (Fig. 5a,b). Therefore, cells were grown in serum-
containing media, fixed and stained for total and phosphorylated (pY397) FAK, which transmits signals from 
cell surface receptors to regulate FA (dis-)assembly for cell movement, with pY397FAK commonly serving as 
FA  marker2.

In CHO-WT cells, pY397FAK colocalized with total FAK in often large, macroscopic structures at the cell 
edges (Fig. 5b, see arrowheads in enlarged insets). Interestingly, both NPC1 mutant CHO cell lines contained 
plenty of large and pY397FAK-positive complexes at the cell edges, but also across the cell body (see arrows in 
Fig. 5b). Hence, despite their cellular cholesterol  imbalance9,16,23, NPC1 mutant cells can establish pY397FAK-
containing macroscopic FA structures, which appear to be distributed differently compared to control cells.

AnxA6‑depleted NPC1 mutant cells display elevated FA numbers and altered FA distribu-
tion. FA formation requires the recruitment of Src kinase to pY397FAK, followed by Src-mediated Y861FAK 
 phosphorylation35. We therefore compared pY861FAK staining in CHO-WT, CHO M12 and AnxA6-depleted 
CHO M12 (CHO M12-A6ko) cells (Fig. 5c). Similar to the pY397FAK staining patterns (Fig. 5a,b), CHO-WT, 
M12 and M12-A6ko cells contained large numbers of pY861FAK-positive complexes. To address their ability 
to respond to extracellular stimuli that promote FA formation, cells were starved overnight, serum-stimulated 
(20% fetal calf serum; 20% FCS) for 45 min, fixed and stained with anti-pY861FAK. Then FA complexes (≥ 0.25 
µm2) per cell were quantified (Fig. 5d). A trend of increased FA numbers upon serum stimulation was observed 
in all three cell lines, indicating that Src-dependent FAK activation and FA assembly can still occur despite a 
cellular cholesterol imbalance in NPC1 mutant cells. FA numbers were strongly increased in CHO M12 and 
M12-A6ko compared to controls (left panel in 5d). Moreover, alike the p397FAK staining (Fig. 5a,b), CHO-WT 
cells showed a higher percentage of pY861FAK-containing complexes at the cell edges, while these structures 
were distributed more throughout the cell body in CHO M12 and M12-A6ko cells. This observation appeared 
independent of FA size, as the number of large (≥ 1 µm2), medium (0.5–1 µm2) and small (0.25–0.5 µm2) FA 
complexes per cell was strongly elevated overall, at the cell edge and throughout the cell body, in CHO M12 
and CHO M12-A6ko cells (Suppl. Figure 2). Hence, NPC1 deficiency in CHO cells appears associated with an 
increased and altered distribution of FA complexes. AnxA6 depletion in CHO M12 cells further increased total 
FA numbers, in particular throughout the cell body, indicating a role for AnxA6 in the dynamics of FA (dis-)
assembly in NPC1 mutant cells.

Distribution of FA marker proteins vinculin and paxillin in CHO M12 and CHO M12‑A6ko 
cells. FA are complex, heterogeneous and multiprotein  structures2,6,35. Therefore, we compared the cellular 
distribution of pY861FAK and vinculin, a structural protein associated with  FA6. CHO-WT, CHO M12 and 
CHO M12-A6ko cells were transfected with EGFP-vinculin, starved overnight, serum-stimulated (20% FCS) 
and stained with anti-pY861FAK (Fig. 6a). In CHO-WT cells, vinculin often colocalized with pY861FAK in 
large structures at the cell edges and throughout the cell body (see arrows in enlarged inset). EGFP-vinculin/
pY861FAK colocalization was significantly reduced in CHO M12 and even more so in CHO M12-A6ko cells 
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(Fig. 6b; see also arrowheads in enlarged insets in 6a), implying NPC1 deficiency to manifest in a more heter-
ogenous population of FA complexes. Upon serum stimulation, EGFP-vinculin/pY861FAK colocalization was 
reduced in all cell lines, indicating similar changes in FA structure and protein composition. Alike pY861FAK 

Figure 4.  LDL promotes cell migration in CHO-WT, but not NPC1 mutant CHO cells. (a) Wound healing 
assays of CHO-WT, CHO ldlA and (b) CHO-WT, CHO M12 and CHO 2–2 cells grown in 10% LPDS-
containing media ± LDL (50 µg/ml). Cell migration was monitored for 0–60 h. RWD (%) from 3 independent 
experiments with triplicate samples (mean ± SD) at 44 h (a) and for 0–60 h (b) for a representative experiment 
is shown. (c) RWD (%) and cell velocity (µm/h) at 40 h from 2–3 independent experiments with triplicate 
samples (mean ± SD) was calculated. (d) Wound healing assays with CHO-WT cells grown in 10% LPDS-
containing media ± LDL (50 µg/ml), U18666A (4 µg/ml), or both as indicated. Cell migration was monitored 
and representative images at t = 0 and 48 h are shown. RWD (%) and cell velocity (µm/h) from 3 independent 
experiments with triplicate samples (mean ± SD) was calculated. (e) Scratch assays with CHO-WT and CHO 
M12 cells grown in 10% LPDS-containing media and loaded ± LDL (50 μg/ml) for 2 h prior the scratch. The 
media and cell debris were removed and cell migration in the absence of LDL was monitored for 8 h. RWD (%) 
from 2 independent experiments with triplicate samples (mean ± SD) was calculated. (f) CHO-WT, CHO M12 
and CHO M12-A6ko cells were incubated ± LDL as described in (d) and RWD (%) at 40 h from 2 independent 
experiments with triplicate samples (mean ± SD) was calculated. The mean of each individual experiment (a,c–f) 
is indicated by dot points in each bar graph. *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with Tukey’s 
post-hoc test (a,c,e,f), one-way ANOVA with Tukey’s post-hoc test (d).
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staining patterns (Fig.  5d), EGFP-vinculin distribution revealed increased FA numbers per cell (Fig.  6c, left 
panel) and in the cell body (Fig. 6c, right panel) of CHO M12 and even more so in CHO M12 A6ko cells, com-
pared to controls. Thus, FA structures in NPC1 mutant cells appear more heterogenous and distributed more 
across the cell body, in particular upon AnxA6 depletion, compared to control cells.

Alike vinculin, ectopically expressed EGFP-paxillin, another protein associated with FA, often colocalized 
with pY861FAK at cell edges and throughout the cell body (Suppl. Figure 3, see arrows in enlarged inset) in 
serum-stimulated WT, and slightly less in CHO M12 and CHO M12-A6ko cells. Similar to the FA analysis 
based on pY861FAK and EGFP-vinculin (Figs. 5d, 6c), EGFP-paxillin staining showed increased FA numbers 
throughout the cell body in CHO M12 and CHO M12-A6ko cells compared to controls. Taken together, despite 
substantially reduced plasma membrane cholesterol  levels9,16, NPC1 mutant cells can create multifactorial FA 
complexes. Loss of AnxA6 scaffolding roles in LE important for LE-Chol  transfer28,29, or signal complex forma-
tion at the plasma  membrane20,25,30,31, seem to influence the number, distribution and protein composition of 
FAs in NPC1 mutant cells.

