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Chapter 1

Introduction

Cell migration in response to environmental signals is a fascinating and fundamental part
of many biological processes. However, improper surroundings triggering abnormal cell
migration can result in life-threatening scenarios, such as immunosuppression, defective
wound repair, or the spread of cancer cells to other sites in the body (metastasis). Over
the last years the role of cholesterol in cell motility, which determines metastatic potential
and behaviour, has gained increased attention (18, 77, 88, 163, 165, 186). Cell growth,
proliferation and migration are well-known features of neoplasms, requiring cholesterol
for rapid membrane expansion, focal adhesion (FA) formation, proper functioning of or-
ganelles, and membrane-anchoring of signalling factors such as the prenylation of small
GTPases (guanosine triphosphate (GTP) hydrolising enzymes). To meet the energy de-
mands required to support these processes in cancer, metabolic adaptions are needed (165,
196). These metabolic changes are now well recognised as additional hallmarks of can-
cer, and commonly involve an increased demand for lipids. This includes cholesterol, a
unique molecule essential for membrane organisation, growth and development, but also
cell migration (37, 125).

There is growing evidence that dysregulation of cholesterol metabolism is linked to
the development and progression of cancer, e.g. breast, prostate and colon cancer (162,
218). Yet, where this cholesterol is coming from and how it contributes to cell motility is
not well understood. As a structural element of the plasma membrane (PM), cholesterol
is enriched in particular at specialised microdomains called lipid rafts, playing a crucial
role in regulating the response to environmental signals and coordinating cell adhesion
and migration (162). Studying the effect of diet-induced hypercholesterolemia on prostate
cancer, Moon and co-workers showed elevated cholesterol levels to trigger prostate cancer
cell migration (160). In transgenic mouse models for breast cancer, hypercholesterol-
aemia induced tumour growth and metastasis (7, 141). Zhuang and colleagues found
the cholesterol content of lipid rafts and raft-dependent signalling in prostate cancer cells
to be altered by cholesterol levels in vivo and in vitro. Moreover, inhibition of choles-
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terol synthesis using simvastatin strongly decreased cholesterol levels in lipid rafts and
inhibited signalling of Akt1 serine-threonine kinase/ protein kinase B (Akt/PKB), causing
cell apoptosis. These effects were reversed by cholesterol replenishment (273). While a
lipid-rich environment, including elevated cholesterol, is generally considered to favour
tumour growth and aggressiveness, the role of statins in tumour progression is still not
fully understood, as in some cases, such as breast, bladder or non-melanoma skin cancers,
statin-mediated inhibition of de novo cholesterol synthesis has also been associated with
tumour progression and risk (87, 187). Hence, the exact mechanisms by which cholesterol
influences cancerogenesis have not been fully understood (196).

However, as outlined further below, studies have indicated a stimulatory role of choles-
terol on cell migration, potentially by affecting lipid raft signalling as well as many intra-
cellular transport mechanisms required for the proper functioning of cell surfacemolecules
involved in migratory and invasive cell behaviour (77, 104, 109, 231, 251).

1.1 Cholesterol homeostasis in cancer cells

1.1.1 Cellular cholesterol supply

As a precursor of steroid hormones, vitamins, and bile acids and as a structural compo-
nent of cell membranes, cholesterol plays an important role in cellular homeostasis. By
maintaining membrane fluidity and organisation in cholesterol-rich microdomains such as
lipid rafts, as well as FA, cholesterol preserves membrane integrity and enables signalling
and endo- and exocytic transport across the PM (80, 88, 196). Cell growth, proliferation
and migration are well-known features of neoplasms, that require cholesterol for rapid
membrane expansion, FA formation, intracellular vesicle transport, organelle homeosta-
sis, such as mitochondrial well-being, and membrane-anchoring of signalling factors such
as the prenylation of small GTPases of the Ras superfamily (Ras, Rac/Rho, Rab) (161).
Hence, cholesterol availability is critical for proper cellular functioning, and cells either
cover cholesterol demands through de novo biosynthesis or uptake of dietary cholesterol
from plasma (196).

The energetically expensive de novo cholesterol biosynthesis is based on the meval-
onate pathway, which is regulated by three crucial actors: the rate-limiting enzymes β-
methylglutaryl-coenzyme A reductase (HMGCR) and squalene monooxygenase (SQLE)
and the transcription factor sterol-regulatory-element-binding protein 2 (SREBP2) (146).
An early step in the mevalonate pathway is the conversion of β-hydroxy β-methylglutaryl-
coenzyme A (HMG-CoA) to mevalonate by HMGCR (80). This step is inhibited by high
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cellular cholesterol levels, hence providing an effective feedback mechanism to control
energy-consuming cholesterol biosynthesis. In addition, besides elevated sterol levels,
HMGCR activity is also regulated by cellular energy levels; and lack of an adenosine
triphosphate (ATP) reserves are associated with HMGCR downregulation (33, 213). The
second rate-limiting enzyme in the mevalonate pathway is SQLE, which alike HMGCR,
can be upregulated at the transcriptional level when cholesterol levels are low via SREBP2
(64, 91). The transcription factor SREBP2 is the key regulator of genes involved in
cholesterol homeostasis. When cellular cholesterol levels are low, SREBP2 is cleaved
and released from the endoplasmic reticulum (ER) by the SREBP-cleavage activating
protein (SCAP). This triggers relocation of SREBP2 to the Golgi, processing to its mature
form (184) and ultimately SREBP2 translocation into the nucleus. Once in the nucleus,
activated SREBP2 binds to sterol-regulatory-elements (SRE) within promoter regions of
cholesterol-regulated genes and activates their transcription. This includes HMG-CoA
synthase, HMGCR, SQLE, low-density lipoprotein (LDL) receptor (LDLR) and many
other cholesterologenic enzymes (91). Once cellular cholesterol levels have reached
higher levels, SREBP-mediated activation of gene expression is downregulated. Yet,
SREBP2 activity not only depends on cellular cholesterol levels and in order to properly
manage energy supplies under starvation, SREBP2-mediated transcription and SREBP2
gene expression itself are downregulated (90, 232, 244).

Another mechanism for meeting the increasing demand for cholesterol is to increase
the influx of cholesterol from circulating dietary cholesterol pools. After the absorption of
cholesterol from dietary lipids in the intestine, cholesterol enters the blood as cholesteryl
esters in triglyceride-rich lipoproteins, chylomicrons (227). Chylomicrons are processed
by lipoprotein lipase to remnants and then delivered to the liver, where cholesteryl esters are
incorporated into very low-density lipoproteins (VLDL).VLDLparticles are released from
the liver for distribution in the body, and once in the blood, lipoprotein lipase-mediated
removal of fatty acids from VLDL generates cholesteryl ester-rich LDL particles. LDL
delivers cholesterol to peripheral tissues and elevated LDL levels can be normalised by
hepatic uptake and clearance via LDL receptor-mediated endocytosis. On the other hand,
cholesteryl ester-rich high-density lipoprotein (HDL) particles are formed in extrahepatic
tissues and through scavenger receptor class B type I (SRB1), can be internalised into liver
and secreted as bile acids (227).

LDL receptor-mediated endocytosis

In order for cells to internalise dietary cholesterol, expression of LDLR at the cell surface
enables binding and internalisation of LDLby receptor-mediated endocytosis (67) (Figure



Chapter 1. Introduction 4

1.1). Subsequently, cholesteryl ester-containing LDL particles are trafficked to early
and then late endosomes (LE)/multivesicular bodies (MVB). The acidic pH in the LE
compartment leads to the dissociation of LDL from the LDLR, which is recycled to the
cell surface for another round of internalisation. LE/MVB then fuse with lysosomes (Lys),
where cholesteryl esters are hydrolysed by lysosomal acid lipase (68). To exit the LE,
cholesterol first binds to the soluble Niemann-Pick C2 protein (NPC2) before passing
to the membrane-bound Niemann-Pick C1 protein (NPC1) (127). The free intracellular
cholesterol is then transported to the PM, ER, the trans-Golgi network (TGN) or other
membranous organelles (96, 165). Besides NPC1, several other cholesterol transporters in
the LE/Lys compartment exist, including members of the steroidogenic acute regulatory-
related lipid transfer domain (StARD) and oxysterol-binding protein (OSBP) families.
However, while NPC1 is considered the main cholesterol transporter in LE/Lys, the role
and function of these other cholesterol transporters are still not fully understood (96, 165).

Figure 1.1: LDL receptor (LDLR) mediated LDL-cholesterol uptake and intracellular traf-
ficking. After receptor-mediated endocytosis of LDLR-bound LDL-cholesterol, LDL particles
traffic to early and then late endosomes (LE). While LDLR gets recycled to the plasma membrane
(PM), the LDL-cholesteryl esters are hydrolysed upon LE/lysosome (Lys) fusion. In order to
be distributed to the PM, endoplasmic reticulum (ER), the trans-Golgi network (TGN) or other
membranous organelles, free cholesterol exits the LE/Lys compartment predominantly by the
Niemann-Pick C1 protein (NPC1). However other cholesterol transporters such as members of
the steroidogenic acute regulatory-related lipid transfer domain (StARD) and oxysterol-binding
protein (OSBP) families may also play a role (96, 165).

A key regulator enabling cells to internalise dietary cholesterol is the LDLR. In normal
cells, feedback control mediated by transcriptional regulation via SREBP2 ensures LDLR
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upregulation when cellular cholesterol levels are low. In addition, cell surface LDLR
levels are regulated by proprotein convertase subtilisin/kexin type 9 (PCSK9) (72, 146).
Circulating extracellular PCSK9 can bind LDLR at the cell surface and promote LDLR
degradation (236). Besides PCSK9, cell surface LDLR levels are influenced by the
E3 ubiquitin ligase IDOL (inducible degrader of the LDL receptor), which binds the
cytoplasmic region ofLDLRand targets LDLR for lysosomal degradation. IDOLpromotes
polyubiquitylation of the intracellular domain of LDLR, initiating LDLR internalisation
and subsequent lysosomal degradation (267). While PCSK9 expression is regulated by
SREBP2, the accumulation of sterols activates the transcription factor liver X receptor
(LXR), which upregulates the expression of IDOL, indicating complex networks that
coordinate the activity of LDLR. Most relevant for cancer settings, these regulatory
circuits are often dysregulated and increased expression of LDLR at the cell surface
has been demonstrated in several cancer types including breast cancer, prostate cancer,
colorectal cancer and glioblastoma (31, 58, 165, 242, 246).

Besides LDLR, the receptors VLDL receptor (VLDLR) and SRB1, which can inter-
nalise VLDL and HDL, respectively, may also play a role in SREBP-regulated cholesterol
uptake in cancer (196). The inverse correlation of low HDL and cholesterol-filled PM in
malignant cells has caught increasing attention for the role of HDL in cancer. A negative
correlation between HDL-cholesterol and cancer risk has been established (37). However,
Danilo et al. showed uptake of HDL-cholesteryl esters to trigger cell migration via the
phosphoinositide 3-kinase (PI3K)/Akt kinase pathway in breast cancer (40). The ability
of cancer cells to upregulate the uptake of dietary cholesterol may also contribute to statin
resistance in some cancers, as statin-mediated inhibition of cholesterol synthesis ultimately
elevates LDLR levels, thus promoting LDL uptake by cancer cells (52, 196).

1.1.2 Cellular cholesterol efflux

Since excess amounts of cellular cholesterol are toxic, cholesterol must be stored as
cholesteryl esters in lipid droplets or exported (146). In particular the increased storage
of cholesterol via esterification through acetyl-CoA acetyltransferase (ACAT1) (146) is
often upregulated in cancers (58, 185). In many cell types, ATP-binding cassette (ABC)
transporters A1 andG1 (ABCA1, ABCG1) promote cholesterol and phospholipid efflux by
ABCA1 first lipidating lipid-free apolipoprotein A-I, resulting in a pre-HDL particle that is
also compatible with ABCG1 (62). In macrophages, sterol excess upregulates ABCA1 and
ABCG1 expression via LXR/retinoid X receptor (RXR)-mediated transcription (36, 113).
Elevated ABC transporter expression has been observed in cancers and might contribute
to increase HDL availability to cancer cells (153, 175). Yet, as ABC transporters may also
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efflux other ligands, such as anticancer drugs, they might contribute to drug resistance and
aggressiveness in manners unrelated to cholesterol homeostasis (153, 175).

1.1.3 Cellular cholesterol transport

The transport of cholesterol within membranous vesicles occurs along cytoskeletal fila-
ments and is regulated bymembers of the RabGTPase family (209). Besides the numerous
intracellular vesicle trafficking routes (Figure 1.2), this also includes receptor-mediated
endocytic uptake of LDL, which is regulated by Rab5, Rab7 and several other regulatory
proteins along the endocytic pathway. The transport routes of LDL-derived cholesterol
exiting LE/Lys are complex and still not fully understood (50, 51). NPC1 is considered
the most important cholesterol transporter exporting cholesterol from LE/Lys. However,
several other cholesterol transporters in LE/Lys exist, including members of the StARD
and OSBP families, yet their roles in cholesterol homeostasis remain to be fully clar-
ified (165). It is generally believed that NPC1 delivers the majority of LDL-derived
cholesterol to the PM, which could occur along exocytic vesicular transport routes or non-
vesicular routes that might include sterol transport through the cytoplasm or cholesterol
transfer across membrane contact sites (MCS) (97, 166). Earlier reports described LDL-
cholesterol transport from LE/Lys to the ER, followed by its delivery to the trans-Golgi
network (TGN), involving Rab9 (32, 96, 237). Alternatively, LDL-cholesterol might be
transported from LE/Lys to the PM and then be delivered back to the ER to regulate choles-
terol homeostasis. Grewal and colleagues recently demonstrated that the GTPase Rab7
is required for LDL-cholesterol transfer across MCS to the ER, followed by cholesterol
esterification and storage in lipid droplets (155). On the route to the cell surface, NPC1
might deliver LDL-derived cholesterol from LE/Lys to recycling endosomes. Indeed,
NPC1-dependent recruitment of Rab8a to peripheral endosomes containing LDL-derived
cholesterol was followed by Rab8a - myosin-5b (Myo5b) interaction to enable transport of
LDL-cholesterol-loaded organelles along cytoskeletal elements towards the cell periphery
(109). Besides delivering cholesterol to the cell surface, this Rab8-mediated transport
route might also connect to cholesterol efflux mediated by ABCA1 (136).

Other cholesterol transporters, some of those considered to promote non-vesicular
transport include the above mentioned StARD proteins, OSBP and OSBP-related proteins
(ORP) (132). Like shuttles, these sterol transporters often seem to transport cholesterol
across MCS of adjacent organelles (147). The endosomal membrane proteins ORP1L
and StARD3, for example, promote cholesterol transfer between LE and the ER, by using
vesicle-associated membrane protein-associated protein A (VAP-A) as a binding partner
at the ER membrane (155, 271). ORP2 is involved in FAK/integrin recycling to the PM
by regulating cholesterol-loading to RE (231).
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Figure 1.2: Rab protein-regulated cholesterol transport. Rab proteins control the directional
intracellular vesicle transport along the cytoskeleton in an organelle-specific manner. For the
LE/Lys compartment, Rab7 is a critical regulator of cholesterol homeostasis by working with Rab5
to control LDL transport to the LE/Lys compartment and coordinating egress and distribution to
other organelles. Rab9 has been shown to control cholesterol from LE/Lys to the endoplasmic
reticulum (ER) and further to the trans-Golgi network (TGN). While Rab4 plays an important role
in membrane recycling, Rab8 promotes the transport of NPC1-ejected LDL-cholesterol vesicles to
the plasmamembrane by interacting withmyosin-5b (Myo5b) (165). LDL: low density lipoprotein,
LDLR: LDL receptor, OSBP: oxysterol-binding protein, StARD: steroidogenic acute regulatory-
related lipid transfer domain.

1.1.4 The mevalonate pathway and cell signalling in cancer

In line with a critical role in cancer cell metabolism, the mevalonate pathway is modulated
by several oncogenic and tumour suppressive signalling pathways. These include the
PI3K/Akt kinase signalling pathway, mammalian target of rapamycin (mTOR) complex
1 (mTORC1) and the adenosine monophosphate-activated protein kinase (AMPK) sig-
nalling pathway as well as the tumour suppressors p53 and retinoblastoma protein (RB)
(161).

Upon stimulation of growth factors such as insulin, platelet-derived growth factor
(PDGF), and vascular-endothelial growth factor (VEGF), upregulation of the PI3K/Akt
pathway stimulates cell proliferation and survival. These findings correlatewith PI3K/Akt-
mediated increase of SREBP1/2 expression (161). Hence, enhanced PI3K/Akt signalling
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leading to an increase in cellular lipid and cholesterol levels through upregulated de novo
synthesis has been linked to tumourigenesis (27, 192).

mTORC1 is a nutrient- and growth signal-sensitive regulator of cell growth down-
stream of the PI3K/Akt pathway (161). In hepatocellular carcinoma cells, mTORC1 can
promote SREBP2 activation and cholesterogenic transcription by activation of ribosomal
S6 kinase 1 (S6K1) (245). Moreover, mTORC1 may affect SREBP through phosphory-
lation of lipin 1, which when unphosphorylated inhibits SREBP-mediated transcription
(177).

As a counterpart of mTORC1, AMPK downregulates de novo cholesterol biosynthesis
by phosphorylation of HMGCR under ATP deficiency and inhibits cell growth through
additional phosphorylation of mTORC1 (205, 214). AMPK is a direct substrate of ATP-
sensitive liver kinase B1 (LKB1), a known tumour suppressor whose inactivation is
associated with carcinogenesis. Thus, the LKB1–AMPK–mTORC1 axis is considered an
important checkpoint for cell growth (214).