Figure 5.  NPC1 deficiency in CHO cells alters the number and distribution of focal adhesions. (a,b) CHO-WT, 
CHO M12 and CHO 2–2 cells were stained for total FAK (green), phosphorylated FAK (pY397FAK, red) 
and nuclei (DAPI, blue) as indicated. The merged images and enlarged regions of interest (b) are shown. (c) 
CHO-WT, CHO M12 and CHO M12-A6ko cells were stained for phosphorylated FAK (pY861FAK, green), 
and nuclei (DAPI, blue) as indicated. Enlarged regions of interest (lower panel) are shown. Large FA complexes 
at the cell edge (arrowheads) and across the cell body (arrows) are indicated. Bar is 10 µm (a,c) and 5 µm for 
enlarged insets (b,c), respectively. (d) Focal adhesions (> 0.25 µm2) per cell and the ratio of focal adhesions at the 
cell edge vs. cell body in starved and serum-activated (20% FCS, 45 min) cells were quantified. 20–27 cells per 
condition and cell line were counted. The mean ± SD is given. *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA 
with Tukey’s post-hoc test).
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LDL stimulates FA formation at the cell edges of WT, but not NPC1‑deficient cells. Next, 
CHO-WT, CHO M12 and CHO M12-A6ko cells treated ± LDL for 4 h, which is sufficient to load the LE/Lys 
compartment and deliver LDL-derived cholesterol to the plasma  membrane23,36, were immunolabeled with anti-
pY861FAK, and FA number, distribution and size was quantified (Fig. 7a,b, Suppl. Figure 4). Alike cells grown 
in full serum and/or after serum activation (Figs. 5, 6, Suppl. Figure 3), total FA numbers in CHO-WT grown 
in lipid-depleted media were lower compared to M12 and even more so when compared to M12-A6ko cells 
(Fig. 7b, left panel). As described above (Figs. 5, 6), CHO-WT cells displayed relatively more FA at cell edges 
compared to M12 and M12-A6ko cells (right panel).

The presence of LDL did not raise total FA numbers in CHO-WT cells, yet increased FA numbers at the cell 
edge compared to the cell body (Fig. 7b, right panel), indicating LDL to stimulate FA turnover for cell movement. 
LDL also appeared to elevate the number of large FA (≥ 1 µm2) in CHO-WT, but also M12 and M12-A6ko cells, 

Figure 6.  Distribution of FA marker vinculin in CHO M12 and CHO M12-A6ko cells. (a) CHO-WT, CHO 
M12 and CHO M12-A6ko cells ectopically expressing EGFP-vinculin were serum-stimulated (20% FCS) 
and stained for phosphorylated FAK (pY861FAK, red) as indicated. The merged images and enlarged regions 
of interest are shown. Arrows indicate colocalization of EGFP-vinculin and pY861FAK in CHO-WT cells. 
Arrowheads point at pY861FAK in CHO M12 or EGFP-vinculin staining in CHO M12-A6ko cells, respectively. 
Bar is 10 µm and 5 µm for enlarged insets. (b) Colocalization of EGFR-vinculin and pY891FAK was quantified 
(Pearson’s R value; 20–30 cells per condition and cell line were quantified. (c) Focal adhesions (> 0.25 µm2) per 
cell (left panel) and the ratio of focal adhesions at the cell edge vs. cell body (right panel) was quantified. 7–13 
cells per condition and cell line were counted. The mean ± SD is given. *p < 0.05, **p < 0.01, ***p < 0.001; two-way 
ANOVA with Tukey’s post-hoc test.
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yet this was not significant (Suppl. Figure 4). While there was a trend of LDL increasing total FAs in CHO M12 
cells, the relative number of FAs at the cell edge in these cells was significantly reduced (Fig. 7b, right panel). 
This supports findings described above (Figs. 1, 2, 3), that LDL could not stimulate cell migration and invasions 
when LE-Chol egress is blocked. LDL also increased total FA numbers in CHO M12-A6ko cells (Fig. 7b, left 
panel), yet the ratio of peripheral/cell body FAs slightly increased in the presence of LDL (right panel), indicating 
AnxA6 depletion to partially restore kinetics of FA turnover in NPC1 deficient cells, which could contribute to 
increase CHO M12-A6ko cell motility (Fig. 4f). Indeed, although not significant, we often observed prominent 
FA staining at cell edges of LDL-incubated CHO M12-A6ko cells (see arrowheads in Fig. 7a).

AnxA6‑deficient NPC1 mutant cells display increased association of cholesterol with FA struc-
tures. LDL-derived cholesterol from LE can be delivered into the vicinity of  FA36. To examine if AnxA6 
depletion in CHO M12 cells could influence the association of cholesterol with FA, the cellular distribution 
of the mCherry-tagged cholesterol biosensor D4H, which recognizes membrane domains enriched with cho-
lesterol at the plasma membrane and  organelles37, was analysed. Supporting its suitability to detect cholesterol 
in close vicinity of FA at cell edges, CHO-WT cells showed D4H staining in close proximity to EGFP-tagged 
vinculin or paxillin-containing FA structures at cell edges (Suppl. Figure 5), most likely reflecting D4H-positive 
peripheral recycling endosomes close to the plasma  membrane38. Next, M12 and M12-A6ko cells were trans-
fected with mCherry-D4H, starved overnight, serum-stimulated and stained with anti-pY861FAK (Fig.  8a). 
D4H staining confirmed cholesterol accumulation in perinuclear LE/Lys vesicles of NPC1 mutant cells. In these 
cells, many pY861FAK-positive structures throughout the cell body lacked overlap with strong punctate D4H 
staining (< 0.5% colocalization of pY861FAK with D4H; n = 30 cells), indicating low/limiting amounts of choles-
terol in FA of NPC1 mutant cells that are not detectable using the D4H biosensor (see intensity profiles A-B, C-D 
in Fig. 8b, top panel). In contrast, in many M12-A6ko cells the colocalization of D4H with pY861FAK at cellular 
edges increased to ~ 12% (n = 10 cells, ***p < 0.001; see also intensity profiles for overlap of D4H and pY861FAK 
in E–F, G-H in Fig. 8b, bottom panel), implying increased amounts of cholesterol in or in close proximity of 
FA structures at cell edges in those cells. These findings suggest that the rescue of LE-Chol export in NPC1-
deficient cells upon AnxA6  depletion28,29, possibly together with an improved functioning of exocytic pathways 
emanating from the Golgi and recycling  endosomes15,23–25, and delivering cholesterol to pY861FAK-containing 
structures at or near the cell edges, even in the absence of LDL, supports cell migration.

Discussion
Here we demonstrate that LDL stimulates migration and invasion of A431 squamous epithelial carcinoma and 
CHO fibroblasts, which is compromised upon genetic and pharmacological NPC1 inhibition or elevation of 
AnxA6 levels. Yet, NPC1 mutant cells can still establish multifactorial FA structures that contain activated FAK, 
vinculin and paxillin. LDL increases FA numbers at cell edges in controls, but not NPC1 mutant cells. Strikingly, 
AnxA6 depletion in NPC1 mutant cells increased their migratory behaviour and association of cholesterol with 
FA at cell edges, indicating that AnxA6 controls NPC1-independent LE-Chol transport routes that contribute 
to deliver cholesterol to FA to support cell migration.

Figure 7.  LDL stimulates FA formation at the cell edges of WT, but not NPC1-deficient cells. (a) CHO-WT, 
CHO M12 and CHO M12-A6ko cells grown in 10% LPDS-containing media ± LDL (50 μg/ml) were 
immunolabeled with anti-pY861FAK. Arrowheads point at macroscopic pY861FAK-positive structures at the 
cell edge in CHO-WT and CHO M12-A6ko cells. Bar is 20 µm. (b) Focal adhesions (> 0.25 µm2) per cell (left 
panel) and the ratio of focal adhesions at the cell edge vs. cell body (right panel) were quantified. 16–21 cells per 
condition and cell line were counted. The mean ± SD is given. *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA 
with Tukey’s post-hoc test.
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Several animal studies substantiate LDL to promote cancer cell motility. In the hypercholesterolemic ApoE 
KO-mice and other mouse models, a high-fat/high cholesterol diet enhanced tumour growth and  metastasis39,40. 
In contrast, proprotein convertase subtilisin/kexin type 9 deficiency, which lowers blood cholesterol due to an 
increased hepatic clearance of LDL, reduced melanoma metastasis in the  liver40. This reduced metastatic poten-
tial was lost upon feeding a high cholesterol diet, indicating that nutrient-induced changes can override genetic 
mutations that lower the risk for cancer cell spreading. Indeed, hyperlipidemia delivers tumorigenic lipids, 
especially cholesterol, for tumour  progression41 and in prostate and breast cancer, elevated LDL-cholesterol levels 
are associated with increased risk and  progression39,42.