Furthermore, a cellular cholesterol imbalance has been linked to the gain-of-function
mutations R273H and R280K in the tumour suppressor gene TP53, which allow interac-
tion between p53 and SREBP and activation of SREBP-mediated transcription (56). Wild
type (WT) p53, in contrast, downregulates SREBP-mediated transcription through lipin 1
under glucose starvation (177).

In addition, activation of the proliferative and anti-apoptotic transcription factors yes-
associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ)
depends on geranylgeranyl diphosphate, a metabolite originating from the mevalonate
pathway. Geranylgeranylation of Rho-GTPases is a prerequisite for the prevention of
YAP/TAZ phosphorylation to allow translocation into the nucleus (226). In cancer, mutant
p53-mediated activation of the SREBP/mevalonate pathway and consequent stimulation
of YAP/TAZ activity by increased mevalonic acid has been reported (226).

In summary, multiple signalling pathways that are commonly deregulated in cancer
settings target activation of SREBP1/2 and other transcription factors (e.g. LXR) that
control the expression of enzymes involved in the synthesis of cholesterol and other lipids.
These oncogenic alterations in signalling networks appear asmajor underlyingmechanisms
that ensure cancer cells a sufficient supply with cholesterol and other lipids for cell growth
and aggressiveness. It would go beyond the scope of this thesis to outline in more detail the
numerous signaling events that modulate SREBP activity and other transcription factors
in cancer settings, therefore reference is made to detailed articles for further reading (65,
134, 161, 261). Alternatively, cancer cells can utilise dietary cholesterol to promote



Chapter 1. Introduction 9

aggressiveness, which will be described in more detail in the following.

1.2 LDL-cholesterol and cancer cell migration

In several cancer models, increased uptake of LDL-cholesterol as well as elevated LDL
levels in plasma have been linked to cancer cell migration and metastasis (88, 162, 165,
218). These findings indicate that LDL-cholesterol can serve to promote cancer cell
motility and it is generally believed that LDL supplies cholesterol to the cell surface.
At this location, besides being a structural component of lipid rafts, which can serve as
signalling platforms that drive oncogenic behaviour, cholesterol is also critical for the
functioning of FA, which represent specialised and dynamic microdomains at the cell
surface that determine cell spreading and motility (162).

Cellular locomotion depends on the transfer of intracellular mechanical tension to
the extracellular environment. Thus, cells create specialised contact sites called integrin
adhesion complexes that connect an extracellular anchor, integrins, which represent cell
adhesion receptors composed of α and β subunits that bind to extracellular matrix (ECM),
to the intracellular cytoskeleton. The best investigated integrin adhesion complexes are FA
(Figure 1.3A), which link integrins to intracellular actin filaments (157). Migration is a
cyclic progress involving protrusive and retractive membrane dynamics (Figure 1.3B). In
the direction of migration, the leading edge is formed by polymerisation of actin filaments
and anchorage of the resulting protrusion in the ECM or to adjacent cells. While the
adhesion sites in the front allow forward traction, cell detachment is prepared by FA
dissolution at the rear (194).

A growing number of studies has demonstrated the importance of cholesterol for cell
migration (88, 109, 189, 231, 251). At the cell surface, LDL-derived cholesterol from
LE/Lys feeds into the pool of cholesterol found in FA. As outlined above, at the leading
edge, these structures continuously undergo assembly and disassembly to promote cell
migration. For cells to move forward, coordinated delivery of integrins, and recruitment
of signalling proteins such as Src and FAK to FA is essential (28). Increased integrin
cell surface expression, ECM and metalloprotease secretion, and elevated Src and FAK
activity significantly contribute to tumour progression (4, 28). Unphysiological cholesterol
depletion studies that disrupted the functional integrity of cholesterol-rich cell surface
microdomains supported cholesterol being essential for FA assembly, recruitment and
signalling (47, 60, 71, 186, 251).

For instance, lipid raft disruption through methyl-β cyclodextrin (MβCD)-mediated
cholesterol depletion led to morphogenic changes and a significantly reduced migration
capacity. In contrast to the cell spreading and the formation of lamellipodial extensions
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in the controls, MβCD-treated cells were rather irregularly shaped and smaller (251).
Moreover, LDL-cholesterol-containing vesicles emanating from LE/Lys were delivered in
the vicinity of FA at the cell surface (104, 109). In these and other studies, LDL stimulated
FA numbers, dynamics and migration, enabling aggressive behavior characterised by
enhanced integrin recycling (9, 56, 104, 109).

Along these lines, Grewal and co-workers and other researchers showed LDL to
stimulate migration, an effect that vanished when LDL-cholesterol liberation from the
endosome was inhibited (104, 109). Upon LDL treatment, FA numbers and FA turnover
increased and a cell size extension by 2.5-fold was determined. Consistently, LDL-
cholesterol-containing vesicles were directed to FA sites at the PM (109). In follow-up
studies, Takahashi et al. demonstrated that the LDL-mediated increase in FA assembly
and turnover required FAK signalling (231). Nevertheless, besides the involvement of
NPC1, the cholesterol transporters in LE/Lys, Rab-GTPases and possibly other regulatory
proteins that coordinate LDL-derived cholesterol delivery to the migratory machinery at
the cell surface remain yet to be fully characterised.

Figure 1.3: Focal adhesion dynamics in cell migration. (A) Focal adhesions (FA) are integrin
adhesion complexes that link integrins to the cytoskeleton which enables the cell to generate
traction forces required for cell spreading and migration. FA are dynamic complexes of multiple
signalling molecules such as talin, vinculin, paxillin, focal adhesion kinase (FAK), and Src kinase
(157). (B) For directed forward motion, mesenchymal cells create protrusions of polymerising
actin filaments and new adhesion sites at the leading edge, while cell detachement at the rear is
characterised by FA disassembly (194). F-actin: filamentous actin, ECM: extracellular matrix,
PIP2: phosphatidylinositol (4,5)-bisphosphate.

1.2.1 Focal adhesion formation and turnover

FA are dynamic multiprotein complexes that undergo assembly, disassembly or maturation
upon mechanical stress through actin polymerisation at the leading edge (Figure 1.3).
Based on proteomic analyses of integrin adhesion complexes Horten et al. identified a
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‘consensus adhesome’ of 60 proteins (89). While the lipid microenvironment, in particular
cholesterol, for proper FA functioning was highlighted in the previous section, here the
focus shall be on threemain pathways of the ‘core cell adhesionmachinery’: talin–vinculin,
FAK–paxillin, and α-actinin–zyxin–vasodilator stimulated phosphoprotein (VASP).

The talin-vinculin axis forms the linkage of ECM-anchored integrins and the intra-
cellular actin cytoskeleton. Talin is prerequisite for cells to maintain spreading (269), as
the N-terminal talin head binds integrins, phosphatidylinositol 4,5-bisphosphate (PIP2)
and F-actin (actin-binding site 1; ABS1) and the talin rod at the C-terminus can bind
Rap1-interactive adaptor molecule (RIAM), vinculin, integrins and F-actin (ABS2 and
ABS3) (13). Vinculin binding to talin and F-actin can stabilise the linkage, a mechanism
which is promoted by activation of vinculin or mechanical tension along the talin-ABS3 -
F-actin bond (13). In vinculin-deficient mouse embryo fibroblasts, Saunders et al. showed
a decrease in FA size and number and an increase in FA turnover, indicating vinculin to
play a role in FA growth and stabilisation (206). In platelets, Zhang and colleagues
described Src-mediated vinculin phosphorylation at tyrosine residues Y100 and Y1065
to provoke a conformational change that promoted cell spreading (270). Vinculin phos-
phorylation may lead to vinculin activation or modulate binding to actin and PIP2 (69).
Furthermore, actin-cytoskeletal tension-induced myosin-2 (Myo2)- FAK/Src - paxillin
signalling recruits vinculin to the FA site and promotes the association of vinculin and
paxillin (174). In mouse F9 embryonal carcinoma cells, Subauste and colleagues showed
vinculin-paxillin interaction to downregulate cell migration by reducing FAK-mediated
phosphorylation of paxillin and subsequent activation of extracellular signal-regulated ki-
nases (ERK) 1/2. In contrast, cells depleted of vinculin were highly motile and metastatic
(229). Upon LDL treatment, migrating cancer cells increased the number and size of
vinculin-immunostained FA (109). MβCD-mediated cholesterol depletion from the PM
was linked to an increase of centrally located vinculin signals overlapping with the end
of stress fibres. Furthermore, under these conditions, FA increased in number and size,
forming rather longer FA (251).

FAK is a key mediator of FA signalling. Upon integrin clustering, FAK is recruited
to FA where its N-terminal FERM (4.1 protein, ezrin, radixin, moesin) domain builds a
‘basic patch’ with the membrane phospholipid PIP2 (172). Subsequent FAK autophos-
phorylation of Y397 creates a docking site for Src family kinases, such as Src and Fyn, via
their Src Homology 2 (SH2) domain which promotes further phosphorylation and mutual
activation (207). Among the downstream targets of the FAK-Src complex are paxillin
and p130Cas (Crk-associated substrate) (208, 243). At the C-terminus, the focal adhesion
targeting (FAT) domain has been shown necessary and sufficient to direct FAK to adhe-
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sion complexes (86). The FAT sequence comprises binding sites for paxillin, vinculin,
p130Cas, α-catenin and other adhesion proteins (11).

Paxillin serves as an adaptor protein and comprises four LIM (Lin-11, Isl-1, MEC-
3) domains at its C-terminus, two of which promote FA targeting dependent on their
phosphorylation status (21). At the N-terminus, paxillin has binding sites for vinculin,
FAK and Src (20, 256). Moreover, as a key regulator of Rho GTPases such as RhoA,
Cdc42, and Rac1, paxillin plays a pivotal role in actin cytoskeleton and actin-associated
adhesion dynamics in the context of cell migration (19). In detail, RhoA promotes F-actin
polymerisation and cell contraction, Cdc42 controls microtubule network polarisation and
filopodial, whereas Rac1, controls lamellipodial expansion of actin-rich projections (193).
The FAK-Src-paxillin-p130Cas-ERK-myosin light-chain kinase (MLCK) axis is a critical
regulator of adhesion turnover. Fibroblasts with loss of function of paxillin, p130Cas,
mitogen-activated protein kinase (MAPK)/ ERK or MLCK showed reduced FAK or pax-
illin turnover (254). Using green fluorescent protein (GFP)-paxillin expressing cell lines,
an increase in FAK-dependent FA formation and disassembly upon LDL treatment was
demonstrated (231). Cholesterol depletion by MβCD, moreover, led to centralisation of
paxillin-stained FA (186).

As the intracellular mechanical tension increases, α-actinin is attracted to the nascent
FA and competes with talin for the integrin-actin linkage. Through the takeover by α-
actinin, FA maturation is triggered (198). The α-actinin binding partner zyxin is recruited
to mature but not nascent adhesions in a force-dependent manner when the leading edge
stops moving forward (131, 133, 266). Zyxin localises at the termini of F-actin where it
can regulate actin polymerisation (55) and additionally, directs Ena/VASP familymembers
to the FA site (46). Zyxin-VASP interaction was shown to enhance actin fibre formation
at specific sites, e.g. during cell spreading (45), however, zyxin did not colocalise with
the ectopically expressed and fluorescently-tagged VASP in lamellipodial tips of mouse
melanoma cells. Consequently, zyxin may not be involved in lamellipodial protrusion,
there might be other proteins involved in VASP targeting (199). Cholesterol content has
been shown to regulate F-actin polymerisation (252), but no evidence was found for how
the α-actinin-zyxin-VASP axis is affected by cholesterol.

1.2.2 The role of cholesterol for focal adhesion formation

The composition and order of cell membranes can be modified by the cholesterol content
which may promote changes in cell adhesion and motility. Cell membranes consist of
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dynamic lipid-protein layers that harbour the fluctuating assembly of sphingolipids, choles-
terol and glycosylphosphatidylinositol (GPI)-anchored proteins into specialisedmembrane
domains called lipid rafts. These nanoscale platforms serve as functional sites promoting
cellular functions such as signalling and trafficking events (137). The inner leaflet of rafts
is host to the lipid messengers PIP2 and phosphatidylinositol (3,4,5)-triphosphate (PIP3),
which play an important role in the temporal and spatial regulation of signal transduction
at the membrane–cytosol interface (44, 249). Other proteins with binding affinity for raft
domains involve members of the Src kinase family and heterotrimeric G proteins (219).
From the Golgi, where the cholesterol-sphingolipid rafts assemble, they are delivered to
the PM and incorporated or endocytosed as required (219). This membrane subcom-
partmentalisation is a prerequisite for the coordination of several signalling pathways
including T-cell antigen receptor, immunglobulin E, H-Ras, and integrin signalling (137,
219). Ligand-mediated receptor acitvation within lipid rafts may recruit proteins to the
activated site and initiate signalling pathways by local kinase or phosphatase activity.

Disruption of lipid rafts by cholesterol depletion consequently impairs translocation
of proteins to the PM and regulation of FA and cytoskeletal dynamics. In non-small
cell lung cancer (NSCLC) cells, MβCD-induced raft cholesterol depletion inhibited cell
migration. The authors demonstrated a decrease in epidermal growth factor (EGF)-
mediated phosphorylation of EGF receptor (EGFR), FAK, Src, Akt, and p44/42 as well
as translocation of Src from the cell membrane into the cytoplasm (101). After MβCD
treatment of human melanoma cells, Wang et al. showed the formation of robust stress
fibres extending through the cell body and the accumulation of large FA at the end of
the stress fibres in the cell centre (251). They proposed the cytoplasmatic translocation
of Src, which is a negative regulator of RhoA, to trigger RhoA-ROCK-mediated F-actin
polymerisation. Raft cholesterol depletion was associated with increased phosphorylation
of vinculin and paxillin, and with decreased internalisation of β3 integrins (251). This is
in line with findings of Webb et al. who described reduced FA disassembly rates in FAK-
or Src-deficient fibroblasts and chinese hamster ovary (CHO) cells (254). FA disassembly
has been linked to dephosphorylation of FA proteins (118, 129), a process which can
be catalysed by protein tyrosine phosphatases (PTP). Accordingly, lack of function of
the cytoplasmic tyrosine phosphatase Shp-2 or the PTP-PEST were associated with an
increase of FA and stress fibres (8, 264). In addition, Shp-2 and PTP-PEST localisation
was related to lipid rafts (10, 115). Consequently, lipid raft disruption may inhibit FA
protein dephosphorylation by preventing PTP association with rafts. In neuroepithelial
cells, β1 integrin distribution colocalises with lipid rafts and β1 integrin-fibronectin (FN)-
mediated cell adhesion depends on lipid rafts (262). Consistently, in migrating colonic
epithelial cells, colocalisation of the lipid raft marker cholera toxin and β1 integrin in
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cytosolic vesicles at the leading edge was demonstrated (239). Redistribution of cytosolic
β1 integrin into lipid rafts can be promoted by Rab1a. Accordingly, Rab1a knockout or
lipid raft disruption by cholesterol depletion diminished colocalisation of β1 integrin with
lipid rafts (247). Thus, cholesterol-dependent lipid raft formation plays an important role
in the temporal and spatial coordination of FA dynamics by creating a subcompartment
for specific signal transduction and vesicular transport.

Not to be neglected, the cholesterol content has a major impact on membrane rigidity.
At the leading edge of migrating cells an increased membrane microviscosity is required
to promote lamellipodial extension. In MβCD-treated endothelial cells, the membrane
microviscosity gradient was disrupted and cell migration reduced. Since the authors did
not find abnormal actin filament formation, they explained the antimigratory effect by
altered membrane microviscosity (238). However, some studies have described intense
formation of stress fibres after MβCD treatment (126, 251), so changes in actin filament
formation may have gone undetected.

PM cholesterol may affect cell migration by influencing integrin recycling. Ramprasad
and colleagues showed MβCD-induced cholesterol depletion from the cell membrane to
impair cell spreading, adhesion and motility in L27 cells (derived from the mouse S180
sarcoma cell line) especially on FN (186). This effect was mediated by the FN-specific
integrin α5β1 (186). Specifically, in CHO cells, the integrin α5β1 was shown to play
an important role in cell motility rather than cell adhesion (212). In line with this,
Coppolino and colleagues demonstrated integrin α5β1 sequestration in Rab11-positive
compartments by inhibition of the soluble N-ethylmaleimide-sensitive-factor attachment
receptor (SNARE) protein vesicle-associated membrane protein 3 (VAMP3) to impair cell
migration but not adhesion (220, 233).

Integrin recycling depends on LDL-cholesterol-controlled TGN localisation of the t-
SNARE syntaxin 6 (Stx6). Since cell migration is characterised by high rate FA turnover,
integrin recycling plays an important role. Integrin recycling to the cell membrane is
regulated by Stx6 in a cholesterol-dependent manner. During integrin recycling, Riggs
et al. suggested integrins to be transferred from Rab11-positive recycling endosomes
to the TGN through vesicle fusion, a process dependent on complex formation between
the recycling endosomal v-SNARE protein VAMP3 and the TGN-associated t-SNARE
Stx6 (195). Using NPC1 mutant cell lines, in which cholesterol egress from the LE is
impaired and LDL-cholesterol levels at the TGN consequently are depleted, Reverter et
al. showed hampered integrin recycling by translocation of the t-SNARE protein Stx6
from the TGN to recycling endosomes (189). TGN - recycling endosome translocation of
Stx6 is promoted towards the organelle with higher cholesterol content, since cholesterol
enrichment of recycling endosomes led to a Stx6 distribution comparable to the NPC1
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phenotype (189). Stx6 may act as a cholesterol sensor by binding directly to cholesterol
or through response to general membrane adaptations mediated by cholesterol (189).

FAK/integrin delivery to the PM depends on ORP2-induced cholesterol loading into
recycling endosomes. Takahashi et al. showed LDL-cholesterol translocation from LE
to FAK/integrin-loaded recycling endosomes to depend on the lipid transporter ORP2
and FAK activity. FAK - type I phosphatidylinositol phosphate kinaseγ (PIPKIγ) sig-
nalling was shown to increase PIP2 in endosomal membranes (164). ORP2 can regulate
cholesterol delivery to the PM and modulate PM lipid levels by exchanging cholesterol
for PIP2, which shifts PIP2 to subcellular membranes (231, 248). By the same counter
current transport, ORP2 was proposed to promote LDL-cholesterol transfer from LE to
recycling endosomes. Since colocalisation of ORP2 with FAK/integrin-loaded vesicles
outperformed colocalisation with NPC1-positive organelles and ORP2 silencing reduced
cell adhesion, it was proposed that ORP2 promotes FAK/integrin recycling while regulat-
ing cholesterol distribution into the PM at the level of LE-recycling endosome interaction
(231). Consistently, overexpression of GFP-ORP2, but not the PIP2 binding-deficient mu-
tant (ORP2-mHHK), led to colocalisation with NPC1-mCherry and intensified anti-PIP2
signals (231). In addition to reduced cell adhesion, ORP2 depletion was linked to dimin-
ished FAK membrane association and phosphorylation. Binding to membranous PIP2 is
a known mechanism of FAK activation, thus ORP2-mediated exchange of cholesterol for
PIP2 does not seem an obvious activator of FAK. However, by imaging the association of
fluorescently labeled FERM (PIP2 binding site of FAK) and PIP2-containing giant unil-
amellar vesicles, Takahashi and colleagues suggested cholesterol to enhance PIP2-induced
activation of FAK (70, 231).

Taken together, cholesterol is a critical regulator of FA formation by controlling cell
membrane order, raft-associated signalling, including FA and cytoskeletal turnover, and
intracellular recycling and transport mechanisms.

1.3 The role of Annexin A6 in cholesterol transport, focal
adhesion formation, and cell migration

Over the last decade, Annexin A6 (AnxA6), a Ca2+-dependent membrane-binding protein,
has gained increasing attention as a regulator of endocytic and exocytic pathways including
cholesterol transport (49).

AnxA6 binding to late endosomal membranes is influenced by the cholesterol content
and thereby regulates the Tre-2/Bub2/Cdc16 domain familymember 15 (TBC1D15)/Rab7/
StARD3 axis (Figure 1.4). In CHO cells, about 75% of the AnxA6-membrane associa-
tions are Ca2+-dependent, 25% are Ca2+-independent and found in endosomal membranes.
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Figure 1.4: Late endosomal cholesterol transporters and co-proteins associated with choles-
terol egress. ILV: intraluminal vesicles, NPC1/2: Niemann–Pick Type C1/2, AnxA6: Annexin
A6, TBC1D15: Tre-2/Bub2/Cdc16 domain family member 15, ORP1L: OSBP-related protein 1L,
StARD3: Steroidogenic acute regulatory (StAR)-related lipid transfer domain containing 3. Image
was adapted from (165).

Ca2+-independent association of AnxA6 with LE decreased by digitonin-mediated choles-
terol depletion and increased by LDL-cholesterol loading showing its sensitivity to choles-
terol levels (42). Cubells et al. demonstrated overexpression of AnxA6 to be associated
with cholesterol accumulation in LE and concomitant depletion of cholesterol at the PM
and Golgi, reminiscent of the NPC1 mutant phenotype (38). This was explained by the
finding that LE-associated AnxA6 triggers the recruitment of TBC1D15, a Rab7 GTPase
activator, which acts as a negative regulator of Rab7 signalling (155). Rab7 is critical
for endocytic structure/Lys fusion and the formation of MCS (membrane contact sites) to
enable non-vesicular lipid transport between endosomes, the ER, and the Golgi (23, 32,
155). Consistently, in NPC1 mutants, Choudhury et al. showed overexpression of Rab7 to
restore cholesterol delivery to the Golgi and to reduce cholesterol accumulation in LE/Lys
(32). As cholesterol-controlled AnxA6 binding to LE seems to prevent cholesterol transfer
to the Golgi by downregulation of Rab7 activity, Meneses et al. hypothesised restored
cholesterol distribution upon AnxA6 depletion and consequent upregulation of Rab7 in
NPC1 mutant cells (155). Consistent with this, they showed that cholesterol egress and
peripheral distribution of LE were rescued in a Rab7-StARD3-dependent manner (155).
Respectively, MCS were reduced in NPC1-deficient CHO M12 cells but increased with
additional AnxA6 knockout (CHO M12-A6ko) (155). However, membrane bridging and
cholesterol transport at the MCS seem to be two different mechanisms (155). The endo-



Chapter 1. Introduction 17

somal membrane protein StARD3 can build a complex with its ER-based binding partner
VAP-Awhich enables efficient cholesterol transport between the ER and endosomes (258).
In CHOM12-A6ko cells, StARD3 lack of function inhibited the rescuing effect of AnxA6
depletion, although the number of MCS remained stable (155). Another known choles-
terol transfer route between the ER and LE involves ORP1L - VAP-A interaction, however,
ORP1L requires NPC1 function and the CHO cells used in the study lackedORP1L expres-
sion (155, 271). Thus, AnxA6 depletion can rescue cholesterol accumulation in NPC1
mutant cells by promoting Rab7-StARD3-mediated formation of MCS and cholesterol
transfer.

AnxA6 alters the intracellular distribution of cholesterol which affects cell migra-
tion by inhibiting intracellular vesicular trafficking. While AnxA6 overexpression causes
cholesterol accumulation in LE/Lys, other compartments such as the PM or Golgi are
reduced in their cholesterol content (38). Studying CHOanx6 cells, a CHO cell line over-
expressing AnxA6, Cubells et al. reported cholesterol sequestration to be accompanied by
caveolin-1 (Cav-1) and caveolin-3 (Cav-3) accumulation in the Golgi (38). Caveolins are
structure proteins of caveolae at the cell surface and travel between the Golgi and PM in
a cholesterol-dependent manner (179). Caveolae are cell membrane pits characterised by
a lipid raft-like higher-order structure and their major membrane proteins the caveolins.
Caveolae can undergo endocytosis and fuse with endosomal vesicles, they later can be
recycled to the cell surface or ubiquitylated for degradation. The coordination of caveolae
dynamics is modulated by the actin- and microtubule-cytoskeleton and plays an important
role inmechanotransduction (173). Cav-1 has been shown to regulate FA turnover and pro-
mote cell migration via Src- and ROCK-dependent signalling (105). To examine whether
direct AnxA6 - caveolin interaction may cause caveolin retention in the Golgi, Cubells et
al. searched for colocalisation of AnxA6 and Cav-1 using an immunoprecipitation and
colocalisation assay, of which both were negative (38). Cav-1 accumulation was also seen
in AnxA6-depleted A431 cells upon treatment with the NPC1 inhibitor U18666A while
cholesterol treatment of CHOanx6 could reduce Cav-1 accumulation in the Golgi (38).
Intracellular cholesterol distribution appeared to be the predominant factor regulating the
exit of caveolin from the Golgi. Consistent with the sequestration of caveolin in the Golgi,
AnxA6-overexpressing cells had fewer caveolae on the cell surface. Comparing CHOWT
to CHOanx6, a reduction in caveolae of 61% was determined (38).

Export from the Golgi is promoted by cytoplasmic phospholipase A2 (cPLA2)-
mediated Golgi vesiculation in a cholesterol-dependent manner. With increasing choles-
terol levels in theGolgi, cPLA2 is recruited to theGolgimembrane and generates lysophos-
pholipids and arachidonic acid (AA) that are required to create a membrane bulge to enable
later vesiculation and dispersal (49). Consistently, in CHOanx6 cells, cPLA2 association
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with the Golgi as well as cPLA2 activity were reduced (38). However, since somemembers
of the annexin family such asAnxA1 andAnxA5 have been shown to inhibit cPLA2 activity
(24, 117), AnxA6 might also act as a direct effector of the Golgi transport system. More-
over, AAhas been indicated as a positive regulator of SNAREcomplex formation (34, 191),
which is a prerequisite for membrane fusion and consequently for vesicular trafficking. In
CHO cells overexpressing AnxA6, the SNARE proteins synaptosome-associated protein
23 (SNAP23) and Stx4 accumulated in Golgi membranes with enhanced colocalisation to
caveolin, which they are thought to be responsible for transporting (181). Anx6-induced
accumulation of SNAP23 and Stx4 was linked to impaired exocytic secretion, e.g. of FN
(190).

AnxA6-induced depletion ofGolgi cholesterol impairs integrin recycling by interfering
with Stx6 localisation to the Golgi. The tSNARE Stx6 plays an import role in integrin
recycling and cholesterol trafficking between LE and the Golgi (189, 195). Upon AnxA6
overexpression, Stx6 was displaced from the TGN to scattered cytoplasmic vesicles, which
was accompanied by reduced integrin molecules at the cell surface of CHOanx6 cells as
determined by flow cytometry (59). This was mimicked by depletion of Stx6 in CHOWT
cells (59). Since increased colocalisation of Stx6 with the recycling endosome markers
Rab11 and VAMP3 but decreased formation of Stx6-VAMP4 (TGN marker) complexes
were observed in CHOanx6 cells, the authors concluded an association deficit between
Stx6 and Golgi membranes (59).

AnxA6 can regulate migration by downregulation of EGFR/Ras signalling and direct
F-actin interaction. Like the other annexins, AnxA6 can bind to cellular membranes
in a Ca2+-dependent manner, moreover its protein structure contains binding sites for
the Ras inhibitor GTPase-activating protein (GAP) p120GAP and F-actin (75). The
EGFR/Ras/MAPK pathway plays an important role in cancer development and dysreg-
ulation of oncogene Ras has been linked to multiple cancer types, e.g. breast cancer,
melanoma, and lung cancer (151). p120GAP catalyses the hydrolysation of GTP, by which
it downregulates Ras activity, and is the only known EGFR-associated GAP (103, 150,
253). Several cancer studies have linked AnxA6 loss of function to increased EGFR/Ras
activity, suggesting AnxA6 to modulate EGFR/Ras signalling by promoting p120GAP
recruitment to the cell surface (74, 241). EGFR localisation within lipid rafts and cave-
olae has been discussed controversially since results are inconsistent (73). However, as
AnxA6 can impact the formation of these membranous microdomains by cholesterol se-
questration, this might be another mechanism by which AnxA6 can influence EGFR/Ras
signalling (73).

Furthermore, AnxA6 may regulate migration by direct interaction with the actin-
cytoskeleton. With increasing intracellular Ca2+ levels, AnxA6 is targeted to the cell
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surface where it can form a membrane-F-actin complex. In human embryonic kidney
cells, the interaction between membrane-targeted AnxA6 and F-actin led to cytoskeletal
rearrangments including the formation of cortical actin and to a F-actin-dependent de-
crease of store-operated Ca2+ entry (SOCE) (159). In cardiomyocytes, AnxA6-mediated
reduction of Ca2+ entry negatively affected cardiomyocyte contractility (81).

AnxA6 is a positive regulator of autophagy, which in turn can promote FA degra-
dation and cell migration. Grewal and colleagues proposed AnxA6 to play a role in
autophagosome biogenesis (48). Accordingly, in HeLa cells, AnxA6 is upregulated in
starvation-induced autophagy and the latter is impaired by AnxA6 loss of function (230).
While starvation-induced autophagy is rather unselective in the uptake of cellular com-
ponents, FA disassembly requires high selectivity for FA sites (112). This is achieved
by autophagy cargo receptor proteins which bind the substrate and also interact with
microtubule-associated protein 1A/1B light chain 3 (LC3) on the autophagosomal mem-
brane (112, 228). During autophagosome formation, cytoplasmic LC3-I is converted
to membrane-bound LC3-II, which localises specifically to autophagosome membranes
and correlates with the rate of autophagy (106). In cervical cancer, Sun and colleagues
correlated the expression of AnxA6 and LC3, and showed AnxA6-induced autophagy
to suppress tumour growth (230). Morever, in head and neck squamous cell carcinoma,
AnxA6-induced autophagy by inhibtion of Akt and mTOR phosphorylation was linked to
metastasis and invasion (250).

1.4 Aims

The mechanisms by which cholesterol influences tumour growth and metastasis are not
fully understood. This work aims to investigate the role of LDL-cholesterol in FA forma-
tion and cancer cell migration. Building on recent findings by Grewal and colleagues, it
was hypothesised that LDL-cholesterol released from LE in AnxA6-depleted CHO M12
cells could be delivered to the PM and support the formation and function of specialised
structures such as FA, which are required to promote cell migration. Aiming to elucidate
the regulatory circuits linking intracellular LDL-cholesterol trafficking with themachinery
that drives migratory cell behaviour, the protein levels of enzymes involved in intracel-
lular cholesterol dynamics and the number, (co-)localisation and size of FA components
visualised by immunofluorescence-labelled FA markers will be analysed using the CHO
cell models CHO wild type (WT), CHO M12 and CHO M12-A6ko.

Since cholesterol trafficking is critical for FA dynamics and cell migration behaviour, a
loss of serum-induced migration in CHO M12 and a restoration of this cellular behaviour
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in AnxA6-depleted CHO M12 cells was hypothesised. Starvation is a known trigger of
autophagy and AnxA6 has been suggested to play a role in autophagosome biogenesis (48,
85, 100, 230). Therefore, different levels of autophagic activity are expected between the
CHO cell lines andwill be determined by analysing the endosomal proteins and autophagic
markers LC3-I/II, ATGL and Rab7.

Previous studies used MβCD, an unphysiological method to deplete cholesterol at the
PM, which impaired FA function, in order to demonstrate a role for cholesterol in FA
distribution and assembly (71, 251). These studies did not visualise cholesterol at the
cell surface. To study the distribution of cholesterol under more physiological conditions,
mCherry-labelled D4H, a biosensor for membrane-bound cholesterol in organelles and at
the PM (148), will be used comparing CHO WT and NPC1 mutant cells. It is speculated
that cholesterol release upon depletion of AnxA6 in M12 cells could improve cholesterol
delivery to the periphery to support FA formation at the cell edge. To assess the ability
of a cell to form FA, differences in the number, distribution and size of FA and cell size
as a marker of cell attachment must be identified. Also, problems with FA assembly
in cholesterol-depleted cells are hypothesised, suggesting reduced colocalisation of key
FA markers such as FAK, vinculin and paxillin, and also reduced colocalisation of FA
markers with cholesterol, since cholesterol depletion from the PM has been associated
with impaired FA function (71, 251). As above, a rescueing effect of additional AnxA6
knockout in CHO M12 is suggested.
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Chapter 2

Methods

2.1 Tissue culture

2.1.1 Cell cultivation

To investigate the role of LDL-cholesterol in FA assembly and cell migration of cancer
cells, the wild type Chinese hamster ovary (CHO) cell line K1 (WT) (182) and two
Niemann-Pick type C1 (NPC1) mutant CHO cell lines were used: CHO M12, in which
the locus for the cholesterol transporter NPC1 was deleted (156) and CHO M12-A6ko,
which are CHOM12 cells with a stable annexin A6 (AnxA6) knockdown generated using
CRISPR/CAS technology (155). Cultivation was executed in 75cm2 flasks at 37℃, 95%
relative air moisture and 5% CO2. Cells were grown in Ham’s nutrient mixture F12,
containing 1.0mM L-glutamin, supplemented with 10% fetal bovine serum (FBS) and 1%
Pen-Strep (100 Units/ml penicillin, 100µg/ml streptomycin).

Cell passaging

For cell passaging, cells were washed with 3-5ml phosphate buffered saline (PBS) and de-
tached by a 2-minute incubation in 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA)
at 37℃. Subsequently, trypsinisation was stopped with 8ml growth media. In the splitting
step, cell aliquots were taken and diluted 1/10 in fresh growth media.

Cell storage

For long-term storage, cells were transferred into dimethyl sulfoxide (DMSO)-containing
freezing media and shelved at -80℃. In detail, cells were washed with 3-5ml PBS,
detached by 0.05% trypsin-EDTA, diluted in up to 10ml growth media and transferred
into a 15ml centrifuge tube. Then, tubes were centrifuged at 1,500rpm (~180 x g) for 5min,
resuspended in 5ml PBS and again centrifuged as above. Finally, cells were resuspended
in 1.5ml media (10% FBS) followed by addition of 1.5ml freezing media (40% FBS, 20%
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DMSO). Aliquots of 750µl were taken and instantly incubated on ice for one hour before
being transferred to -80℃.

To recover frozen cells, cryo tubes were quickly thawed in a 37℃ heated waterbath
and suspended in 5ml growth media. After 5min centrifugation at 1,500rpm (~180 x g),
resuspension in 5ml PBS and another 5min of centrifugation, cells were diluted in 5ml
growth media and grown in a 25cm2 flask.

Cell plating

For the execution of experiments, cells were grown on 6-well plates. Therefore, cells
were detached, diluted in growth media up to 10ml, centrifuged as described above and
resuspended in 5ml growth media. To ensure comparable confluency across all cell
lines within one experiment as well as over a number of experiments, the procedure
was performed as follows: cells were trypsinised (see Chapter 2.1.1), counted using
a hemocytometer, and 1.5x105 cells/well for microscopy, 2x105 cells/well for western
blotting and 5x105 cells/well for scratch assays were plated.