Cancer cells often cover the elevated demand for cholesterol via increased LDL endocytosis. On the other 
hand, LDL receptor downregulation impeded the growth of skin  tumours43 and as shown here, LDL failed to 
stimulate migration in LDL receptor-deficient cells. Elevated LDL receptor levels in glioblastoma, leukemia and 
lung cancer may also explain the correlation between reduced plasma LDL-cholesterol and the high risk for 
various haematological and solid  tumours44. In breast cancer cells, upregulated LDL receptor levels coincided 
with LDL stimulating cell migration in an ACAT-dependent  manner13. Increased supply with LDL-derived 
cholesterol and cholesteryl ester accumulation supported pancreatic ductal adenocarcinoma and metastatic 
prostate cancer  progression11,14,45.

Hence, LDL-derived cholesterol must exit LE/Lys to promote cell motility. In line with this study, depletion of 
lysosomal acid lipase or NPC1 inhibited LDL-inducible A431 cell  migration36, indicating that cholesteryl ester 
hydrolysis, followed by LE-Chol export, enables LDL to stimulate migratory cell behaviour. Previous  work3,16,24,25 
and data presented here, using genetic and pharmacological NPC1 inhibition or AnxA6 overexpression, demon-
strated that blocking LE-Chol export interfered with the migratory, but also invasive behaviour of several cancer 
cell lines. We here extend these observations to nutritional changes in local microenvironments, as increased 
delivery of LDL to LE/Lys stimulated A431 and CHO cell migration and invasion. Furthermore, when mimicking 
the three-dimensional complexity of the stromal tumour microenvironment, LDL-inducible A431 cell invasion 
was strongly reduced upon AnxA6 overexpression. Hence, besides NPC1, AnxA6 is another critical player in LE/
Lys controlling the distribution of endocytosed and LDL-derived cholesterol to other cellular organelles, such as 
lipid droplets, and possibly the cell surface (see below), that are associated with invasive cancer cell behaviour.

LDL loading of A431 cells also increased EGF-inducible cell migration, supporting previous reports of a 
cholesterol-rich environment potentiating EGFR  signalling43,44, and elevated LDL receptor levels stimulating 
integrin  recycling5. This cooperativity was not observed in A431-A6 cells and we speculate that the scaffolding/
targeting function of AnxA6 for the GTPase activating protein p120GAP and protein kinase Cα, both negative 
regulators of the EGFR/Ras/MAPK pathway, reduces EGF-driven signalling that promotes migration/inva-
sion20,31,33, while AnxA6-mediated inhibition of LDL-derived LE-Chol  egress28,29 interferes with LDL promoting 
cell motility. This multifunctionality of AnxA6 may also explain the improved efficacy of EGFR tyrosine kinase 
inhibitors to inhibit migration and invasion in AnxA6 expressing A431  cells33. Yet, AnxA6-dependent coopera-
tivity of growth factors and lipoproteins may only occur in certain cells, as tyrosine kinase inhibitor treatment of 
triple-negative breast cancer cells caused AnxA6 upregulation and was associated with LE-Chol accumulation, 
possibly contributing to drug  resistance46.

Figure 8.  AnxA6-deficient NPC1 mutant cells display increased association of cholesterol with FA structures. 
(a) CHO M12 and CHO M12-A6ko cells ectopically expressing the cholesterol biosensor mCherry-D4H (red) 
were serum-stimulated (20% FCS) and stained for phosphorylated FAK (pY861FAK, green) as indicated. The 
merged images are shown. In CHO M12 cells, different distributions of D4H and pY861-FAK are common 
(see line profiles A–B, C–D, in b, top panel), respectively. In CHO M12-A6ko cells, D4H and pY861FAK 
often colocalize at cell edges (see line profiles E–F, G–H in b, bottom panel). Bar is 10 µm. (b) The line profiles 
of fluorescence intensities (a.u.) of pY861FAK (green) and mCherry–D4H (red) in CHO M12 (A–B, C–D, 
0–20 μm, top panel) and CHO M12-A6ko cells (E–F, 0–20 μm and G–H, 0–25 μm, bottom panel) are shown.
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The ability of AnxA6 to inhibit LDL-inducible cell motility could be explained by AnxA6 associating with 
cholesterol-rich LE and recruiting the Rab7-GAP TBC1D15 to downregulate Rab7-GTP levels and block NPC1, 
but also StARD3-dependent LE-Chol  export28,29. This pool of LDL-derived cholesterol accumulating in LE/Lys 
would then not be available to stabilize FA or support the motility of vesicles delivering FA components, such 
as integrins, to the cell surface.

In this context, Rab7 activity in the LE compartment may contribute to cancer cell  motility47,48. Rab7-GTP 
levels are linked to nutrient  availability47, making enhanced LDL endocytosis a potential driver to upregulate 
Rab7 activity, allowing augmented LDL-cholesterol export across LE/Lys membranes to support cell movement. 
This scenario would be strongly influenced by AnxA6 expression levels and its ability to control Rab7-GTP lev-
els via the recruitment of the Rab7-GAP TBC1D15. Along these lines, TBC1D15 has been linked to oncogenic 
 events49. Elevated StARD3 levels also correlate with metastasis, tumour recurrence and shorter survival in breast 
cancer and possibly colorectal, prostate, gastric and pancreatic cancer  progression50,51.

The molecular machinery that connects LDL-derived cholesterol with FA dynamics remains to be fully under-
stood. The oxysterol-binding protein-related protein 2 (ORP2/OSBPL2) has recently been identified to contribute 
to transfer LDL-cholesterol from NPC1-containing LE to FAK- and integrin-positive recycling endosomes close 
to the cell  surface38. NPC1 depletion delayed delivery of LDL-containing vesicles from LE/Lys into the proximity 
of FA via a Rab8a-myosin5b-actin-dependent transport route, compromising FA dynamics at the leading edge 
of migrating  cells36. Other points to consider include NPC1 inhibition to impact on  Ca2+ homeostasis, other 
lipids besides  cholesterol52 (Grewal, Rentero and Enrich, unpublished), elevate mTORC1 signaling and SREBP2 
 expression53,54, the latter being restored by AnxA6 deficiency in NPC1  mutants28. Nevertheless, despite low cho-
lesterol levels at the plasma membrane, NPC1 mutant cells can establish multiprotein FA complexes and FAK 
signalling events appear operational. Yet, elevated and altered FA distribution may reflect the slower kinetics 
of integrin  recycling16 and FA (dis-)  assembly36 in these cells. However, upon LDL loading, only control cells 
displayed elevated FA numbers on cell edges, which might reflect the cellular response to enable LDL-inducible 
cell motility.

Interestingly, AnxA6 depletion in NPC1 mutant cells increased the association of the cholesterol biosensor 
D4H with FA at cell edges, indicating that AnxA6 controls NPC1-independent transport routes delivering choles-
terol from LE to FA at the cell surface. This could occur via vesicular pathways emanating from LE/Lys, possibly 
via the recycling compartment, and involving Rab8 and  ORP236,38, or via the transfer of cholesterol via membrane 
contact sites between LE/Lys, the ER and the plasma  membrane28,29. Alternatively, as the NPC1-mutant pheno-
type is associated with reduced cholesterol levels in the Golgi and recycling endosomes, AnxA6 deficiency could 
indirectly restore the functioning of de-regulated exocytic pathways and improve cholesterol transport from 
these sites to the cell  surface15,16,23–25. This re-establishment of a cholesterol-enriched FA microenvironment in 
NPC1 mutant cells upon AnxA6 depletion may be the underlying cause for improved migration in these cells.

In addition, dysfunction of SNARE proteins SNAP23, Stx4 and Stx6 upon loss of NPC1 or AnxA6 
 overexpression9,15 imply LDL-derived cholesterol to participate and guide SNARE-dependent integrin trafficking 
for FA dynamics. Other events connected to LE-Chol export include the SNARE-dependent cell surface delivery 
of metalloprotease MT1-MMP and Src kinase from  LE55,56. In fact, NPC1-mutant like phenotypes generated by 
the depletion of Endosomal Sorting Complexes Required for Transport (ESCRT) or Rab7, the latter also being 
inhibited by high AnxA6  levels28, interfered with Src translocation from LE to  FA57–59, which is critical for FA 
turnover. Although we observed pY861FAK phosphorylation in FA of NPC1 mutant cells, NPC1 inhibition has 
been associated with highly upregulated Src protein  levels58,60, indicating LE-Chol to fine-tune the functioning 
of Src kinase.

Other AnxA6-related aspects to be considered include the  Ca2+-regulated and AnxA6-mediated inhibition of 
EGFR and Ras signalling at the plasma  membrane20,30,31,33. Also, earlier reports linked extracellular AnxA6 with 
adhesive properties of metastatic  cells61,62 and exosomal AnxA6 influenced BT-549 breast cancer cell motility, FA 
(dis-) assembly and FAK  signalling63. In gastric and pancreatic cancers, AnxA6-containing extracellular vesicles 
from cancer-associated fibroblasts contributed to aggressiveness and metastasis, involving crosstalk with cell 
surface receptors or FAK signalling and cell surface presentation of integrins,  respectively64,65. Finally, the previ-
ously reported association of AnxA6 with the Src family kinase Fyn and the focal adhesion kinase Pyk2 may also 
contribute to FA  functioning66. We speculate that the ability of AnxA6 in LE to control the cellular distribution 
of LDL-derived cholesterol will likely govern the amount of AnxA6 proteins that function as scaffolds for signal-
ling proteins in cholesterol-containing domains at the plasma membrane or that become secreted via exosomal 
pathways. Hence, understanding how changes in dietary LDL-cholesterol and cellular metabolic adaptions affect 
AnxA6 expression levels will provide further insights how critical players in the LE compartment that regulate 
cholesterol homeostasis, including NPC1, Rab7 and StARD3, contribute to cancer metabolism.

Methods
Reagents and antibodies. DMEM, Ham’s F-12, trypsin, L-glutamine, penicillin, streptomycin were from 
Invitrogen. Geneticin (G418), Mowiol and human recombinant EGF were from Merck. Bovine serum albumin 
(BSA), 4′,6-diamidino-2-phenylindole (DAPI), filipin, 2-mercaptoethanol, paraformaldehyde (PFA), puromy-
cin, saponin, and U18666A were from Sigma. Rabbit polyclonal anti-NPC1 was from Abcam. Antibodies against 
total (mouse) and activated (rabbit) FAK (FAK, pY397FAK, pY861FAK) were from Invitrogen and BD Trans-
duction Laboratories, respectively. Rabbit anti-β-actin was from Cell Signaling. Alexa Fluor-488 and -594 con-
jugated secondary antibodies were from Life Technologies. HRP-labelled secondary antibodies and SDS-PAGE 
molecular weight markers were from Cell Signaling.

LDL was isolated from donated, pooled blood samples from normal healthy donors (obtained from Red Cross, 
Melbourne, Australia; density 1.019–1.055 g/ml) by three sequential density gradient ultracentrifugations in KBr 
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 gradients67. All experimental protocols for the use of blood products purchased from the Red Cross (Material 
Supply Agreement no: 19-07NSW-1) for the isolation of plasma lipoproteins were approved by the local eth-
ics committee of the University of New South Wales (HC190432) in accordance with the National Health and 
Medical Research Council’s (NHMRC) National Statement on Ethical Conduct in Human Research (2007).

Lipoprotein-deficient fetal calf serum (LPDS) was prepared by preparative  ultracentrifugation28. Before 
experiments, LDL and LPDS were dialyzed extensively against PBS and stored at 4 °C until use. LDL protein 
concentration was  determined28. EGFP-tagged expression vectors encoding wildtype and mutant NPC1 (P692S), 
paxillin, vinculin and mCherry-tagged cholesterol biosensor D4H were from Matthew P. Scott (Stanford Uni-
versity, California, USA), J. Victor Small (IMBA, Vienna, Austria), Guido Serini (University of Torino, Italy), 
Masashi Maekawa and Gregory D. Fairn (University of Toronto, Canada), respectively.

Cell culture. Parental A431-WT and CHO-WT cell lines were obtained from the European Collection of 
Authenticated Cell Cultures (ECACC: #85090402 and #85051005). CHO ldlA, CHO M12 and CHO 2–2 were 
kindly provided by Monty Krieger (MIT, USA), Laura Liscum (Tufts University School of Medicine, USA) and 
Daniel S. Ory (Washington University, USA), respectively. The A431-WT cell line served to generate A431 cells 
stably expressing AnxA6 (A431-A6)30,31 and the CRISPR/Cas9-edited CHO M12 cell line lacking AnxA6 (CHO 
M12-A6ko) has been  described28.

A431-WT, A431-A6 were grown in DMEM, and CHO-WT, CHO ldlA, CHO M12, CHO 2–2 and CHO 
M12-A6ko cells were grown in Ham’s F-12, together with 10% fetal calf serum (FCS), L-glutamine (2 mM), 
penicillin (100 U/ml) and streptomycin (100 µg/ml) at 37 °C, 5%  CO2. A431-WT stably expressing scrambled or 
NPC1-targeting shRNA were grown in media containing 1.5 µg/ml puromycin. For transient transfections with 
fluorescently (EGFP, mCherry)-tagged vinculin, paxillin or D4H peptide, cells at 50% confluence were incubated 
with 1.5 µg DNA/ml using lipofectamine 2000 following manufacturer’s instructions.

Suppression of NPC1 expression. 1–2 ×  106 A431 cells were transfected with different combinations 
(total 1.5 µg) of four SureSilencing shRNA plasmids (SABiosciences) targeting human NPC1 (NM_000271.5) 
at position 1483–1503 (5’-GCA CCA GGT TCT TGA CTT ACA-3’), 3061–3081 (5’-CTG CAA TGC TTC AGT GGT 
TGA-3’), 3030–3050 (5’-GCT GTC GAG TGG ACA ATA TCA-3’) and 3869–3889 (5’-GGA GCC ACT CAC GGA 
TTA ATA-3’), together with Lipofectamine 2000 as  described31. After 48 h, cells were selected with 1.5 µg/ml 
puromycin. After 2 weeks, puromycin-resistant and NPC1-depleted colonies were identified by western blotting 
and filipin staining (Fig. 1d). The A431-NPC1-KD cell line (shRNA1-4) selected for migration assays was char-
acterized by ≥ 35% NPC1 protein depletion. Stable A431 cells expressing scrambled shRNA (5’-GGA ATC TCA 
TTC GAT GCA TAC-3’) served as negative controls.

Fluorescence microscopy. Cells were grown on coverslips for 48 h after transfection, and fixed with 4% 
PFA for 20 min at room temperature (RT), washed with PBS, permeabilized with 0.1% saponin for 10 min and 
blocked with 1% BSA for 5  min28. Coverslips were incubated with primary antibody diluted in 0.02% saponin, 
0.1% BSA in PBS for 1 h at RT, washed intensively and then incubated with the adequate Alexa-488 and Alexa-594 
conjugated secondary antibodies for 45 min at RT. After staining, coverslips were washed with PBS or DAPI-PBS 
solution, and mounted in Mowiol. Samples were visualized using a Leica TCS SP5 laser scanning confocal micro-
scope equipped with a DMI6000 inverted microscope, blue diode (405 nm), Argon (458/476/488/496/514 nm), 
diode pumped solid state (561 nm), HeNe (594/633 nm) lasers and APO 63 × oil immersion objective lens or 
a Leica DMI6000B epifluorescence inverted microscope equipped with an HCX PLA APO 63 × oil immersion 
objective lens. Image analysis was performed with ImageJ (v1.47).

For filipin staining, cells grown on coverslips were fixed and permeabilized as above, incubated with 0.05 mg/
ml filipin for 60 min, washed, dried and mounted in  Mowiol28. Confocal microscopy was carried out using a 
Leica Spe-II confocal microscope equipped with APO 63 × oil immersion objective. Images were collected using 
Leica LAS AF software and image analysis and quantification of filipin staining intensity was performed with 
ImageJ (v1.47).

For the quantification of FA number, distribution and size, background subtraction from selected images 
(n ≥ 10–15 per condition and cell line) was performed as  described68. Colocalization was determined using 
Pearson’s correlation  coefficients16.