Transient transfection

A common method for microscopy-based localisation studies is the transfection of expres-
sion vectors expressing fluorescently labelled recombinant proteins. For DNA uptake, the
transfection reagent Lipofectamine® LTX (Invitrogen) was used following the manufac-
turers’ instructions. Prior to the transfection step, the transfection reagent was prepared
for a 6-well plate as follows: For each well 1.5µg DNA and 4µl Lipofectamine® were
separately diluted in 250µl Opti-MEM™ media. After allowing the Lipofectamine® to
form liposomes for 5min, both solutions were mixed and incubated for 20min. In the
meanwhile, cells were washed with 1ml PBS and covered with serum-free media. Then,
500µl Lipofectamin®-DNA solution was added to each well. Cells were incubated for 5h
before replacing the DNA-media mix with normal growth media (F12 + 10% FBS).

Cell lysis

Cell lysis was carried out as described by Grewal and co-workers using 20mM Tris-
HCl (pH 7.5), 2mM EDTA, 100mM NaCl, 5mM MgCl2, 1% (v/v) Triton X-100, 5mM
NaF, 10% (v/v) glycerol, 0.5% (v/v) 2-mercaptoethanol, 0.1mM Na3VO4, and protease
inhibitors (79) (see Appendix B.16 & B.17). For each well, 100µl ice-cold lysis buffer
was applied, cells were subsequently scraped and transferred to an reaction tube. After
20min incubation on ice, samples were centrifuged at 14,000rpm (~20,900 x g) and 4℃
for 5min. The pellet was discarded and the supernatant collected for further processing.
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2.2 Biochemical methods

2.2.1 Protein quantification - Lowry assay

To determine the protein concentration of cell lysates the Lowry method was used (144).
Therefore, a standard curve for bovine serum albumin (BSA) (1mg/ml) was prepared as
shown in table 2.1. Further, 5µl of each lysate was diluted in 395µl H2O.

Table 2.1: BSA Standard Curve

No. BSA [µl] H2O [µl]
1 0 400
2 2.5 397.5
3 5 395
4 7.5 392.5
5 10 390
6 15 385
7 25 375
8 50 350

Table 2.2: Lowry Solution

for 10ml [ml]
Solution A 9.7
Solution B 0.15
Solution C 0.15

In the next step, Lowry solution consisting of solution A, B and, C (table B.10, B.11,
B.12) was freshly prepared as shown in table 2.2 and 1ml added to each sample. While
incubating the Lowrymix for 10min, folin solution was prepared (1:3 folin reagent in H2O)
and 0.125ml added. After 30min incubation, the absorbance at 750nm was measured. To
limit pipetting errors, all samples were prepared as duplicates and the standard curve
calculated by regression analysis estimating the relation of protein concentration and
absorbance. Then, the protein concentrations of samples were determined by applying the
obtained function on the mean absorbance values.

2.2.2 Gel electrophoresis and western blotting

Gel electrophoresis

Aiming to analyse single proteins, the components within a sample must be separated.
Therefore, sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis, a method
filtering molecules by size (224), was applied using 0.75mm mini-gels. The compounds
as shown in table 2.3 and 2.4 were prepared. The sample solution was composed of 30µg
protein, 4µl 5x Laemmli sample buffer (LSB, table B.15) and destilled H2O (dH2O).
For protein denaturation, the solution was incubated at 95℃ for 5min, then placed on ice
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for 5min followed by another 5min centrifugation at 14,000rpm (~20,900 x g) to remove
precipitated debris. As protein size marker, 4µl Precision Plus Protein™ Dual Color
Standards were loaded. Gel electrophoresis proceeded in 1x running buffer (table B.5)
at 200V for approximately 1h. Detailed buffer compositions can be found in Appendix B.

Table 2.3: 12% Resolving Gel

12% Resolving Gel 1 Gel
Aqua dest. 3.4ml
40% Acrylamide/N,N’-
Methylenebisacrylamide
(37.5:1)

2.4ml

1.5M TrisHCl pH 8.8 2ml
10%(w/v) SDS 80µl
10% APS 80µl
TEMED 8µl

Table 2.4: 4% Stacking Gel

4% Stacking Gel 1 Gel
Aqua dest. 2.9ml
40% Acrylamide/N,N’-
Methylenebisacrylamide
(37.5:1)

0.75ml

0.5M TrisHCl pH 8.8 1.25ml
10%(w/v) SDS 50µl
10% APS 50µl
TEMED 5µl

Western blotting

After gel electrophoresis, the separated proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane by performing a wet transfer, a technique first published in
1979 (188). Therefore, the membrane was activated for 30sec in methanol, washed for
1min in dH2O and 5min moistened in 1x transfer buffer (table B.7). Two tissue pads and
six filter paper were moistened, too. Then, gel and membrane were trapped between three
filter paper at each side and an outer layer of tissue pads. The sandwich was placed in a
transfer tank filled with 1x transfer buffer and the transfer was run for 1h at 100V. More
detailed instruction are given by Mahmood and co-workers (149).

To reduce unspecific binding, the membrane was blocked by incubating either with 5%
skim milk diluted in Tris-buffered saline, 0.1% Tween (TBS-T, table B.9) or in 5% BSA,
when analysing phosphorylated proteins, for 1h. After blocking, the primary antibody,
diluted 1:1000, was applied on the membrane in small drops, a technique as described by
Pan and co-workers (169), and left overnight at 4◦C. Then the membrane was washed in
three steps, first for 15min then twice for 5min. The secondary antibody, diluted 1:2000,
was applied equally to the first but left for 1h at room temperature. After incubation, the
three-step-washing was repeated.
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For visualisation the ChemiDoc Touch Imaging System by BioRad with the Image
Lab™ Touch Software was utilised. To do so, Clarity™ Western ECL (enhanced chemi-
luminescence) substrates by BioRad were mixed 1:1 and distributed on the membrane’s
surface just before imaging. Densitometric analysis was performed using ImageJ (version
1.52a) software.

To correct unequal loading, the signal intensities were normalised to an internal load-
ing control, in case of phosphoproteins, to the western blot signal obtained for the total
protein. All antibodies used can be found in table B.18.

To reuse PVDF membranes, antibodies were stripped off the membrane by washing
twice for 10min with mild stripping buffer (table B.14), twice for 10min with PBS
and twice for 5min before restarting the blocking process. This method was executed
following the protocol provided by Abcam (https://www.abcam.com/protocols/western-
blot-membrane-stripping-for-restaining-protocol).

2.2.3 DNA preparation

The expression of fluorescently tagged cDNA using plasmid DNA is a well-established
method for microscopy-based protein localisation studies. Common fluorescent proteins
used as protein tags are the green fluorescent protein (GFP) (217) or the red fluorescent
mCherry (215). To obtain a sufficient quantity of plasmid DNA, the DNA of interest was
multiplied and extracted from bacteria.

LB agar plate preparation

For the preparation of 10 plates, 500ml LB (lysogeny broth) agar was assembled as listed in
table B.24. After autoclaving, the solution was left to cool down to 50℃, then kanamycin
was added up to a final concentration of 50µg/ml. The liquid media was promptly poured
into Petri dishes. Hardened LB agar plates were incubated at 37℃ overnight, afterwards
stored at 4℃, in an inverted position and air-sealed.

Bacterial transformation

Starting the transformation following the manufacturers’ instructions, 5ng plasmid DNA
was added to 30µl competent E. coli HB101 cells (> 108c f u/µg) and incubated on ice
for 30min. The samples were heated up for 30sec at 42℃ and subsequently placed onto
ice for 2min. Then, 500µl LB media, without antibiotics, was added and the tubes tucked
in a shaking incubator at 37℃ for 1h. In the next step, 400µl sample was spread evenly
on kanamycin (50µg/ml) containing LB agar plates. LB agar plates with plated bacteria

https://www.abcam.com/protocols/western-blot-membrane-stripping-for-restaining-protocol
https://www.abcam.com/protocols/western-blot-membrane-stripping-for-restaining-protocol
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were incubated upside down at 37℃ overnight. The following day, single colonies were
picked using sterile 200µl pipette tips. Tips were dropped into 3ml LB media (50µg/ml
kanamycin) and tubes placed into the 37℃-heated shaking incubator. After 2-3 days,
bacterial cultures had reached an OD6001 ≥ 1-2 and DNA was ready for extraction.

Plasmid purification

For plasmid harvest, the DNA was isolated using the QIAprep® Spin Miniprep Kit from
Qiagen®. In the first step, following the protocol provided by Qiagen® (183), the bacterial
cultures were centrifuged at > 8000rpm (~ 6800 x g) for 3min and the pellets resolved in
250µl resuspension buffer P1, containing EDTA and RNase A. To continue, samples were
transferred to 1.5ml reaction tubes. After cell lysis with NaOH and SDS by incubation
with 250µl buffer P2 for 5min. Lysis was stopped with 350µl buffer N3 and samples were
centrifuged for 10min at 13,000rpm (~17,900 x g). The supernatant was then applied to a
QIAprep® spin column and centrifuged 30sec with the same settings. Next, the columns
were washed first with 500µl buffer PB, repeating the 30sec-centrifugation, then with
750µl buffer PE and again centrifuged for 30min as above. To remove residual buffer,
tubes were centrifuged for 60sec. For DNA elution, columns were placed into a clean
tube and treated wit 60µl buffer EB. After 1min incubation, columns were centrifuged for
1min. The eluate was collected and DNA concentration was determined.

2.3 Microscopy

2.3.1 Biochemical methods for slide preparation

Slide preparation

For microscopy-based methods, cells were grown on coverslips with a diameter of 15mm
and 1mm thickness. Each 6-well-plate well was equipped with two in ethanol stored
coverslips, left to dry for 20min under UV light and washed extensively with PBS before
plating 1.5x105 cells. The next day, the transfection of plasmid DNA was performed as
described in Chapter 2.1.1.

Cell fixation, immunostaining and slide mounting

48h after transfection, cells were fixed with 4% formaldehyde for 20min and then washed
four times for 5min with PBS. Next, cells were permeabilised applying 0.3% Triton-X for
10min. If proteins of interest were meant to be visualised by immunostaining, cells were

1Optical density at 600nm
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blocked with 1% BSA diluted in 0.3% Triton-X. Otherwise, cells were washed in PBS,
stained with light-sensitive 6-diamidino-2-phenylindole (DAPI, 1:1000) for 10min and
mounted onto microscope slides. For immunostaining, blocked cells were incubated for
60min with 1:500 diluted primary antibody, washed three times for 5min with PBS, and
stained with an Alexa Fluor® fluorescent secondary antibody, diluted 1:300, for 45min,
protected from light. Subsequently, cells were incubated 10min in 1:1000 DAPI-PBS
solution and three times for 5min washed with PBS. To mount coverslips onto microscope
slides, coverslips were dipped into dH2O, carefully dried and mounted using 10µl Mowiol
each. Approximately 1-2 days after mounting, cover slips were sealed using nail polish
and stored light-protected at 4℃.

2.3.2 Microscopy imaging and image analysis

Fluorescent microscopy was performed using a Leica DM5500 microscope equipped with
a Leica HCX PL Fluotar 63x1.25 NA oil objective. Images were taken with a Leica
DFC395 FX digital camera. The microscope was equipped with an EL6000 metal halide
light source and the following laser settingswere used for imaging: To detect DAPI staining
a laser with an excitation between 340-380nm, a 400nm beam splitter and an emission
between 450-490nm was used. For GFP and Alexa Fluor®488 detection, the excitation
was between 460-500nm, the beam splitter 505nm and the emission between 512-542nm.
For mCherry, near-infrared fluorescent protein (iRFP) and Alexa Fluor®594 visualisation,
the laser was set up with an excitation between 540-552nm, a beam splitter of 565nm and
emission between 580-620nm. The white light laser excited waves between 590-620nm,
had a beam splitter of 660nm and an emission of 662-738nm. For imaging, the computer
software Leica LAS X v.1.1.0.12420 was used. Further image processing was done with
the software FIJI (ImageJ 2.0.0-rc-68/1.52h). The images were not manually spatially
calibrated, but scaled to 6.1833 pixels/micron on the basis of the image information. The
unit pixel (px) was therefore used where suitable.

Focal adhesion counting

For the detection and quantification of focal adhesions (FA) using FIJI (see above), the
experimental approach was modified based on the method of Horzum and co-workers
(92). Images were initially background subtracted with a 50.0-pixel rolling ball radius
and adapted in brightness. Then, the mathematical function ‘Exp’ was run and the plugin
‘Mexican Hut Filter’ applied. A region of interest (ROI) was chosen and the threshold
adjusted using the ‘B&W’ setting with ticked ‘Stack histogram’. As the upper threshold
the maximum of 65535 was set, the lower limit was selected by eye, depending on the
image quality. Fluorescent signals with an approximate size of > 0.25µm2 were selected
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for counting. To count the structures within the ROI, the function ‘Analyze Particles...’
was run.

Colocalisation analysis

Aiming to quantify the colocalisation of structures given by two stainings it was proceded
as described by Vadim and Olga Zinchuk (276). Using FIJI, images were background
subtracted and adapted in brightness before analysing the overlap with ‘Coloc2’. To
quantify a rough impression of colocalisation, Pearson’s R value (no threshold) was used,
disregarding p-values or warnings.

In a second approach, the intensities of two stains measured along a defined straight
line through the cell body or along the cell surface were analysed. The images were
background subtracted with a 50.0 pixel rolling sphere radius and brightness adjusted. A
straight line was drawn through the area of interest and the ‘Plot Profile’ function was run
separately for each stain. The coordinates (distance vs. intensity) were downloaded and
an overlay of both intensity profiles was generated using the programming language R
(version 4.0.0).

Focal adhesion size analysis

To determine the area occupied by a FA, images were background subtracted and adapted
in brightness. In contrast to Chapter 2.3.2, no further mathematical processing was
applied. An ROI was chosen and the threshold adjusted as described in Chapter 2.3.2.
Before analysing particles, measurement settings were adapted to display the particle area.
Fluorescent signals with an approximate size of > 0.25µm2 were selected for counting.

2.4 Statistical analysis

To investigate the role of LDL-cholesterol in FA formation a multi-group design with three
test groups was used (table 2.5). Statistical calculations and graphics were performed
using the programming language R. The statistical parameters mean (Equation 2.1),
standard deviation (SD, Equation 2.3), and mean absolute deviation (MAD, Equation
2.4) were used to describe the data. For the exact definition, see the formulas below, with
x1, x2, ..., xn being the data sample, µ the expected value and p the probability of a random
variable x.

Mean : x =
1
n

n

∑
i=1

xi =
x1 + x2 + ... + xn

n
(2.1)
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Variance : σ2 = ∑
i≥1

(xi − µ)2pi (2.2)

Standard deviation : σ =
√

σ2 =

√
∑
i≥1

(xi − µ)2pi (2.3)

Mean absolute deviation : d0.5 =
1
n

n

∑
i=1
|xi − x| (2.4)

Table 2.5: Test Groups

Group Cell line Characteristics
1 CHO WT Control
2 CHO M12 NPC1 locus deletion, late endosomal

LDL-cholesterol sequestration
3 CHO M12-A6ko NPC1 locus deletion with additional

AnxA6 knockout, LDL-cholesterol re-
lease

2.4.1 Statistical analysis of focal adhesion characteristics

At steady state, groups were compared using the one-way ANOVA statistical test, when
analysing the effect of a treatment, two-way ANOVA was used. Statistical tests within a
single experiment were corrected using the Tukey’s post hoc test. However, as the focus
was on identifying differences between groups, it was not corrected for multiple testing
across all experiments, as small effects might have gone undetected.

2.4.2 Statistical analysis of western blot signals

Densitometric WB results were presented in bar plots, each showing data from a single
experiment (n = 1). Samples were blotted as singlet or doublet, for the latter, the mean
and MAD were calculated. WB results were normalised to the WB signal of a stably
expressed protein in all three cell lines, such as actin or TBC1D15. All results of a tested
protein were set in relation to the WT control, which corresponds to 100% (1.0). Thus,
the relative values or relative means (RM) in the case of singlets or doublets, respectively,
were displayed in the bar plot. For doublets, the relative normalised MAD was shown as
an error bar. No statistical tests were performed on the WB densitometric data due to the
small sample size.
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Chapter 3

Results

Intracellular cholesterol supply is a crucial regulator of cell migration. The Grewal group
recently demonstrated that cholesterol accumulation in late endosomes (LE) of Niemann-
Pick type C1 (NPC1) mutant cells (CHO M12) and annexin A6 (AnxA6) overexpressing
CHO cells, which are characterised by an NPC1-mutant like phenotype, inhibits cell
migration and invasion (59, 189). In follow-up studies, Grewal and co-workers then
identified that AnxA6 depletion restored cholesterol export from LE in NPC1 mutant
cells (CHO M12-A6ko) (155). It has therefore been speculated that cholesterol pools
released from LE in AnxA6-depleted CHO M12 cells could be delivered to the cell
surface and support the formation and functioning of cholesterol-enriched and specialised
structures (focal adhesions, FA) required to promote cell migration. Therefore, to gain
insight into the regulatory circuits linking the uptake, transport and metabolism of LDL-
derived cholesterol with the machinery driving migratory cell behaviour in the above-
mentioned CHO cell models (CHO WT, M12 and M12-A6ko), the relative protein levels
of cholesterol-modifying enzymes were compared, the number, location and size of FA
were analysed using immunofluorescence-labelled FA markers, and the distribution and
colocalisation of FA components were assessed in the CHOWT, M12 and M12-A6ko cell
lines.

3.1 Characterisation of proteins involved in cholesterol
homeostasis and focal adhesion assembly inCHOcells
lacking NPC1 only or both NPC1 and AnxA6

The relative protein levels of cholesterol-modifying enzymes and FA signalling molecules
were analysed to confirm the expression or depletion of the proteins in the cell lines and
to get an impression of the differential protein levels between the cell lines. Based on
densitometric analysis, results were marked as increased if they were more than 1.5 times
the western blot (WB) signal of the WT control and as decreased if they were less than
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0.75 times the WB signal of the WT control. The bar plots show the result of single
experiments (n = 1).

3.1.1 Comparison of lipoprotein receptors, regulatory endocytic pro-
teins and enzymes involved in cholesterol homeostasis

Figure 3.1: Western blot analysis of proteins involved in cholesterol homeostasis and focal
adhesion assembly in CHOWT, M12 and M12-A6ko. (A-B) Cell lysates from CHOWT, CHO
M12 and CHO M12-A6ko grown in 10% FBS containing media were prepared and analysed by
western blotting (WB) as described in Methods (Chapter 2.2.2). The left panels show the WB
analysis of Niemann-Pick type C1 (NPC1), annexin A6 (AnxA6), low density lipoprotein receptor
(LDLR), Rab7 and β-actin (actin). The right panels show WB signals obtained for hormone-
sensitive lipase (HSL), adipose triglyceride lipase (ATGL), ABC transporter A1 (ABCA1), sterol
regulatory element-binding protein 2 (SREBP2) and CD36. Arrowheads indicate the mature
form and precursor of LDLR and the premature (upper) and mature (lower) form of SREBP2,
respectively. (C-D) The protein levels were quantified using ImageJ and normalised to the β-actin
signal (n.d.: not detected). Results of a tested protein were set in relation to the WT signal, which
corresponds to 100% (1.0). The relative mean (RM) of doublets and the relative mean absolute
deviation (MAD) are given.

Initially the expression patterns of lipoprotein receptors, regulatory endocytic proteins,
and enzymes involved in cholesterol homeostasis were compared using WB. Whole cell
lysates fromWT,M12 andM12-A6ko cells grown in full serum (10% FBS) were prepared
and duplicates of the same sample from each cell line were separated by SDS-PAGE
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electrophoresis, followed by transfer onto PVDF membranes. Then membranes were im-
munoblotted for NPC1, AnxA6, LDLR, Rab7, HSL, ATGL, ABCA1, SREBP2 and CD36
(Figure 3.1A-B). All WB signals were quantified using ImageJ and normalised to the
β-actin signal (Figure 3.1C-D).

TheWB analysis confirmed the lack of NPC1 expression in CHOM12 andM12-A6ko
cells and the AnxA6 knockout in CHO M12-A6ko cells. LDLR protein levels, which
often appear as a mature and precursor form in WB, were highly elevated in M12-A6ko
cells (relative mean (RM) = 6.14), this might indicate AnxA6 affecting the feedback loop
that controls LDLR expression. The relative protein levels of Rab7, a GTPase in LE,
were comparable in all three cell lines. To examine whether cholesterol exit from LE by
AnxA6 depletion might impact on enzymes capable of hydrolysing cholesteryl esters in
lipid droplets, the protein levels of HSL and ATGL were determined. HSL and ATGL
quantities were increased in AnxA6-depleted CHO M12 cells (HSL: RM = 2.62, ATGL:
RM = 2.08). This could indicate that an increased ability of M12-A6ko cells to store
cholesteryl esters may alter HSL and ATGL levels and function. Furthermore, the protein
level of the ABCA1 transporter was reduced in CHO M12-A6ko (RM = 0.52) compared
to CHO WT cells. The WB signalling quality of SREBP2 and CD36 was unsuitable for
densitometric analysis, but both appear to be expressed in all three cell lines.

Taken together, AnxA6 depletion in NPC1 mutant cells could be associated with sig-
nificant changes in the protein levels of lipoprotein and cholesterol transporters (LDLR,
ABCA1), and lipid storage-modifying enzymes (HSL, ATGL), which might lead to
changes in cholesterol homeostasis and cholesterol-dependent cellular functions.

3.1.2 Comparison of expression patterns in serum-stimulated CHO
WT, M12 and M12-A6ko cells

Based on the hypothesis that LDL-cholesterol transport to the cell surface can stimu-
late cell migration, protein levels were next compared upon activation with 20% FBS,
a common stimulus to promote cell migration (265). Therefore, cells were starved in
serum-depleted media overnight, followed by an incubation with or without 20% FBS for
45min. Then duplicates of cell lysates were prepared, separated by SDS-PAGE and the
protein levels of NPC1, AnxA6, Rab7, light chain 3 (LC3), TBC1D15 and LDLR, all with
roles in LDL endocytosis and cholesterol transport (see Chapter 1), were analysed by WB
(Figure 3.2).

NPC1 levels of WT control and 20% FBS-treated samples were comparable. The
relative protein level of AnxA6 appeared to decrease in FBS-treated WT (RM = 0.66) and
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Figure 3.2: Western blot analysis of proteins involved in cholesterol homeostasis and focal
adhesion assembly in serum-stimulated CHOWT, M12 and M12-A6ko cells. (A) Cell lysates
from CHOWT, CHO M12 and CHO M12-A6ko were starved in serum-free media overnight, and
incubated with 20% FBS for 45min. Duplicate samples were prepared and analysed by western
blotting (WB) as described in Methods (Chapter 2.2.2). Shown are the protein levels of Niemann-
Pick type C1 (NPC1), annexin A6 (AnxA6), Rab7, light chain 3 (LC3)-I (upper), LC3-II (lower),
Tre-2/Bub2/Cdc16 1 domain family member 15 (TBC1D15), and low density lipoprotein receptor
(LDLR) as indicated. (B) The relative expression levels were quantified using ImageJ (n.d.: not
detected). The WB signals of NPC1, AnxA6, Rab7, LC3-I/II, and LDLR were normalised to
TBC1D15. Results of a tested protein were set in relation to the WT signal, which corresponds to
100% (1.0). The relative mean (RM) of doublets and the relative mean absolute deviation (MAD)
are given.

also in M12 control cells (RM = 0.59). The CRISPR/Cas-generated AnxA6 knockdown
in M12-A6ko cells was also not affected after serum activation. The minor increase
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displayed for FBS-treated M12 cells is due to a decrease in TBC1D15, to which the signal
was normalised. M12-A6ko cells showed highest Rab7 protein levels in the presence
or absence of serum (control: RM = 3.09, treated: RM = 2.89). At first sight, these
findings seem to contradict findings from the previous chapter, but it should be noted these
experiments were performed in either full serum (Figure 3.1) or after overnight starvation
(Figure 3.2), which could impact on the level of Rab7 and other proteins. In addition,
TBC1D15 protein levels, a Rab7-GAP, remained relatively unchanged in the presence or
absence of serum besides the drop in FBS-treated M12 cells (RM = 0.57). To address if
overnight starvation impacted differently on the CHO cell lines, the protein levels of the
autophagy marker LC3-I/II were also determined. Herein, LC3-I levels were relatively
comparable besides the decrease in FBS-treatedM12-A6ko cells (RM = 0.69), LC3-II was
strongly increased in M12 (control: RM = 3.07, treated: RM = 5.30) and M12-A6ko cells
(control: RM = 5.29, treated: RM = 4.21), possibly indicating intensified LC3 processing
in cells lacking NPC1. LDLR expression levels were increased in M12 (control: RM
= 5.22, treated: RM = 7.14) and M12-A6ko cells (control: RM = 8.25, treated: RM =
6.49), which could indicate that starvation-induced cholesterol depletion in cells carrying
the NPC1 mutation, but not WT cells, may lead to a significant increase in LDLR levels.
Exposure of these cells to serum for 45min, which contains large amounts of LDL-like
particles, seemed not sufficient to downregulate LDLR levels in these cells.

Comparing the overall protein level profiles, a comparable pattern was recognised for
Rab7, LC3-II and LDLR. In fact, overall protein levels of all three proteins were increased
in M12 and M12-A6ko compared to WT cells. Serum stimulation further appeared to
increase Rab7 and LC3-II inWT, the latter also in M12, but not in M12-A6ko cells. Based
on these findings, a possible role for AnxA6 in mediating the cell response to an activating
stimulus under lipoprotein starvation could be suspected.

3.1.3 Western blot analysis of signalling proteins mediating cell ad-
hesion and migration

To study the role of LDL-cholesterol on FA assembly, the activation status of FAK, Src
and p130Cas was monitored, as judged by the phosphorylation of FAK (pY861, pY397),
Src (pY416), and p130Cas (pY410). Cell lysates from CHO WT, CHO M12 and CHO
M12-A6ko grown in serum-containing media were prepared and duplicates of the same
sample were analysed by WB as described (Chapter 2.2.2). Signals were quantified as
described above (Chapter 3.1.1).

Strikingly, all three cell lines expressed substantial amounts of FAK and Src kinase
(see total FAK and total Src in Figure 3.3A and C), yet, pY861 FAK (M12: RM =
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0.12, M12-A6ko: RM = 0.26) and pY416 Src (M12: RM = 0.39, M12-A6ko: RM = 0.15)
phosphorylationwere almost completely abolished inM12 andM12-A6ko cells, indicating
that FAK and Src activation could be severely compromised in cells lacking NPC1. On the
other hand, pY397 FAK phosphorylation was detectable in all three cell lines, suggesting
that FAK autophosphorylation can occur, even in the absence of NPC1 and AnxA6. In
line with compromised FAK and Src activation in M12 and M12-A6ko cells, p130Cas
phosphorylation was reduced in these cell lines (M12: RM = 0.72, M12-A6ko: RM =
0.57).

Taken together, loss of NPC1-dependent LDL-cholesterol export routes could interfere
with the activation status of key signalling proteins of the cellular migration machinery.
Despite the ability of AnxA6 depletion to restore cholesterol export from NPC1 mutant
cells, the presence of these AnxA6-dependent alternative cholesterol transport routes do
not appear to reinstate basal levels of FAK and Src activity.

Figure 3.3: Western blot analysis of signalling proteinsmediating cell adhesion andmigration
in CHOWT, M12 and M12-A6ko cells. (A-C) Cell lysates from CHOWT, CHOM12 and CHO
M12-A6ko grown in full serum (10% FBS) containing media were prepared and analysed by
western blotting (WB) for phosphorylated and total focal adhesion kinase (pY861 FAK, pY397
FAK) in (A), phosphorylated and total p130Cas in (B) and phosphorylated (pY416 Src) and total
Src in (C) as described in Methods (Chapter 2.2.2). (D) The relative protein levels were quantified
using ImageJ and normalised to the corresponding total protein signal. Results of a tested protein
were set in relation to the WT signal, which corresponds to 100% (1.0). The relative mean (RM)
of doublets and the relative mean absolute deviation (MAD) are given.
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3.1.4 Serum-stimulated activation of FAK and Src kinase in NPC1
mutant cells

Figure 3.4: Western blot analysis of FAK and Src kinase activation in serum-stimulated
CHOWT,M12 andM12-A6ko cells. CHOWT, CHOM12 and CHOM12-A6ko were starved in
serum-free media overnight, and incubated with or without 20% FBS for 45min. Cell lysates from
duplicate samples were prepared and analysed by western blotting (WB) (described in Chapter
2.2.2) for pY861 focal adhesion kinase (FAK), total FAK, pY416 Src, total Src, p-p130Cas and
total p130Cas. (B) The relative protein levels were quantified using ImageJ and were normalised
to the corresponding total protein signal. Results of a tested protein were set in relation to the WT
signal, which corresponds to 100% (1.0). The relative mean (RM) of doublets and the relative
mean absolute deviation (MAD) are given.
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The strongly reduced phosphorylation of FAK, Src kinase and p130Cas at steady-state in
NPC1 mutant M12 and AnxA6-depleted M12 cells (Figure 3.3) may indicate a role for
late endosomal cholesterol in signalling events required for FA formation. To assess the
ability of cells lacking NPC1 and/or AnxA6 to activate FAK and Src kinase, CHO WT,
M12 and M12-A6ko were serum-starved overnight, and then stimulated with or without
20% FBS for 45min (Figure 3.4). Duplicates of the same sample for each condition were
prepared and analysed by WB for phosphorylated and total FAK, Src and p130Cas as
described above (Figure 3.3).

Alike under steady-state conditions (Figure 3.3), serum starvation and/or activation
upon incubation with 20% serum for 45min did not alter total FAK and Src protein levels
in any of the three cell lines. PY861 FAK activation was apparent in all three cell lines
with and without serum activation, this could indicate that overnight serum starvation,
which also reduces cellular cholesterol levels, may already lead to FAK activation, even
in cells lacking NPC1 and/or AnxA6. On the other hand, pY416 Src phosphorylation was
stimulated upon serum stimulation in all three cell lines, in particular in the M12-A6ko
cell line (WT: control: RM = 1.0, treated: RM = 3.42; M12: control: RM = 0.64, treated:
RM = 1.60; M12-A6ko: control: RM = 2.23, treated: RM = 6.76). These findings could
suggest that all regulatory mechanisms that are required to activate Src kinase are still in
place in M12 and M12-A6ko cells. Although the WB analysis of this experiment showed
downregulated total and p-p130Cas levels in samples run in the centre of the gel, these
results should not be overinterpreted as this could be due to limiting amounts of primary
or secondary antibodies in this experiment.

Taken together, serum starvation appears to induce FAK activation independently
of NPC1 and AnxA6 expression. Moreover, Src activation upon serum stimulation was
evident inCHOWT,M12 andM12-A6ko, this could indicate that compromised cholesterol
transport in NPC1 mutants or restoration of cholesterol homeostasis in AnxA6-depleted
M12 cells may not alter the cell’s capacity to upregulate Src kinase activity.

3.1.5 Expression of late endosomal proteins in migrating cells

To investigate relative protein levels of endosomal proteins involved in cholesterol home-
ostasis during migration, a dual stimulus of 20% FBS and multiple scratching through
the cell layer was used. The multiscratch assays were performed as described in the
literature (59, 234), thereby enabling the preparation of protein lysates enriched within
migrating cells. Therefore, CHO WT, M12 and M12-A6ko were starved in serum-free
media overnight, activated for 30min with or without 20% FBS and then five longitudinal
scratches per 6-well were performed. Cell lysates were prepared and WB analysis and
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immunoblotting of NPC1, AnxA6, Rab7, LC3, TBC1D15, and LDLR (Figure 3.5) was
performed as described above (Chapter 2.2.2).

Figure 3.5: Western blot analysis of late endosomal proteins in migrating CHO WT, M12
and M12-A6ko cells. (A) CHO WT, CHO M12 and CHO M12-A6ko were starved in serum-free
media overnight, scratched and incubated with 20% FBS for 30min. Multiple (5x) scratches per
well were performed as described in the literature (59, 234). Lysates were prepared and analysed by
western blotting (WB) as described inMethods (Chapter 2.2.2) for Niemann-Pick type C1 (NPC1),
annexin A6 (AnxA6), Rab7, light chain 3 (LC3)-I (upper), LC3-II (lower), Tre-2/Bub2/Cdc16 1
domain family member 15 (TBC1D15), and low density lipoprotein receptor (LDLR). (B) The
relative protein levels were quantified using ImageJ (n.d.: not detected). TheWB signals of NPC1,
AnxA6, Rab7, LC3 I/II, and LDLR were normalised to TBC1D15. Results of a tested protein
were set in relation to the WT signal, which corresponds to 100% (1.0). The relative mean (RM)
of doublets and the relative mean absolute deviation (MAD) are given.

As expected, NPC1 was detectable in WT, but not in M12 and M12-A6ko cells, and
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slightly increased in serum-stimulated migrating cells (RM = 1.70). AnxA6 expression
was unaffected by dual stimulation in WT and M12 cells. Rab7 levels were comparable
in starved CHO WT, M12 (RM = 1.40) and M12-A6ko (RM = 1.27) cells (controls),
but upon dual stimulation decreased by approximately 30% and 66% in CHO M12 and
M12-A6ko, respectively. TBC1D15 protein levels were similar in all three cell lines
except for a decrease in the CHO M12-A6ko control (RM = 0.61), which was not seen
in stimulated M12-A6ko cells. LC3-I/II were comparable in starved WT and M12 cells
(LC3-I: M12 control: RM = 0.76, LC3-II: M12 control: RM = 1.15) though increased
in CHO M12-A6ko cells (LC3-I: M12-A6ko control: RM = 1.61, LC3-II: M12-A6ko
control: RM = 2.62). With dual activation, LC3-I levels increased in WT (RM = 1.73),
remained unaffected in M12 cells, and decreased in M12-A6ko cells by about 30%. LC3-
II levels were unchanged in WT and M12 cells, but also decreased in M12-A6ko cells
by aproximately 40% upon stimulation. However, the blot appeared to be subject to
technical artefacts, so that conclusions should only be drawn with caution. LDLR levels
were elevated in M12 cells (control: RM = 2.32), while in M12-A6ko cells (control:
RM = 1.85), the increase was less pronounced. The dual stimulus was associated with a
43% reduction in LDLR inM12-A6ko cells, while there was no effect inWT orM12 cells.

In summary, the dual migratory stimulus did not significantly alter the expression of
LDLR and the Rab7/TBC1D15/AnxA6 complex in WT and M12 cells. However, the
reduction of Rab7 and LDLR in M12-A6ko cells requires confirmation. Similarly, the
increase in autophagy markers LC3-I/II in M12-A6ko cells needs to be confirmed before
any conclusions can be drawn.

3.1.6 Src and FAK activation in migrating NPC1 mutant cells

The activation of Src and FAK kinases was then analysed in lysates from multiscratched
and serum-stimulated CHO WT, M12 and M12-A6ko cells (Figure 3.6). As described
above, cells were plated in 6-wells, starved in serum-free media overnight, and then ac-
tivated with 20% FBS for 30min after performing five longitudinal scratches per 6-well.
Lysates were prepared and WB analysis was performed as described earlier.