Western blot analysis. Cell lysates were prepared, separated by SDS-PAGE and transferred to Immobilon-
P (Millipore) as  described33. Proteins were detected using their specific primary antibodies, followed by HRP-
conjugated secondary antibodies and enhanced chemiluminescence detection (ECL, Perkin-Elmer). ImageJ was 
used for signal  quantification33.

Wound healing assays. 5 ×  105 cells/6-well were seeded in triplicate and grown for 48–72 h until ∼90% 
confluence in media with 10% FCS or 10% LPDS. Cells were then treated ± U18666A (4 μg/ml), LDL (50 μg/
ml), or both overnight. Scratches were made using a 200 μl pipette tip as  described16,24. Cell debris was removed, 
treatment media was replenished and images were acquired after scratching (t = 0) and post-scratch every 4 h 
until cells completely covered the wound. Images were collected at 10 × magnification (Nikon Eclipse TS100 
inverted microscope) with Leica Microsystems Digital Imaging. Image analysis was performed with ImageJ. The 
relative wound density (RWD %) and speed of wound closure (%/h) was calculated.

For scratch assays using the  IncuCyte33, 1 ×  104 cells/well were seeded into 96-well plates, grown and 
treated ± U18666A, LDL, or both overnight as above. Then a single scratch was made in each well using the 
96-pinblock Woundmaker™ (Essen Bioscience)33. Cell debris was removed, and treatment media was replenished. 
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In some experiments, cells were starved in LPDS-containing media for 2 days, and LDL (50 μg/ml), EGF (10 ng/
ml) or both was added after the scratch. Images were acquired using a 10 × objective on the IncuCyte ZOOM® 
(EssenBioscience) every 2–4 h. RWD (%) and cell front velocity (μm/h) was  calculated16,33.

For pulse-chase experiments using the IncuCyte, cells were grown in media with 10% LPDS for 2 days, 
treated ± LDL (50 μg/ml) for 2 h before a single scratch was made. The media and cell debris were removed and 
replenished by LPDS-containing media. Images were acquired at 60 min intervals and RWD (%) was calculated.

Matrigel invasion assays. A431-WT cell invasion was analyzed using BD BioCoat matrigel invasion 
chambers with 8  μm pore size polyethylene terephthalate membrane inserts (BD Biosciences)24. 6 ×  104  cells 
per insert were seeded on the upper chamber in serum-free medium and incubated ± U18666A (4 μg/ml). The 
lower chamber contained media with 10% FCS as chemoattractant. After 72 h, cells that had invaded the lower 
chamber were fixed and stained with Diff-Quik stain (Lab Aids). Cell migration with uncoated inserts served 
as control. Invasion and migration (± matrigel) was counted using ImageJ (v1.47). Images were captured using 
a Nikon Eclipse TS100 microscope and Leica Microsystems Digital Imaging such that each insert membrane 
contained six representative images of the entire  membrane24.

Organotypic invasion assay. 7.5 ×  104/ml primary human fibroblasts were embedded in three-dimen-
sional matrices of rat tail collagen type I. Rat tail tendon collagen solution was prepared by the extraction of 
tendons with 0.5  M  acetic acid (≈2  mg/ml). The preparation of collagen type I from rat tails was approved 
and conducted in accordance with the Garvan/St Vincent’s Animal Ethics Committee guidelines (13/17, 14/06, 
16/13, 19/10, and 19/13) and ARRIVE guidelines and in compliance with the Australian code of practice for care 
and use of animals for scientific purposes.

Detached, polymerized matrix (2.5 ml) in 35-mm dishes was allowed to contract for 6 days in DMEM, 10% 
FCS, until fibroblasts had contracted the matrix to ≈1.5-cm  diameter16,24,25. Then 4 ×  104 A431-WT and A431-A6 
cells were plated on top of the matrix and allowed to grow to confluence for 5 days. The matrix was then mounted 
on a metal grid and raised to the air/liquid interface, resulting in the matrix being fed from below with 10% 
LPDS-containing media ± LDL (50 μg/ml) that was changed every 2 days. After 14 days, the cultures were fixed 
using 4% PFA and processed for H&E staining. Invasion was calculated as the percentage of cells that invaded 
beyond ≈30 μm as a percentage of total cells in the  assay21,30.

Cholesterol determination. 5 ×  105 cells/6-well were grown in media supplemented with 10% LPDS for 
48 h before addition of U18666A (4 μg/ml), LDL (50 μg/ml), or both for additional 24 h. The media was removed, 
cells were washed, lipids were extracted as  described69 and cholesterol was measured using the Amplex™ Red 
Cholesterol Assay Kit (Molecular Probes)16,23.

Statistics. Statistical analysis was carried out using Microsoft Excel and Graph Pad Prism 9.2. Data represent 
means of at least 3 independent experiments with triplicate samples in each experiment, and unless stated oth-
erwise, error bars show the standard deviation (SD). Statistical analysis was assessed using Mann–Whitney two-
tailed, one- or two-way ANOVA with Tukey’s post-hoc tests as required. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Received: 21 July 2021; Accepted: 22 December 2021

References
 1. Riscal, R., Skuli, N. & Simon, M. C. Even cancer cells watch their cholesterol!. Mol. Cell 76, 220–231. https:// doi. org/ 10. 1016/j. 

molcel. 2019. 09. 008 (2019).
 2. Gaus, K., Le Lay, S., Balasubramanian, N. & Schwartz, M. A. Integrin-mediated adhesion regulates membrane order. J. Cell Biol. 

174, 725–734. https:// doi. org/ 10. 1083/ jcb. 20060 3034 (2006).
 3. Hoque, M. et al. The cross-talk of LDL-cholesterol with cell motility: insights from the Niemann Pick Type C1 mutation and altered 

integrin trafficking. Cell Adh. Migr. 9, 384–391. https:// doi. org/ 10. 1080/ 19336 918. 2015. 10199 96 (2015).
 4. Silvente-Poirot, S. & Poirot, M. Cancer. Cholesterol and cancer, in the balance. Science 343, 1445–1446. https:// doi. org/ 10. 1126/ 

scien ce. 12527 87 (2014).
 5. Freed-Pastor, W. A. et al. Mutant p53 disrupts mammary tissue architecture via the mevalonate pathway. Cell 148, 244–258. https:// 

doi. org/ 10. 1016/j. cell. 2011. 12. 017 (2012).
 6. Winograd-Katz, S. E., Fassler, R., Geiger, B. & Legate, K. R. The integrin adhesome: from genes and proteins to human disease. 

Nat. Rev. Mol. Cell Biol. 15, 273–288. https:// doi. org/ 10. 1038/ nrm37 69 (2014).
 7. Green, J. M. et al. Role of cholesterol in formation and function of a signaling complex involving alphavbeta3, integrin-associated 

protein (CD47), and heterotrimeric G proteins. J. Cell Biol. 146, 673–682. https:// doi. org/ 10. 1083/ jcb. 146.3. 673 (1999).
 8. Wang, R. et al. Lipid rafts control human melanoma cell migration by regulating focal adhesion disassembly. Biochim. Biophys. 

Acta 3195–3205, 2013. https:// doi. org/ 10. 1016/j. bbamcr. 2013. 09. 007 (1833).
 9. Enrich, C., Rentero, C., Hierro, A. & Grewal, T. Role of cholesterol in SNARE-mediated trafficking on intracellular membranes. J. 