For better comparison of the activation status of Src and FAK kinases in the three cell
lines treated with either the double stimulus or control, SDS-PAGE of control samples
(Figure 3.6A) and stimulated samples was performed separately (Figure 3.6B). Shown
are duplicates of the same sample. In the controls, the relative levels of pY861 FAK (M12:
RM = 0.61, M12-A6ko: RM = 0.52) and pY416 Src (M12: RM = 0.73, M12-A6ko: RM =
0.70) were decreased in CHO M12 and M12-A6ko cells compared to WT (Figure 3.6A).
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Figure 3.6: Western blot analysis of Src and FAK activation in serum-stimulated and multi-
scratched CHO WT, M12 and M12-A6ko cells. CHO WT, CHO M12 and CHO M12-A6ko
were starved in serum-free media overnight, scratched (>5/well) and subsequently incubated with
or without 20% FBS for 30min. Lysates were prepared and analysed by western blotting (WB) as
described in Methods (Chapter 2.2.2). Panel (A) shows pY861 focal adhesion kinase (FAK), total
FAK, pY416 Src, and total Src that were starved overnight but not stimulated by 20% FBS nor
scratched. Panel (B) shows pY861 FAK, total FAK, pY416 Src, and total Src that were starved
overnight, serum-activated (20%FBS) and scratched (>5). (C) The relative protein levels of signals
displayed in (A-B) were quantified using ImageJ and were normalised to the corresponding total
protein signal. The mean relative expression of duplicate samples and mean absolute deviation
(MAD) is given. Panel (D) shows pY861 FAK, total FAK, pY416 Src, total Src, p-p130Cas, and
total p130Cas of the same experiment. The presence or absence of serum is indicated. (E) The
relative protein levels of signals displayed in (D) were quantified using ImageJ and were normalised
to the corresponding total protein signal. The mean relative expression of duplicate samples of the
same experiment and MAD are given.

Likewise, in double stimulated CHO M12 and M12-A6ko cells, pY861 FAK (M12: RM
= 0.58, M12-A6ko: RM = 0.74) and pY416 Src (M12: RM = 0.36, M12-A6ko: RM =
0.59) levels dropped.

To analyse the effect of the migration stimulus within the cell lines, a second loading
order was chosen (Figure 3.6D). Herein, upon double treatment, pY861 FAK levels de-
creased in CHO WT and M12-A6ko cells by 25% and 76%, respectively, but remained
unchanged in M12 cells. This could indicate defects in FAK signalling in CHO-M12 cells
when cholesterol accumulates in LE and reduces cholesterol levels at the PM, which may
impair FAK regulation. In addition, restoration of cholesterol homeostasis in M12-A6ko
cells correlated with drastically altered FAK activation patterns. PY416 Src levels de-
creased in double stimulated samples for all cell lines by 36-49%. These patterns also
were seen in scratched CHO cells upon serum stimulation (Figure A.6E). The relative p-
p130Cas levels were comparable in untreated and treated WT (control: RM = 1.0, treated:
RM = 0.77) and M12 (control: RM = 1.14, treated: RM = 1.496) cells. In untreated
M12-A6ko cells, p-p130Cas levels increased (RM = 1.74), which did not correlate with
the dynamics seen for phosphorylated Src and FAK, though alike the latters, p-p130Cas
levels decreased upon dual stimulation by 30%.

Taken together, despite the major defects in cholesterol distribution in NPC1 mutant
cells, this does not seem to lead to a complete loss of Src, FAK and p130Cas phosphory-
lation, suggesting that the regulatory mechanisms governing the activity of these kinases
in cell migration are still functional. However, further confirmation is required to suggest
comparable dynamics in WT and M12-A6ko cells after dual stimulation, especially for
pY861 FAK and p-p130Cas.
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3.1.7 Expression of late endosomal proteins in cells after incubation
with lipoprotein-deficient, cholesterol-depleted media

Figure 3.7: Western blot analysis of late endosomal proteins in CHO WT, M12 and M12-
A6ko cells after incubation with LPDS-statin media. (A) Cell lysates from CHO WT, CHO
M12 and CHO M12-A6ko grown in 10% FBS containing media were incubated in 10%-LPDS-
5mg/ml-mevastatin media (Appendix B.25) or were left in growthmedia (10% FBS) for 48h. Then,
cells were starved in serum-free media for 2h and activated by 20% FBS for 30min. Subsequently,
samples were analysed by western blotting (WB) as described in Methods (Chapter 2.2.2). Shown
are the protein levels of Niemann-Pick type C1 (NPC1), annexin A6 (AnxA6), Rab7, light chain 3
(LC3)-I (upper), LC3-II (lower), Tre-2/Bub2/Cdc16 1 domain family member 15 (TBC1D15), and
low density lipoprotein receptor (LDLR). (B) The relative expression levels were quantified using
ImageJ (n.d.: not detected). The WB signals of NPC1, AnxA6, Rab7, LC3-I/II, and LDLR were
normalised to TBC1D15. Results of a tested protein were set in relation to the WT signal, which
corresponds to 100% (1.0). The relative value of a singlet is displayed.
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Comparing protein levels of enzymes that are involved in cholesterol trafficking in CHO
WT, M12 and M12-A6ko cells that were triggered to migrate, differences in the cell
response have been determined. To further differentiate the role of LDL-cholesterol on
these findings, the following experiments were performed under lipoprotein-deficient,
cholesterol-depleted conditions. CHO WT, M12 and M12-A6ko cells were incubated
in a media containing 10% LPDS and 5mg/ml mevastatin or were left in growth media
(10% FBS) for 48h. Then, cells were starved in serum-free media for 2h and activated
by 20% FBS for 30min. The relative expression level of NPC1, AnxA6, Rab7, LC3-I/II,
TBC1D15 and LDLR were determined as described earlier.

NPC1 protein levels were strongly increased in delipidated CHOWT (control: relative
value (RV) = 13.74, treated: RV = 19.35 ). However, the difference in intensity between
control and delipidated samples should not be over-interpreted, as controlling for the
hyperintensity in delipidated CHO cells may let the control signal appear falsely weak.
AnxA6 protein levels were slightly increased in WT samples (control: RV = 1.56, treated:
RV = 1.75) andM12 control (RV = 1.62) incubated in LPDS-statin media. Relative protein
levels of Rab7 increased in AnxA6-depleted CHO M12 cells that were grown in regular
growth media (M12-A6ko control: RV = 1.64) which matches findings from Chapter
3.1.2. Serum stimulation had no effect on Rab7 levels grown in 10% FBS. On delipidating
media, Rab7 levels of starved M12 and M12-A6ko cells were comparable to that of WT
cells, and decreased in both NPC1 mutants by 30-40% upon serum stimulation. LC3-I,
which is converted to LC3-II in the context of autophagy, decreased in M12-A6ko control
(RV = 0.35). In contrast, LC3-II increased in both NPC1 mutants, thereby indicating an
elevated conversion rate of LC3-I to LC3-II. In delipidated samples, LC3-I levels dropped
in WT and M12 (WT control: RV = 0.35, M12 control: RV = 0.53), whereas LC3-II
was overall increased. The relative protein levels of TBC1D15, were comparable across
samples incubated in growth media but decreased in delipidated CHOWT and M12 (WT
control: RV = 0.61, M12 control: RV = 0.66). The unexpected decrease of LDLR in WT
(control RV = 0.60, treated RV = 0.51) and M12 (control RV = 0.65, treated RV = 0.37)
that were grown on delipidated media might be the consequence of insufficient antibody.

3.1.8 Src and FAK activation after incubation with lipoprotein-defic-
ient, cholesterol-depleted media

To analyse the effect of lipoprotein and cholesterol deficiency on the activation of FAK,
Src and the downstream target p130Cas, CHO WT, M12 and M12-A6ko were incubated
in a lipoprotein-deficient, cholesterol-depleted media containing 10% LPDS and 5mg/ml
mevastatin or were left in growth media (10% FBS) for 48h. Then, cells were starved in
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Figure 3.8: Western blot analysis of Src and FAKactivation in CHOWT,M12 andM12-A6ko
cells after incubation with LPDS-statin media. (A) Cell lysates from CHOWT, CHO M12 and
CHO M12-A6ko grown in 10% FBS containing media were incubated in 10%-LPDS-5mg/ml-
mevastatin media (Appendix B.25) or were left in growth media (10% FBS) for 48h. Then, cells
were starved in serum-free media for 2h and activated by 20% FBS for 30min. Subsequently,
samples were analysed by western blotting (WB) as described in Methods (Chapter 2.2.2). Shown
are the relative protein levels of pY861 focal adhesion kinase (FAK), total FAK, pY416 Src, total
Src, p-p130Cas, and p130Cas. (B) The relative protein levels of signals displayed in (A) were
quantified using ImageJ and were normalised to the corresponding total protein signal. Results
of a tested protein were set in relation to the WT signal, which corresponds to 100% (1.0). The
relative value of a singlet is displayed.
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serum-free media for 2h and activated by 20% FBS for 30min. The relative protein levels
of pY861 FAK, pY416 Src, and p-p130Cas were determined by WB as described earlier.

In 10% FBS-incubated samples, Y861 FAK levels were comparable across all cell
lines. In LPDS-statin-grown cells, the phosphorylated FAK portion decreased in M12-
A6ko (control: RV = 0.70, treated: RV = 0.59). FBS stimulation did not appear to have
an effect on Y861-FAK levels in any of the constellations. The relative amount of pY416
Src in 10% FBS-grown samples decreased by approximately 40% in both NPC1 mutants
(M12 control: RV = 0.59, M12-A6ko control: RV = 0.63), whereas in the LPDS-Statin
group, pY416 Src dropped in WT (control: RV = 0.41) though recovered in the mutants
(M12 control: RV = 1.22, M12-A6ko control: RV = 0.92). Interestingly, in all samples,
cell activation with 20% FBS appeared to cause a drastic decrease in the phosphorylated
Src fraction. For p130Cas, the phosphorylated portion was lowered in M12 (control: RV
= 0.62, treated: RV = 0.69) and M12-A6ko (control: RV = 0.57, treated: RV = 0.53)
cells when incubated in 10% FBS media. In LPDS-statin-grown samples, p-p130Cas was
reduced in WT (control: RV = 0.69) and M12 (control: RV = 0.59) cells but recovered
in M12-A6ko (control: RV = 1.07). No effect was seen for stimulation with 20% FBS.
P130Cas is a known downstream target of pY416 Src signalling. While in cells on growth
medium (10% FBS) the protein levels of both pY416 Src and p-p130Cas decreased in
the NPC1 mutants, in delipidated M12 cells the dynamics of p-p130Cas did not follow
the relative increase in pY416 Src. The effect of 20% FBS on pY416 Src levels was also
not reflected in the p-p130Cas fraction. However, before conclusions can be drawn, the
results require confirmation.

3.1.9 Expression of late endosomal proteins in serum-activated cells
after incubation with LPDS-statin media

To analyse the effect of cholesterol sequestration by NPC1 loss of function and the role of
additional AnxA6 knockout under cholesterol-depleted, lipoprotein-deficient conditions
on the protein level of endosomal proteins, CHO WT, M12 and M12-A6ko cells were
incubated in LPDS-statin media for 48h, starved for 2h in serum-free media, before half
of the samples were activated with 30min 20% FBS, as it was done in Chapter 3.1.7. The
WB signals of NPC1, AnxA6, Rab7, LC3-I/II, TBC1D15 and LDLR were examined as
described earlier.

In CHO WT cells incubated in delipidated media, NPC1 levels were comparable in
control and serum treated samples (treated: RM = 1.46). Likewise, AnxA6 levels were
unchanged in WT and M12. Rab7 decreased in M12-A6ko cells by 60% (control: RM
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Figure 3.9: Western blot analysis of late endosomal proteins in serum-activated CHO WT,
M12 andM12-A6ko cells after incubation with LPDS-statin media. (A) Cell lysates from CHO
WT, CHO M12 and CHO M12-A6ko cells grown in 10% FBS containing media were incubated
in 10%-LPDS-5mg/ml-mevastatin media (Appendix B.25) for 48h. Then, cells were starved in
serum-free media for 2h and activated by 20% FBS for 30min. Subsequently, samples were
analysed by western blotting (WB) as described in Methods (Chapter 2.2.2). Shown are the protein
expression levels of Niemann-Pick Type type C1 (NPC1), annexin A6 (AnxA6), Rab7, light chain
3 (LC3)-I (upper), LC3-II (lower), Tre-2/Bub2/Cdc16 1 domain family member 15 (TBC1D15),
and low density lipoprotein receptor (LDLR). (B) The relative protein levels were quantified using
ImageJ (n.d.: not detected). The WB signals of NPC1, AnxA6, Rab7 LC3-I/II, and LDLR were
normalised to TBC1D15. Results of a tested protein were set in relation to the WT signal, which
corresponds to 100% (1.0). The relative mean (RM) of doublets and the relative mean absolute
deviation (MAD) are given.
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= 0.42, treated: RM = 0.41), however, the WB signal was cut and may not be suitable
for densitometric analysis. LC3-I was comparable between controls of WT, M12 and
M12-A6ko cells. After serum stimulation, LC3-I increased by 65% in WT and decreased
by 35% inM12-A6ko cells. LC3-II strongly increased in the NPC1 mutants (M12 control:
RM = 2.95, M12-A6ko: RM = 3.78). While LC3-II was raised by 135% in WT following
serum stimulation, it declined in M12-A6ko by 53%. TBC1D15 levels (upper signal)
were stable across all samples. The lower band in WT and M12 cells appears to be a
cross-reaction with AnxA6, which has a slightly lower molecular weight and is absent in
M12-A6ko cells. For LDLR, the densitometric analysis showed increased protein levels
in both NPC1 mutants (M12 control: RM = 1.63, M12-A6ko control: RM = 1.51).
However, the relatively low value of the WT control may be partly due to a relatively
strong TBC1D15 signal to which it was normalised. Nevertheless, an increase in the
autophagy marker LC3-II and the lipoprotein receptor LDLR is consistent with previous
findings analysing cells starved overnight or at steady state (Figures 3.7, 3.2).

The experiment modified by cellular activation with LDL for 30 minutes gave compa-
rable results (Figure A.3).

3.1.10 Src and FAK activation in serum-activated cells after incuba-
tion with LPDS-statin media

The experimental procedure from Chapter 3.1.9 was applied to analyse the relative phos-
phoprotein levels of pY861 FAK, pY416 Src, and p-p130Cas after incubation with LPDS-
statin media.

For FAK and Src kinases, serum stimulation was associated with a decrease in the
phosphorylated portion in WT by 48% and 56% and in M12 cells by 77% and 47%,
respectively. In M12-A6ko cells, the relative level of pY861 FAK was reduced in control
(RM = 0.15) and serum-treated (RM = 0.19) samples, similarly, pY416 Src levels were
decreased in control (RM = 0.44) and treated (RM = 0.42) samples. Alike the drop
of pY861 FAK and pY416 Src, the phosphorylated level of p130Cas, the downstream
target of FAK and Src signalling, was reduced in serum-treated WT cells (RM = 0.62).
Also in M12-A6ko control samples, p-p130Cas was decreased (RM = 0.54), although
serum-treated samples were comparable to the WT control.

Compromised FAK and Src activation in cells lacking NPC1 had prior been seen in
CHO cells in growth media or after starvation in serum-free media (Figure 3.3, 3.4,
3.6), however, incubation in delipidated media seemed to reduce especially the portion
of pY861 FAK in the NPC1 mutants (vs Figure 3.4, 3.6). In M12-A6ko cells, total
and phosphorylated protein levels were altered, suggesting that AnxA6 may affect FA
dynamics under delipidated conditions.
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The experiment altered by cellular activationwith LDL for 30min provided comparable
results (Figure A.4).

Figure 3.10: Western blot analysis of Src and FAK activation in serum-activated CHO WT,
M12 and M12-A6ko cells after incubation with LPDS-statin media. (A) Cell lysates from
CHO WT, CHO M12 and CHO M12-A6ko cells grown in 10% FBS containing media were
incubated in 10%-LPDS-5mg/ml-mevastatin media (Appendix B.25) for 48h. Then, cells were
starved in serum-free media for 2h and activated by 20% FBS for 30min. Subsequently, samples
were analysed by western blotting (WB) as described in Methods (Chapter 2.2.2). Shown are the
relative protein levels of pY861 focal adhesion kinase (FAK), total FAK, pY416 Src, total Src,
p-p130Cas, and p130Cas. (B) The relative protein levels of signals displayed in (A) were quantified
using ImageJ and were normalised to the corresponding total protein signal. Results of a tested
protein were set in relation to the WT signal, which corresponds to 100% (1.0). The relative mean
(RM) of doublets and the relative mean absolute deviation (MAD) are given.
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3.1.11 Summary of western blot analyses

In summary, loss of NPC1-dependent LDL-cholesterol export routes seem to interfere
with the activation status of key signalling proteins of the cellular migration machinery,
such as FAK and Src. However, this does not lead to a complete loss of Src, FAK and
p130Cas phosphorylation, despite the major defects in cholesterol distribution in NPC1
mutant cells. Consequently, the regulatory mechanisms that govern the activity of these
kinases in cell migration are still functional in these cells. AnxA6 depletion in NPC1
mutant cells is associated with significant changes in the expression levels of lipoprotein,
cholesterol transporters and lipid storage-modifying enzymes. Despite the ability of
AnxA6 depletion to restore cholesterol export from NPC1 mutant cells, these alternative
cholesterol transport routes do not seem to reinstate basal levels of FAK and Src activity.
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3.2 Characterisation of focal adhesion assembly in CHO
cells lacking NPC1 only or both NPC1 and AnxA6

The accumulation of cholesterol in LE of NPC1 mutants has been associated with reduced
migratory behaviour (see Chapter 1.3), but the underlying mechanism how LDL-derived
cholesterol from LE could stimulate cell migration remain unclear. Since AnxA6 deple-
tion in NPC1 mutant cells restored LE-cholesterol export and abolished LDL-cholesterol
sequestration, it was hypothesised that loss of AnxA6 could also restore the migratory
behaviour of CHO M12 cells. FA are multiprotein complexes that anchor cells within
the ECM, that are enriched with cholesterol and/or often embedded in cholesterol-rich
membrane domains. These structures contain many signalling proteins, facilitating signal
and transmembrane force transduction (see Chapter 1.2). It has therefore been speculated
that LDL-derived cholesterol from LE could reach the cell surface to support the formation
of these specialised adhesion structures. To gain initial insights into this hypothesis and
to evaluate FA assembly in CHO WT, M12 and M12-A6ko cells, the total number of FA,
their spatial distribution and density, the size of FA and cell size as well as the distribu-
tion of FA markers and cholesterol were analysed and compared by immunofluorescence
microscopy.

3.2.1 Focal adhesion assembly in steady state and serum-stimulated
CHOWT, M12 and M12-A6ko cells

To investigate differences in FA assembly in CHO cells lacking NPC1 and AnxA6, the
total number of FA, their relative distribution at the PM (FA at cell edges versus cell body),
and FA size and cell size were analysed using the FA marker pY861 FAK. For the exami-
nation of FA dynamics at steady state, CHOWT, M12 and M12-A6ko cells were plated at
1.5 ∗ 105 cells/well of a 6-well plate and incubated for 48h in full serum (10% FBS). In the
run-up, after cell fixation, immunostaining of FAwas tested using anti-FAK or anti-pY861
FAK, each in a dilution of 1:200 and 1:500, followed by secondary antibodies coupled to
Alexa Fluor® 488. Immunolabelling with anti-pY861 FAK, diluted 1:500, was found to
be superior to anti-FAK due to better delineation of FA and less unspecific background
staining, particularly in the perinuclear region (Figure A.1). Consequently, FA were
quantified based on anti-pY861 FAK staining using the image processing program FIJI
(ImageJ) (Chapter 2.3.2). The method was validated by manual counting. To analyse the
distribution of FA within the cell, FA at the cell edges were compared with those at the
cell body (see Figure A.2).
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Figure 3.11: Focal adhesion distribution and numbers in CHO WT, M12 and M12-A6ko
cells at steady state (10% FBS). Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and
grown for 48h in full serum (10% FBS). (A) Cells were stained for pY861 FAK (green) and
DAPI (blue, nucleus). In M12 cells, the proportion of peripheral focal adhesions (FA, arrowhead)
decreased, while the number of central FA (arrow) increased. In AnxA6-depleted M12, peripheral
FA appeared to be partially restored. (B) The total number of FA (> 0.25µm2) per cell (n = 30-31
per cell line from two independent experiments) and their spatial distribution, the ratio of FA at
the cell periphery vs. the cell body were quantified with FIJI using pY861 FAK as FA marker. (C)
The cell size of CHO WT, M12 and M12-A6ko cells (n = 30 per cell line) was determined as area
in pixel (px)2 using FIJI. (D) The spatial density of FA was calculated by dividing the FA number
of a cell by the cell area measured in px2 (n = 30 per cell line) and the density distribution, cell
edge vs. cell body, was determined. The mean ± SD is given. *p < 0.05, **p < 0.01, ***p < 0.001;
one-way ANOVA with Tukey’s post-hoc test.
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Figure 3.11: (E) The focal adhesion (FA) size at the cell edge and throughout the cell body of
CHO WT, M12 and M12-A6ko cells (n = 30 per cell line from two independent experiments) was
determined using FIJI. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and grown for 48h
in full serum (10% FBS). Then cells were fixed and stained for pY861 FAK, which was used as
FA marker for counting. The mean ± SD is given. *p < 0.05, **p < 0.01, ***p < 0.001; one-way
ANOVA with Tukey’s post-hoc test.

In CHO WT cells, enlarged pFAK-labelled FA marked the cell border, while in M12
cells this peripheral FA staining was much less prominent and an increase in centrally
located FA was observed (Figure 3.11A). In AnxA6-depleted M12 cells, a discrete FA
staining at the cell edge reappeared, but the increase of FA numbers in the cell body
persisted. At steady state, the total number of FA increased in NPC1 mutants, and
M12-A6ko cells had significantly more FA compared to M12 cells (Figure 3.11B). In
contrast to CHO WT cells, the NPC1 mutants accumulated relatively more FA in the cell
body and less at the cell edge (Figure 3.11B), which confirmed the visual impression
described above. Since differences in FA size and cell size were found in the microscopic
examinations, we quantified these parameters using FIJI. FA were divided into three size
categories; size 1: < 0.5µm2 (< 19.1px2), size 2: 0.5 - 1.0µm2 (19.1 - 38.2px2) and size
3: > 1.0µm2 (> 38.2px2) and scored according to location (cell edge or cell body).

NPC mutant M12 and AnxA6-depleted M12 cells showed increased FA numbers at
the cell edge and cell body across all size groups (Figure 3.11E). This is consistent
with the increased total number of FA described previously (Figure 3.11A-B). At the
cell periphery, the amount of FA in the NPC1 mutants was increased by 80-90% in size
groups 1 and 2 and by 50-60% in group 3. At the cell body, the increase in FA numbers
in M12 and M12-A6ko cells was 250% and 360% in size 1, 210% and 300% in size 2,
280% and 360% in size 3. Thus, there was a strong increase in the number of centrally
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localised FA, especially for small and large FA. The cell size of M12 and M12-A6ko
cells significantly exceeded that of WT cells (Figure 3.11C). As there were no significant
differences in spatial FA density (Figure 3.11D), the number of FA correlated positively
with cell spreading. Overall, the NPC1 mutants in the steady state were characterised by
an increase in FA numbers, especially in the cell body, which could not be attributed to a
specific FA size and was accompanied by cell spreading.

Figure 3.12: Focal adhesion number and distribution in serum-stimulated CHO WT, M12
and M12-A6ko cells. The total number of FA (> 0.25µm2) per cell (n = 19-27 per cell line from
one experiment) and their spatial distribution and the ratio of FA at the cell periphery vs. the cell
body, were quantified with FIJI using pY861 FAK as FA marker. Cells were plated at 1.5 ∗ 105

cells/well of a 6-well plate and grown for 48h in full serum (10% FBS). Then, cells were starved
for 2h in serum-free media and stimulated with 20% FBS for 45min. After cell fixation, cells were
stained for pY861 FAK, which was used as FA marker for counting. The mean ± SD is given. *p
< 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with Tukey’s post-hoc test.

To analyse FA assembly in response to an extracellular stimulus, CHO WT, M12 and
M12-A6ko cells were starved in serum-free media for 2h and then treated with 20% FBS
for 45min. After serum stimulation, FA numbers tended to increase slightly, but not
significantly, in all three cell lines (WT: mean = 97.56, WT +FBS: mean = 111.42, M12:
mean = 151.30, M12 +FBS: mean = 174.52, M12-A6ko: mean = 196.56, M12-A6ko
+FBS: mean = 202.67) (figure 3.12).

Overall, loss of NPC1 function was associated with an increase in total FA numbers
and a shift in spatial FA distribution towards the cell body. Despite restoration of choles-
terol release from LE in M12-A6ko cells, these trends were further enhanced by AnxA6
depletion. This suggests that AnxA6 plays a role in FA (dis)assembly that may go beyond
cholesterol delivery from LE to FA.
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3.2.2 Focal adhesion assembly in LDL-stimulated CHO WT, M12
and M12-A6ko cells

Based on the ability of AnxA6 depletion to restore LDL-inducible cell migration in cells
lacking NPC1, the role of LDL in FA formation in CHO WT, M12 and M12-A6ko cells
was next investigated. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and then,
to reduce cellular cholesterol levels, cells were grown for 48 hours in media supplemented
with lipoprotein-deficient serum (10%LPDS) andmevastatin (1µM) (see Appendix B.25),
an inhibitor of cholesterol synthesis. Then cells were starved 2h and stimulated ± LDL
(50µg/ml) for 4h. Immunostaining with anti-pY861 FAK was performed as described
above.

Figure 3.13: LDL stimulation of CHO WT, M12 and M12-A6ko cells. CHO WT, M12 and
M12-A6ko cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and grown for 48h in media
supplemented with lipoprotein-deficient serum (10% LPDS) and mevastatin (1µM) (see Appendix
B.25). Cells were starved for 2h and stimulated ± LDL (50µg/ml) for 4h. Afterwards cells were
fixed and stained for pY861 FAK (red). Bar is 5µm.

To analyse FA formation, the number, distribution, and size of FA as well as the cell
size were quantified (Figure 3.14). In NPC1-deficient CHO M12 cells grown in LPDS,
FA numbers were significantly increased, even more so in M12-A6ko, compared to WT
cells (Figure 3.14A). The spatial distribution of FA shifted significantly towards the cell
body in M12 and M12-A6ko cells. Although LDL did not increase the total number of FA
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Figure 3.14: Focal adhesion assembly in LDL-stimulated CHO WT, M12 and M12-A6ko
cells. (A) The total number of focal adhesions (FA) (> 0.25 µm2) per cell (n = 35-43 per cell
line from two independent experiments) and their spatial distribution, the ratio of FA at the cell
periphery vs. the cell body, were quantified with FIJI using the anti-pY861 FAK signal as FA
marker. (B) FA were classified by three size categories, size 1: < 0.5µm2 (< 19.1px2), size 2:
0.5 - 1.0µm2 (19.1 - 38.2px2) and size 3: > 1.0µm2 (> 38.2px2) (n = 20 per cell line from two
independent experiments). (C) The cell size of CHO WT, M12 and M12-A6ko (n = 30 per cell
line from two independent experiments) was determined as area in pixel (px)2 using FIJI. Cells
were plated at 1.5 ∗ 105 cells/well of a 6-well plate and grown for 48h in media supplemented
with lipoprotein-deficient serum (10% LPDS) and mevastatin (1µM) (Appendix B.25). Cells were
starved 2h and stimulated ± LDL (50µg/ml) for 4h. Then, cells were fixed and stained for pY861
FAK. 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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inWT, but in NPC1-deficient cell lines, the proportion of peripheral FA tended to increase
slightly, not significantly, in CHO WT cells upon LDL stimulation. Accordingly, LDL
treatment was associated with a not significant trend towards increased intermediate and
large FA at the cell edge of CHO WT and the cell body of M12-A6ko cells. Alike the
increased number of FA in NPC1-depleted CHOM12 cells, the cell size was significantly
increased in M12 and M12-A6ko cells.

This could suggest that LDL may promote FA turnover in the cell body of CHO WT
cells, allowing increased FA formation at the cell edge. However, in NPC1 mutant cell
lines, LDL treatment tended to enhance the mutant phenotype. Although the microscopic
images (Figure 3.13) suggested a reappearance of the prominent edge in M12-A6ko cells,
especially after LDL treatment, the data do not allow a conclusion to be drawn.

3.2.3 Focal adhesion assembly in CHO cells ectopically expressing the
focal adhesion markers vinculin and paxillin

To validate the findings obtained from pY861 FAK stainings, it was aimed to analyse
and compare the cellular distribution of the well-established FA markers vinculin and
paxillin in CHO WT, M12 and M12-A6ko cells. In order to study vinculin and paxillin
distribution and their role on FA dynamics, CHO WT, M12 and M12-A6ko cells were
plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with GFP-vinculin or GFP-
paxillin (Chapter 2.1.1) and grown in full serum (10% FBS) for 48h. Then cells were
starved overnight and serum-stimulated with 20% FBS for 45min. After fixation, cells
were co-stained with anti-pY861 FAK.

Focal adhesion assembly in GFP-vinculin-overexpressing CHO WT, M12 and M12-
A6ko cells

In support of previous findings, at the cell edge of CHO WT cells, GFP-vinculin signals
frequently overlapped with pY861 FAK staining in enlarged FA complexes (figure 3.15).
In M12 and M12-A6ko cells, colocalisation of GFP-vinculin and pY861 FAK signals
decreased compared to WT cells. This was confirmed by a decreased mean Pearson’s R
value at the cell body and cell edge of M12 and M12-A6ko cells (figure 3.15C). This
indicated an altered FA composition in NPC1-deficient CHO cells.

In serum-stimulated cells, the overlap slightly tended to decrease in all three cell lines,
but mostly not significantly. This could indicate that despite a different FA composition,
all three cell lines were capable to respond to extracellular growth factors. However, the
results should be treated with caution as Pearson’s R values were used here regardless of
their significance level. As measured by the GFP-vinculin staining, the total number of
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FA and their proportion at the cell body increased in M12 and even more in M12-A6ko
cells (figure 3.16A), a finding that was comparable to the results obtained for pY861 FAK
signals in Chapter 3.2.1. In particular, the number of centrally located small FA increased
in NPC1-deficient cells (figure 3.17). Furthermore, an increased cell size of M12 and
M12-A6ko cells was noted (Figure 3.16B). Analysis of the FA size showed that the
ratio between small, media and large FA was comparable in non-transfected and vinculin-
transfected cells suggesting that the FA size did not increase beyond size thresholds due
to vinculin overexpression.

Overall, NPC1 deficiency was associated with altered FA number, distribution as well
as molecular composition and depletion of AnxA6 appeared to influence these factors.

Figure 3.15: Spatial distribution and colocalisation of the FA markers vinculin and pY861
FAK in CHO WT, M12 and M12-A6ko cells. Cells were plated at 1.5 ∗ 105 cells/well of a
6-well plate, transfected with GFP-vinculin (Chapter 2.1.1) and grown in full serum (10% FBS)
for 48h. Then cells were starved overnight and serum-stimulated with 20% FBS for 45min or
remained unstimulated. Here, unstimulated cells are shown. Cells were fixed and co-stained for
anti-pY861 FAK (red) and DAPI (blue). In the enlarged regions, arrows point at colocalisation
of GFP-vinculin (green) and pY861 FAK signals in WT and M12-A6ko cells, while arrowheads
mark lack of overlap of pY861 FAK or GFP-vinculin in CHO M12 or M12-A6ko cells. Bar is
5µm. (Results were published in (104))
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Figure 3.16: Focal adhesion assembly of GFP-vinculin overexpressing CHO WT, M12 and
M12-A6ko cells. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with GFP-
vinculin (Chapter 2.1.1) and grown in full serum (10% FBS) for 48h. Then cells were starved for
2h and serum-stimulated with 20% FBS for 45min. After fixation, cells were stained for pY861
FAK and analysed using FIJI. (A) Focal adhesion (FA) number and their spatial distribution, cell
edge vs. cell body, were analysed using the GFP-vinculin signal as FA marker (n = 7-13 per cell
line from one experiment). (B) Cell size as area in pixel (px)2 (n = 15 per cell line from one
experiment). (C) Colocalisation of GFP-vinculin and pY861 FAK at the cell body and cell edge
were quantified (Pearson’s R value, n = 10 per cell line from one experiment). 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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Figure 3.17: Focal adhesion size in GFP-vinculin overexpressing CHO WT, M12 and M12-
A6ko cells. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and transfected with GFP-
vinculin (Chapter 2.1.1). Cells were grown for 48h in full serum (10% FBS), starved in serum-free
media for 2h and stimulated for 45min with 20% FBS. After fixation, cells were stained for pY861
FAK and analysed using FIJI. FA size was measured using the GFP-vinculin (Vinc/Vinc: Vinc
signal for analysis/in Vinc overexpressing cells) and pFAK (pFAK/Vinc) signals as FA markers
(each n = 10-11 per cell line from one experiment). FA were grouped into three size categories,
size 1: < 0.5µm2 (< 19.1px2), size 2: 0.5 - 1.0µm2 (19.1 - 38.2px2) and size 3: > 1.0µm2 (>
38.2px2) and the quantity of each size category was evaluated according to location (cell edge or
cell body). 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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Focal adhesion assembly in GFP-paxillin-overexpressing CHO WT, M12 and M12-
A6ko cells

In paxillin-overexpressing CHO WT, GFP-paxillin signals often overlapped with pY861
FAK staining at the cell edges, whereas in M12 and M12-A6ko cells, a substantial number
of GFP-paxillin and pY861 FAK stainings did not overlap (figure 3.18). At the cell edge,
this finding was supported by a significantly reduced Pearson’s R value in M12-A6ko
cells, but in M12 cells, colocalisation remained comparable to WT (figure 3.19C). At
the cell body, colocalisation was comparable in CHO WT, M12 and M12-A6ko cells and
increased upon stimulation in WT and M12 cells. FA numbers tended to increase in CHO
M12 and M12-A6ko (figure 3.19A), but the slope was less pronounced compared to
non-transfected (figure 3.11B) and vinculin-overexpressing CHO cells (figure 3.16A).
The cell size tended to increase (not significantly) in the NPC1 mutants (figure 3.19B)
and was in the same range as in vinculin-overexpressing CHO cells (figure 3.11B). Due
to an increased background signal of GFP-paxillin and pY861 FAK, FA size analysis with
FIJI was difficult and results were inconsistent within cell lines (figure 3.20).