Cell Sci. 128, 1071–1081. https:// doi. org/ 10. 1242/ jcs. 164459 (2015).
 10. Trinh, M. N. et al. Last step in the path of LDL cholesterol from lysosome to plasma membrane to ER is governed by phosphati-

dylserine. Proc. Natl. Acad. Sci. USA 117, 18521–18529. https:// doi. org/ 10. 1073/ pnas. 20106 82117 (2020).
 11. Guillaumond, F. et al. Cholesterol uptake disruption, in association with chemotherapy, is a promising combined metabolic therapy 

for pancreatic adenocarcinoma. Proc. Natl. Acad. Sci. USA 112, 2473–2478. https:// doi. org/ 10. 1073/ pnas. 14216 01112 (2015).
 12. Ayyagari, V. N., Wang, X., Diaz-Sylvester, P. L., Groesch, K. & Brard, L. Assessment of acyl-CoA cholesterol acyltransferase (ACAT-

1) role in ovarian cancer progression—An in vitro study. PLoS ONE 15, e0228024. https:// doi. org/ 10. 1371/ journ al. pone. 02280 24 
(2020).

https://doi.org/10.1016/j.molcel.2019.09.008
https://doi.org/10.1016/j.molcel.2019.09.008
https://doi.org/10.1083/jcb.200603034
https://doi.org/10.1080/19336918.2015.1019996
https://doi.org/10.1126/science.1252787
https://doi.org/10.1126/science.1252787
https://doi.org/10.1016/j.cell.2011.12.017
https://doi.org/10.1016/j.cell.2011.12.017
https://doi.org/10.1038/nrm3769
https://doi.org/10.1083/jcb.146.3.673
https://doi.org/10.1016/j.bbamcr.2013.09.007
https://doi.org/10.1242/jcs.164459
https://doi.org/10.1073/pnas.2010682117
https://doi.org/10.1073/pnas.1421601112
https://doi.org/10.1371/journal.pone.0228024


15

Vol.:(0123456789)

Scientific Reports |          (2022) 12:596  | https://doi.org/10.1038/s41598-021-04584-y

www.nature.com/scientificreports/

 13. Antalis, C. J., Uchida, A., Buhman, K. K. & Siddiqui, R. A. Migration of MDA-MB-231 breast cancer cells depends on the availability 
of exogenous lipids and cholesterol esterification. Clin. Exp. Metastasis 28, 733–741. https:// doi. org/ 10. 1007/ s10585- 011- 9405-9 
(2011).

 14. Yue, S. et al. Cholesteryl ester accumulation induced by PTEN loss and PI3K/AKT activation underlies human prostate cancer 
aggressiveness. Cell Metab. 19, 393–406. https:// doi. org/ 10. 1016/j. cmet. 2014. 01. 019 (2014).

 15. Reverter, M. et al. Cholesterol transport from late endosomes to the Golgi regulates t-SNARE trafficking, assembly, and function. 
Mol. Biol. Cell 22, 4108–4123. https:// doi. org/ 10. 1091/ mbc. E11- 04- 0332 (2011).

 16. Reverter, M. et al. Cholesterol regulates Syntaxin 6 trafficking at trans-Golgi network endosomal boundaries. Cell Rep. 7, 883–897. 
https:// doi. org/ 10. 1016/j. celrep. 2014. 03. 043 (2014).

 17. Du, X. et al. Akt activation increases cellular cholesterol by promoting the proteasomal degradation of Niemann-Pick C1. Biochem. 
J. 471, 243–253. https:// doi. org/ 10. 1042/ BJ201 50602 (2015).

 18. Kuzu, O. F., Gowda, R., Noory, M. A. & Robertson, G. P. Modulating cancer cell survival by targeting intracellular cholesterol 
transport. Br. J. Cancer 117, 513–524. https:// doi. org/ 10. 1038/ bjc. 2017. 200 (2017).

 19. Lyu, J. et al. Astemizole inhibits mTOR signaling and angiogenesis by blocking cholesterol trafficking. Int. J. Biol. Sci. 14, 1175–1185. 
https:// doi. org/ 10. 7150/ ijbs. 26011 (2018).

 20. Enrich, C. et al. Annexin A6-linking Ca(2+) signaling with cholesterol transport. Biochim. Biophys. Acta 935–947, 2011. https:// 
doi. org/ 10. 1016/j. bbamcr. 2010. 09. 015 (1813).

 21. Rentero, C., Blanco-Munoz, P., Meneses-Salas, E., Grewal, T. & Enrich, C. Annexins-coordinators of cholesterol homeostasis in 
endocytic pathways. Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ ijms1 90514 44 (2018).

 22. Meneses-Salas, E. et al. Selective degradation permits a feedback loop controlling annexin A6 and cholesterol levels in endolys-
osomes of NPC1 mutant cells. Cells https:// doi. org/ 10. 3390/ cells 90511 52 (2020).

 23. Cubells, L. et al. Annexin A6-induced alterations in cholesterol transport and caveolin export from the Golgi complex. Traffic 8, 
1568–1589. https:// doi. org/ 10. 1111/j. 1600- 0854. 2007. 00640.x (2007).

 24. Garcia-Melero, A. et al. Annexin A6 and late endosomal cholesterol modulate integrin recycling and cell migration. J. Biol. Chem. 
291, 1320–1335. https:// doi. org/ 10. 1074/ jbc. M115. 683557 (2016).

 25. Grewal, T. et al. Annexin A6—A multifunctional scaffold in cell motility. Cell Adh. Migr. 11, 288–304. https:// doi. org/ 10. 1080/ 
19336 918. 2016. 12683 18 (2017).

 26. Grewal, T. et al. Annexin VI stimulates endocytosis and is involved in the trafficking of low density lipoprotein to the prelysosomal 
compartment. J. Biol. Chem. 275, 33806–33813. https:// doi. org/ 10. 1074/ jbc. M0026 62200 (2000).

 27. de Diego, I. et al. Cholesterol modulates the membrane binding and intracellular distribution of annexin 6. J. Biol. Chem. 277, 
32187–32194. https:// doi. org/ 10. 1074/ jbc. M2054 99200 (2002).

 28. Meneses-Salas, E. et al. Annexin A6 modulates TBC1D15/Rab7/StARD3 axis to control endosomal cholesterol export in NPC1 
cells. Cell Mol. Life Sci. 77, 2839–2857. https:// doi. org/ 10. 1007/ s00018- 019- 03330-y (2020).

 29. Enrich, C., Rentero, C., Grewal, T., Futter, C. E. & Eden, E. R. Cholesterol overload: Contact sites to the rescue! Contact (Thousand 
Oaks) 2, 2515256419893507. https:// doi. org/ 10. 1177/ 25152 56419 893507 (2019).

 30. Grewal, T. et al. Annexin A6 stimulates the membrane recruitment of p120GAP to modulate Ras and Raf-1 activity. Oncogene 24, 
5809–5820. https:// doi. org/ 10. 1038/ sj. onc. 12087 43 (2005).

 31. Koese, M. et al. Annexin A6 is a scaffold for PKCalpha to promote EGFR inactivation. Oncogene 32, 2858–2872. https:// doi. org/ 
10. 1038/ onc. 2012. 303 (2013).

 32. Ohgami, N. et al. Binding between the Niemann-Pick C1 protein and a photoactivatable cholesterol analog requires a functional 
sterol-sensing domain. Proc. Natl. Acad. Sci. USA 101, 12473–12478. https:// doi. org/ 10. 1073/ pnas. 04052 55101 (2004).

 33. Hoque, M. et al. Annexin A6 improves anti-migratory and anti-invasive properties of tyrosine kinase inhibitors in EGFR overex-
pressing human squamous epithelial cells. FEBS J. 287, 2961–2978. https:// doi. org/ 10. 1111/ febs. 15186 (2020).

 34. Sege, R. D., Kozarsky, K. F. & Krieger, M. Characterization of a family of gamma-ray-induced CHO mutants demonstrates that 
the ldlA locus is diploid and encodes the low-density lipoprotein receptor. Mol. Cell Biol. 6, 3268–3277. https:// doi. org/ 10. 1128/ 
mcb.6. 9. 3268 (1986).

 35. Lee, B. Y., Timpson, P., Horvath, L. G. & Daly, R. J. FAK signaling in human cancer as a target for therapeutics. Pharmacol. Ther. 
146, 132–149. https:// doi. org/ 10. 1016/j. pharm thera. 2014. 10. 001 (2015).

 36. Kanerva, K. et al. LDL cholesterol recycles to the plasma membrane via a Rab8a-Myosin5b-actin-dependent membrane transport 
route. Dev. Cell 27, 249–262. https:// doi. org/ 10. 1016/j. devcel. 2013. 09. 016 (2013).

 37. Maekawa, M. & Fairn, G. D. Complementary probes reveal that phosphatidylserine is required for the proper transbilayer distribu-
tion of cholesterol. J. Cell Sci 128, 1422–1433. https:// doi. org/ 10. 1242/ jcs. 164715 (2015).

 38. Takahashi, K. et al. ORP2 couples LDL-cholesterol transport to FAK activation by endosomal cholesterol/PI(4,5)P2 exchange. 
EMBO J. https:// doi. org/ 10. 15252/ embj. 20201 06871 (2021).

 39. Alikhani, N. et al. Mammary tumor growth and pulmonary metastasis are enhanced in a hyperlipidemic mouse model. Oncogene 
32, 961–967. https:// doi. org/ 10. 1038/ onc. 2012. 113 (2013).

 40. Sun, X. et al. Proprotein convertase subtilisin/kexin type 9 deficiency reduces melanoma metastasis in liver. Neoplasia 14, 1122–
1131. https:// doi. org/ 10. 1593/ neo. 121252 (2012).

 41. Huang, J. et al. Tumor-induced hyperlipidemia contributes to tumor growth. Cell Rep. 15, 336–348. https:// doi. org/ 10. 1016/j. 
celrep. 2016. 03. 020 (2016).

 42. Alfaqih, M. A., Allott, E. H., Hamilton, R. J., Freeman, M. R. & Freedland, S. J. The current evidence on statin use and prostate 
cancer prevention: Are we there yet?. Nat. Rev. Urol. 14, 107–119. https:// doi. org/ 10. 1038/ nrurol. 2016. 199 (2017).

 43. Guo, D., Bell, E. H., Mischel, P. & Chakravarti, A. Targeting SREBP-1-driven lipid metabolism to treat cancer. Curr. Pharm. Des. 
20, 2619–2626. https:// doi. org/ 10. 2174/ 13816 12811 31999 90486 (2014).

 44. Gabitova, L. et al. Endogenous sterol metabolites regulate growth of EGFR/KRAS-dependent tumors via LXR. Cell Rep. 12, 
1927–1938. https:// doi. org/ 10. 1016/j. celrep. 2015. 08. 023 (2015).

 45. Li, J., Qu, X., Tian, J., Zhang, J. T. & Cheng, J. X. Cholesterol esterification inhibition and gemcitabine synergistically suppress 
pancreatic ductal adenocarcinoma proliferation. PLoS ONE 13, e0193318. https:// doi. org/ 10. 1371/ journ al. pone. 01933 18 (2018).

 46. Widatalla, S. E. et al. Lapatinib-induced annexin A6 upregulation as an adaptive response of triple-negative breast cancer cells to 
EGFR tyrosine kinase inhibitors. Carcinogenesis 40, 998–1009. https:// doi. org/ 10. 1093/ carcin/ bgy192 (2019).

 47. Guerra, F. & Bucci, C. Role of the RAB7 protein in tumor progression and cisplatin chemoresistance. Cancers (Basel) https:// doi. 
org/ 10. 3390/ cance rs110 81096 (2019).

 48. Liu, H. et al. Rab7 is associated with poor prognosis of gastric cancer and promotes proliferation, invasion, and migration of gastric 
cancer cells. Med. Sci. Monit. 26, e922217. https:// doi. org/ 10. 12659/ MSM. 922217 (2020).

 49. Takahara, Y. et al. Silencing of TBC1D15 promotes RhoA activation and membrane blebbing. Mol. Cell Biochem. 389, 9–16. https:// 
doi. org/ 10. 1007/ s11010- 013- 1921-2 (2014).

 50. Lapillo, M. et al. First-of-its-kind STARD3 Inhibitor: In Silico Identification and Biological Evaluation as Anticancer Agent. ACS 
Med Chem Lett 10, 475–480. https:// doi. org/ 10. 1021/ acsme dchem lett. 8b005 09 (2019).

 51. Vassilev, B. et al. Elevated levels of StAR-related lipid transfer protein 3 alter cholesterol balance and adhesiveness of breast cancer 
cells: Potential mechanisms contributing to progression of HER2-positive breast cancers. Am. J. Pathol. 185, 987–1000. https:// 
doi. org/ 10. 1016/j. ajpath. 2014. 12. 018 (2015).

https://doi.org/10.1007/s10585-011-9405-9
https://doi.org/10.1016/j.cmet.2014.01.019
https://doi.org/10.1091/mbc.E11-04-0332
https://doi.org/10.1016/j.celrep.2014.03.043
https://doi.org/10.1042/BJ20150602
https://doi.org/10.1038/bjc.2017.200
https://doi.org/10.7150/ijbs.26011
https://doi.org/10.1016/j.bbamcr.2010.09.015
https://doi.org/10.1016/j.bbamcr.2010.09.015
https://doi.org/10.3390/ijms19051444
https://doi.org/10.3390/cells9051152
https://doi.org/10.1111/j.1600-0854.2007.00640.x
https://doi.org/10.1074/jbc.M115.683557
https://doi.org/10.1080/19336918.2016.1268318
https://doi.org/10.1080/19336918.2016.1268318
https://doi.org/10.1074/jbc.M002662200
https://doi.org/10.1074/jbc.M205499200
https://doi.org/10.1007/s00018-019-03330-y
https://doi.org/10.1177/2515256419893507
https://doi.org/10.1038/sj.onc.1208743
https://doi.org/10.1038/onc.2012.303
https://doi.org/10.1038/onc.2012.303
https://doi.org/10.1073/pnas.0405255101
https://doi.org/10.1111/febs.15186
https://doi.org/10.1128/mcb.6.9.3268
https://doi.org/10.1128/mcb.6.9.3268
https://doi.org/10.1016/j.pharmthera.2014.10.001
https://doi.org/10.1016/j.devcel.2013.09.016
https://doi.org/10.1242/jcs.164715
https://doi.org/10.15252/embj.2020106871
https://doi.org/10.1038/onc.2012.113
https://doi.org/10.1593/neo.121252
https://doi.org/10.1016/j.celrep.2016.03.020
https://doi.org/10.1016/j.celrep.2016.03.020
https://doi.org/10.1038/nrurol.2016.199
https://doi.org/10.2174/13816128113199990486
https://doi.org/10.1016/j.celrep.2015.08.023
https://doi.org/10.1371/journal.pone.0193318
https://doi.org/10.1093/carcin/bgy192
https://doi.org/10.3390/cancers11081096
https://doi.org/10.3390/cancers11081096
https://doi.org/10.12659/MSM.922217
https://doi.org/10.1007/s11010-013-1921-2
https://doi.org/10.1007/s11010-013-1921-2
https://doi.org/10.1021/acsmedchemlett.8b00509
https://doi.org/10.1016/j.ajpath.2014.12.018
https://doi.org/10.1016/j.ajpath.2014.12.018


16

Vol:.(1234567890)

Scientific Reports |          (2022) 12:596  | https://doi.org/10.1038/s41598-021-04584-y

www.nature.com/scientificreports/

 52. Lloyd-Evans, E. et al. Niemann-Pick disease type C1 is a sphingosine storage disease that causes deregulation of lysosomal calcium. 
Nat. Med 14, 1247–1255. https:// doi. org/ 10. 1038/ nm. 1876 (2008).

 53. Eid, W. et al. mTORC1 activates SREBP-2 by suppressing cholesterol trafficking to lysosomes in mammalian cells. Proc. Natl. Acad. 
Sci. USA 114, 7999–8004. https:// doi. org/ 10. 1073/ pnas. 17053 04114 (2017).

 54. Davis, O. B. et al. NPC1-mTORC1 signaling couples cholesterol sensing to organelle homeostasis and is a targetable pathway in 
Niemann-pick type C. Dev. Cell 56, 260–276. https:// doi. org/ 10. 1016/j. devcel. 2020. 11. 016 (2021).

 55. Williams, K. C. & Coppolino, M. G. SNARE-dependent interaction of Src, EGFR and beta1 integrin regulates invadopodia forma-
tion and tumor cell invasion. J. Cell Sci. 127, 1712–1725. https:// doi. org/ 10. 1242/ jcs. 134734 (2014).

 56. Williams, K. C., McNeilly, R. E. & Coppolino, M. G. SNAP23, Syntaxin4, and vesicle-associated membrane protein 7 (VAMP7) 
mediate trafficking of membrane type 1-matrix metalloproteinase (MT1-MMP) during invadopodium formation and tumor cell 
invasion. Mol. Biol. Cell 25, 2061–2070. https:// doi. org/ 10. 1091/ mbc. E13- 10- 0582 (2014).

 57. Du, X., Kazim, A. S., Brown, A. J. & Yang, H. An essential role of Hrs/Vps27 in endosomal cholesterol trafficking. Cell Rep. 1, 29–35. 
https:// doi. org/ 10. 1016/j. celrep. 2011. 10. 004 (2012).

 58. Tu, C. et al. Endosomal-sorting complexes required for transport (ESCRT) pathway-dependent endosomal traffic regulates the 
localization of active Src at focal adhesions. Proc. Natl. Acad. Sci. USA 107, 16107–16112. https:// doi. org/ 10. 1073/ pnas. 10094 71107 
(2010).

 59. Borg, M., Bakke, O. & Progida, C. A novel interaction between Rab7b and actomyosin reveals a dual role in intracellular transport 
and cell migration. J. Cell Sci. 127, 4927–4939. https:// doi. org/ 10. 1242/ jcs. 155861 (2014).

 60. Garver, W. S., Hossain, G. S., Winscott, M. M. & Heidenreich, R. A. The Npc1 mutation causes an altered expression of caveolin-1, 
annexin II and protein kinases and phosphorylation of caveolin-1 and annexin II in murine livers. Biochim. Biophys. Acta 1453, 
193–206. https:// doi. org/ 10. 1016/ s0925- 4439(98) 00101-x (1999).

 61. Kundranda, M. N. et al. Annexins expressed on the cell surface serve as receptors for adhesion to immobilized fetuin-A. Biochim. 
Biophys. Acta 1693, 111–123. https:// doi. org/ 10. 1016/j. bbamcr. 2004. 06. 005 (2004).

 62. Tressler, R. J., Yeatman, T. & Nicolson, G. L. Extracellular annexin VI expression is associated with divalent cation-dependent 
endothelial cell adhesion of metastatic RAW117 large-cell lymphoma cells. Exp. Cell Res. 215, 395–400. https:// doi. org/ 10. 1006/ 
excr. 1994. 1358 (1994).

 63. Sakwe, A. M., Koumangoye, R., Guillory, B. & Ochieng, J. Annexin A6 contributes to the invasiveness of breast carcinoma cells by 
influencing the organization and localization of functional focal adhesions. Exp. Cell Res. 317, 823–837. https:// doi. org/ 10. 1016/j. 
yexcr. 2010. 12. 008 (2011).

 64. Leca, J. et al. Cancer-associated fibroblast-derived annexin A6+ extracellular vesicles support pancreatic cancer aggressiveness. J. 
Clin. Investig. 126, 4140–4156. https:// doi. org/ 10. 1172/ JCI87 734 (2016).

 65. Uchihara, T. et al. Extracellular vesicles from cancer-associated fibroblasts containing annexin A6 induces FAK-YAP activation by 
stabilizing beta1 integrin, enhancing drug resistance. Cancer Res. 80, 3222–3235. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 19- 3803 
(2020).

 66. Chow, A., Davis, A. J. & Gawler, D. J. Identification of a novel protein complex containing annexin VI, Fyn, Pyk2, and the 
p120(GAP) C2 domain. FEBS Lett. 469, 88–92. https:// doi. org/ 10. 1016/ s0014- 5793(00) 01252-7 (2000).

 67. Rye, K. A., Garrety, K. H. & Barter, P. J. Preparation and characterization of spheroidal, reconstituted high-density lipoproteins 
with apolipoprotein A-I only or with apolipoprotein A-I and A-II. Biochim. Biophys. Acta 1167, 316–325. https:// doi. org/ 10. 1016/ 
0005- 2760(93) 90235-2 (1993).

 68. Horzum, U., Ozdil, B. & Pesen-Okvur, D. Step-by-step quantitative analysis of focal adhesions. MethodsX 1, 56–59. https:// doi. 
org/ 10. 1016/j. mex. 2014. 06. 004 (2014).

 69. Folch, J., Lees, M. & Sloane Stanley, G. H. A simple method for the isolation and purification of total lipides from animal tissues. 
J. Biol. Chem. 226, 497–509 (1957).

Acknowledgements
TG is supported by the University of Sydney (RY253, U3367), Sydney, Australia. CE acknowledges the support 
from Ministerio de Ciencia e Innovación (Spain, grant PID2020-115910RB-I00) and the University of Barcelona 
(grant AR0RM005). CR is supported by the Serra Húnter Programme (Generalitat de Catalunya). AJH is sup-
ported by a Robinson Fellowship and funding from the University of Sydney.

Author contributions
T.G., C.R, C.E., J.J. and M.H. wrote the main manuscript text. J.J., M.H., J.E., S.S.B., M.W., M.G., W.E.H., K.M., 
F.T., A.L. B.J.C., A.J.H., P.T., K-A.R., C.E., C.R. and T.G. designed experiments and prepared Figs. 1, 2, 3, 4, 5, 6, 
7 and 8 and S1-S5. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 04584-y.

Correspondence and requests for materials should be addressed to C.R. or T.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/nm.1876
https://doi.org/10.1073/pnas.1705304114
https://doi.org/10.1016/j.devcel.2020.11.016
https://doi.org/10.1242/jcs.134734
https://doi.org/10.1091/mbc.E13-10-0582
https://doi.org/10.1016/j.celrep.2011.10.004
https://doi.org/10.1073/pnas.1009471107
https://doi.org/10.1242/jcs.155861
https://doi.org/10.1016/s0925-4439(98)00101-x
https://doi.org/10.1016/j.bbamcr.2004.06.005
https://doi.org/10.1006/excr.1994.1358
https://doi.org/10.1006/excr.1994.1358
https://doi.org/10.1016/j.yexcr.2010.12.008
https://doi.org/10.1016/j.yexcr.2010.12.008
https://doi.org/10.1172/JCI87734
https://doi.org/10.1158/0008-5472.CAN-19-3803
https://doi.org/10.1016/s0014-5793(00)01252-7
https://doi.org/10.1016/0005-2760(93)90235-2
https://doi.org/10.1016/0005-2760(93)90235-2
https://doi.org/10.1016/j.mex.2014.06.004
https://doi.org/10.1016/j.mex.2014.06.004
https://doi.org/10.1038/s41598-021-04584-y
https://doi.org/10.1038/s41598-021-04584-y
www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |          (2022) 12:596  | https://doi.org/10.1038/s41598-021-04584-y

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Annexin A6 and NPC1 regulate LDL-inducible cell migration and distribution of focal adhesions
	Results
	AnxA6 overexpression and pharmacological NPC1 inhibition reduce A431 cell migration. 
	LDL-inducible A431 cell migration is compromised by AnxA6 overexpression or NPC1 inhibition. 
	Annexin A6 inhibits LDL-inducible invasive properties of A431 cells. 
	LDL promotes cell migration in CHO-WT, but not NPC1 mutant CHO cells. 
	NPC1 deficiency in CHO cells increases FA number and alters FA distribution. 
	AnxA6-depleted NPC1 mutant cells display elevated FA numbers and altered FA distribution. 
	Distribution of FA marker proteins vinculin and paxillin in CHO M12 and CHO M12-A6ko cells. 
	LDL stimulates FA formation at the cell edges of WT, but not NPC1-deficient cells. 
	AnxA6-deficient NPC1 mutant cells display increased association of cholesterol with FA structures. 

	Discussion
	Methods
	Reagents and antibodies. 
	Cell culture. 
	Suppression of NPC1 expression. 
	Fluorescence microscopy. 
	Western blot analysis. 
	Wound healing assays. 
	Matrigel invasion assays. 
	Organotypic invasion assay. 
	Cholesterol determination. 
	Statistics. 

	References
	Acknowledgements