Figure 3.18: Spatial distribution and colocalisation of the FA markers paxillin and pY861
FAK in CHO WT, M12 and M12-A6ko. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well
plate, transfected with GFP-paxillin (green, Chapter 2.1.1) and grown in full serum (10% FBS)
for 48h. Then, cells were starved 2h and serum-stimulated with 20% FBS for 45min or remained
unstimulated. Here, unstimulated cells are shown. Cells were fixed and stained for pY861 FAK
(red) and DAPI (blue). In the enlarged regions, arrows point at colocalising GFP-paxillin and
pY861 FAK signals, while arrowheads mark not colocalising signals. Bar is 5µm. (Results were
published in (104)).
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Figure 3.19: Focal adhesion assembly in GFP-paxillin-overexpressing CHO WT, M12 and
M12-A6ko cells. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with GFP-
paxillin (Chapter 2.1.1) and grown in full serum (10% FBS) for 48h. Then cells were starved over
2h and serum-stimulated with 20% FBS for 45min. After fixation, cells were stained for pY861
FAK and analysed using FIJI. (A) Focal adhesion (FA) number and their spatial distribution, cell
edge vs. cell body, were analysed using the GFP-paxillin signal as FA marker (n = 11-14 per cell
line from one experiment). (B) Cell size as area in pixel (px)2 (n = 15 per cell line from one
experiment). (C) Colocalisation of GFP-paxillin and pY861 FAK signals at the cell body and cell
edge (Pearson’s R value, n = 10 per cell line from one experiment). The mean ± SD is given. *p <
0.05, **p < 0.01, ***p < 0.001; two-way ANOVA with Tukey’s post-hoc test.



Chapter 3. Results 62

Figure 3.20: Focal adhesion size in GFP-paxillin-overexpressing CHO WT, M12 and M12-
A6ko cells. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and transfected with
GFP-paxillin (Chapter 2.1.1). Cells were grown for 48h in full serum (10%FBS), starved in serum-
free media for 2h and stimulated for 45min with 20% FBS. After fixation, cells were stained for
pY861 FAK and analysed using FIJI. FA size was measured using the GFP-paxillin (Pax/Pax: Pax
signal for analysis/in Pax overexpressing cells) and pFAK (pFAK/Pax) signals as FA markers (each
n = 10 per cell line from one experiment). FA were grouped into three size categories, size 1: <
0.5µm2 (< 19.1px2), size 2: 0.5 - 1.0µm2 (19.1 - 38.2px2) and size 3: > 1.0µm2 (> 38.2px2) and
the quantity of each size category was evaluated according to location (cell edge or cell body). 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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Overall, altered intracellular LDL-cholesterol transport in M12 and M12-A6ko cells
was associated with changes in the distribution of pY861 FAK, vinculin and paxillin,
resulting in decreased colocalisation of pY861 FAK with the FA markers vinculin and
paxillin, which was not reversed in AnxA6-depletedM12 cells despite restored cholesterol
efflux from the LE.

Cholesterol associates with focal adhesions in paxillin- and vinculin-overexpressing
cells

It was speculated that cholesterol release upon AnxA6 depletion in M12 cells could im-
prove cholesterol delivery to the periphery to support FA formation at the cell edge. To
test this hypothesis and investigate the role of cholesterol in FA formation, colocalisation
of mCherry-D4H with the adaptor proteins vinculin and paxillin and with the signalling
molecule pY861 FAK was analysed in CHO WT, M12 and M12-A6ko cells.

Figure 3.21: Spatial association of cholesterol and vinculin in CHOWT,M12 andM12-A6ko
cells. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with GFP-vinculin
(green, Chapter 2.1.1) and mCherry-D4H (red), a biosensor for membrane-bound cholesterol, and
grown for 48h in full serum (10% FBS). Bar is 5µm.
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To investigate the spatial relationship between cholesterol and vinculin, CHO WT,
M12 and M12-A6ko were plated at a density of 1.5 ∗ 105 cells/well of a 6-well plate,
transfected with GFP-vinculin (green) and mCherry-D4H (red) and grown for 48 hours in
full serum (10% FBS). The cells were analysed with FIJI.

Figure 3.22: Spatial distribution of cholesterol in CHO WT, M12 and M12-A6ko cells.
Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with GFP-vinculin (green,
Chapter 2.1.1) and mCherry-D4H (red), a biosensor for membrane-bound cholesterol, and grown
for 48h in full serum (10%FBS). Cells were fixed and analysed by microscopy as described (see
Methods). The line profiles (approx. 70-80µm) of fluorescence intensities (a.u.: arbitrary unit) of
mCherry-D4H in CHO WT, M12 and M12-A6ko cells are shown.

In WT, the D4H signal was scattered within the cell, with single enlarged spots at the
cell edge (figure 3.21). In M12, cholesterol accumulation in LE/Lys compartments was
confirmed by strong mCherry-D4H signals in close proximity to the nucleus (Figure 3.21
and 3.22). As hypothesised, AnxA6-depleted M12 had increased cholesterol staining at
the cell edge (figure 3.21 and 3.22), indicating restoration of LE-cholesterol export to
the cell surface. However, residual cholesterol accumulation remained near the nucleus,
suggesting that CHO M12-A6ko cells still contain detectable amounts of LDL-derived
cholesterol in LE. In vinculin-overexpressing WT cells, vinculin-labelled FA were pre-
dominantly at the cell edge and in close proximity to D4H-labelled cholesterol. In contrast,
the number of centrally located FA increased in M12, but there was less colocalisation
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with cholesterol. In AnxA6-deficient M12 cells, adhesion complexes were concentrated
on the peripheral PM, where vinculin often colocalised with cholesterol.

Figure 3.23: Colocalisation of cholesterol and vinculin or paxillin in CHO WT cells. Cells
were plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with GFP-vinculin or GFP-paxillin
together with mCherry-D4H (red, Chapter 2.1.1), a cholesterol binding biosensor, and grown for
48h in full serum (10% FBS). Arrows and an arrowhead (lower panel) indicate colocalisation. The
line profiles of fluorescence intensities (a.u.: arbitrary unit) of GFP-vinculin/paxillin (green) and
mCherry–D4H (red) (A-B, C-D and E-F; 0–50, 0-30 and 0-40 µm, respectively) are shown.

To further analyse the association of cholesterolwith FA, the colocalisation ofmCherry-
D4H with GFP-vinculin, GFP-paxillin and anti-pY861 FAK immunofluorescence signals
was quantified (figure 3.23). InWT, D4H-stained cholesterol was closely associated with
GFP-paxillin and GFP-vinculin at the cell edge. In M12 and AnxA6-deficient M12 cells
transfected with mCherry-D4H and immunostained for pY861 FAK, the centrally located
D4H signals, particularly in M12, confirmed LE-cholesterol accumulation as observed for
the NPC1 mutant phenotype (figure 3.24). While M12 cells lacked peripheral choles-
terol, the PM at the cell edges in M12-A6ko cells clearly contained D4H signals. When
analysing the colocalisation of cholesterol with pY861 FAK, there was little overlap in
M12 cells (Figure 3.24, see G-H, I-J, K-L), in contrast to AnxA6-depleted M12 cells, in
which D4H and pY861 FAK signals often colocalised strongly (Figure 3.24, see A-B,
C-D, E-F).
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Figure 3.24: Colocalisation of cholesterol and pY861 FAK in CHOM12 andM12-A6ko cells.
Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate, transfected with mCherry-D4H (red,
Chapter 2.1.1), a cholesterol marker, and grown for 48h in full serum (10% FBS). Cells were fixed
and stained for pY861 FAK (green) as described above. The line profiles of fluorescence intensities
(a.u.: arbitrary unit) of pY861 FAK (green) and mCherry–D4H (red) (A-B, C-D and E-F in lower
panel; G-H, I-J, K-L in top panel; 0–15, 0-20 or 0-25µm, respectively) are shown.
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Taken together, these results suggest that depletion of AnxA6 in M12 cells restores
cholesterol transport to the cell edge, allowing spatial association of cholesterol derived
from LE with FA structures.

3.2.4 Focal adhesion assembly in CHO cells overexpressing wild type
and oncogenic Src kinase

To investigate the role of Src kinase in FA distribution, CHOWT,M12 andM12-A6ko cells
were transfected with GFP-Src and the constitutively active oncogenic mutant pEGFP-Src
Y527F. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and transfected with
GFP-Src or pEGFP-Src Y527F (Chapter 2.1.1). Cells were grown in media that was
supplemented with lipoprotein-deficient serum (10% LPDS) and mevastatin (1µM) (see
Appendix B.25) for 48h. Then, cells were starved for 2h and stimulated ± LDL (50 µg/ml)
for 4h. Immunostaining with anti-pY861 FAK was performed as described in Chapter
2.3.1. To analyse FA dynamics in Src- and Src Y527F-overexpressing cells, FA number,
distribution, size, as well as cell size and Src-pFAK colocalisation was determined.

In WT Src-overexpressing WT cells, the cell edge contained very large complexes of
colocalising anti-pY861 FAK and GFP-Src signals, while in the cell body rather small
FA were found (Figure 3.25). Similarly, in Src Y527F-overexpressing WT cells, a strong
staining of large FA complexes at the cell periphery, but not throughout the cell body, was
observed by colocalising EGFP-Src Y527F and anti-pFAK signals. Thus, in CHO WT
cells, overexpression of WT Src and oncogenic Src kinase can promote the formation of
large FA complexes at the cell edge. In WT Src-overexpressing NPC1 mutants, however,
the number of FA complexes in the cell body increased. This coincided with reduced
colocalisation of pY861 FAK and Src signals, suggesting that the cholesterol imbalance
caused by NPC1 loss of function may affect Src activation. In contrast, overexpression
of Src Y527F reversed the NPC1 mutant phenotype and restored the prominent cell edge
pattern consistent of huge FA complexes of overlapping pFAK and Src signals in M12 and
M12-A6ko cells. This could indicate that NPC1 mutants lack the ability to activate Src,
presumably due to dysregulated cholesterol-sensitive signalling.

Examining FA numbers (Figure 3.26), alike untransfected CHO cells, WT Src-
overexpressing NPC1 mutants formed significantly more FA compared to WT. However,
the overall FA count dropped by >18% in all three cell lines when overexpressing WT Src.
In NPC1 mutants, this was accompanied by a partial FA redistribution towards the cell
edge. In Src Y527F-overexpressing WT and M12-A6ko cells, the FA number decreased
by >24% compared to untransfected cells. In contrast, in M12 cells, the total FA amount
remained unchanged. When overexpressing Src Y527F, the spatial distribution of FA
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towards the cell edge increased by the factors 1.53, 1.32, and 1.72 in CHOWT, M12, and
M12-A6ko cells, respectively, compared to controls. Upon LDL stimulation, FA levels
significantly increased in untransfected CHO M12 and M12-A6ko cells, an effect that
in CHO M12 cells was accompanied by an increase of the centrally located FA portion.
Although, there was no significant effect of LDL stimulation in WT Src- or Src Y527F-
overexpressing cells, ectopic Src Y527F expression was associated with a slight decrease
in FA number and limited shift towards the peripheral FA portion in CHO M12 cells.

Taken together, ectopic expression of Src kinase, in particular constitutively active
mutant Src Y527F, was associated with a decrease of total FA numbers and a shift towards
FA at the cell edge in all three cell lines, indicating increased FA turnover. Furthermore,
overexpression of Src Y527F seemed to partially restore LDL-inducible FA turnover in
M12 cells (not significant).

Figure 3.25: Src- and Src Y527F-overexpressing CHO WT, M12 and M12-A6ko cells. Cells
were plated at 1.5 ∗ 105 cells/well of a 6-well plate and transfected with GFP-Src (green, Chapter
2.1.1) or pEGFP-Src Y527F (green). Untransfected cells served as control (control). Cells were
grown for 48h inmedia supplementedwith lipoprotein-deficient serum (10%LPDS) andmevastatin
(1µM) (see Appendix B.25). Cells were starved for 2h and stimulated ± LDL (50 µg/ml) for 4h.
Only untreated samples are shown in this figure (to analyse the effect of LDL stimulation in this
setting, see next figure). Cells were fixed and stained for pY861 FAK (red). Colocalisation of
pY861 FAK and wild type or oncogenic Src signals are indicated by arrows, not colocalising
signals are indicated by arrowheads. Bar is 5µm.
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Figure 3.26: Focal adhesion number and distribution in Src- and Src Y527F-overexpressing
CHO WT, M12 and M12-A6ko cells. The total number of FA (> 0.25 µm2) per cell (WT: n =
35-43, M12: n = 28-48, M12-A6ko: n = 18-37 per cell line of two independent experiments) and
their spatial distribution, the ratio of FA at the cell periphery vs. the cell body, were quantified with
FIJI using pY861 FAK as FA marker. Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and
transfected with GFP-Src (Chapter 2.1.1), pEGFP-Src Y527F or remained untransfected (control).
Cells were grown for 48h in media supplemented with lipoprotein-deficient serum (10% LPDS)
and mevastatin (1µM) (Appendix B.25), starved for 2h and stimulated ± LDL (50 µg/ml) for 4h.
Cells were fixed, stained for pY861 FAK and analysed by microscopy (Chapter 2.3.2). 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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Figure 3.27: Focal adhesion size in Src- and Src Y527F-overexpressing CHO WT, M12 and
M12-A6ko. The focal adhesion (FA) size at the cell edge and cell body of CHO WT, M12 and
M12-A6ko (n = 30-31 per cell line of two independent experiments) was determined using FIJI.
Cells were plated at 1.5 ∗ 105 cells/well of a 6-well plate and grown for 48h in full serum (10%
FBS). Cells were fixed and stained for pY861 FAK and analysed by microscopy (Chapter 2.3.2),
which was used as FA marker for counting. 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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Figure 3.28: Cell size of Src- and Src Y527F-overexpressing CHO WT, M12 and M12-A6ko
cells. The cell size of CHO WT, M12 and M12-A6ko (n = 30 per cell line of two independent
experiments) was determined as area in pixel (px)2 using FIJI. Cells were plated at 1.5 ∗ 105

cells/well of a 6-well plate and transfected with GFP-Src (Chapter 2.1.1), pEGFP-Src Y527F
or remained untransfected (control). Cells were grown for 48h in media supplemented with
lipoprotein-deficient serum (10% LPDS) and mevastatin (1µM) (Appendix B.25). Cells were
starved for 2h and stimulated ± LDL (50µg/ml) for 4h. Cells were fixed and stained for pY861
FAK and analysed by microscopy (Chapter 2.3.2). The mean ± SD is given. *p < 0.05, **p < 0.01,
***p < 0.001; two-way ANOVA with Tukey’s post-hoc test.

The decrease of total FA numbers in Src- and Src Y527F-overexpressing cells was
linked to a reduction of small FA at the cell body and the cell edge (Figure 3.27). Ectopic
expression of Src Y527F, moreover, increased the number of intermediate to large FA at
the cell edge in all three cell lines.

Finally, the FA number was determined in relation to cell size. Although CHO WT,
M12 and M12-A6ko cells differed in FA numbers, the spatial FA density, measured as
FA number per px2, and the spatial distribution of FA density were comparable across all
cell lines, transfection-, and treatment-groups (Figure A.7). Src Y527F overexpression
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also had a phenotype-reversing effect on the cell size (Figure 3.28). While in control
and Src-overexpressing cells, the cell size significantly increased from WT to M12 to
M12-A6ko cells, in Src Y527F-overexpressing M12 and M12-A6ko cells, size levels were
comparable to WT cells. Stimulation with LDL had no effect on the cell size in any of
the three cell lines analysed.

Overall, overexpression of Src and Src Y527F was associated with a decrease in the
total number of FA, especially small FA in the cell body of M12 and M12-A6ko cells.
While constitutive activation of Src was able to reverse the increased cell size observed in
the NPC1mutants and increase the rate of large FA at the cell edges, overexpression ofWT
Src was associated with a decrease in small, centrally located FA, but did not reverse the
increased cell size observed inM12 andM12-A6ko cells. Furthermore, ectopic expression
of Src Y527F rescued LDL-induced alterations in FA distribution in M12 but not in M12-
A6ko cells, suggesting a potential inhibitory effect of AnxA6 depletion on LDL regulatory
pathways involving Src signalling.
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Chapter 4

Discussion

Cell growth, proliferation and migration are well-known features of neoplasms. These
involve multiple cholesterol-dependent steps such as focal adhesion (FA) formation, rapid
membrane expansion, and modification of signalling factors among others. As a structural
element of the plasma membrane, especially of microdomains called lipid rafts, and other
intracellular membranes, cholesterol plays a crucial role in regulating cell membrane-
associated signalling and coordinating cell adhesion and migration (162).

The cellular cholesterol pool is fed either by de novo synthesis, or by dietary intake
through receptor-mediated uptake of lipoproteins such as LDL and HDL. However, in tu-
mour cells, oncogenic processes can upregulate cholesterol synthesis to meet the increased
need for cholesterol and its metabolites for cancer cell proliferation and progression (218).
Another mechanism for increasing intracellular cholesterol supply is the upregulation of
LDL endocytosis. Studies have linked hypocholesterolaemia to increased LDL receptor
(LDLR) activity in acute leukaemia, urinary bladder cancer and breast cancer (176). In
MDA-MB-231 cells, an oestrogen receptor-negative breast cancer cell line that often serves
as a model for aggressive cell behaviour, LDLR mRNA levels were twelvefold higher than
in non-tumourigenic mammary epithelial cells (9). Migration of MDA-MB-231 cells de-
creased when grown under lipoprotein-depleted conditions and could be restored by LDL
treatment in an acetyl-coenzyme A acetyltransferase (ACAT)-dependent manner. Thus,
storing LDL-derived cholesterol as cholesteryl esters in lipid droplets for usage in cancer-
related molecular events might provide an energetic adventage in cancer cell migration
(9). ACAT is localised in the endoplasmatic reticulum (ER), pointing at the transfer of
LDL-derived cholesterol from the late endosome (LE)/lysosome (Lys) compartment to
the ER being associated with increased cancer cell migration. Although LDL-cholesterol
transport routes were not investigated, these findings are consistent with studies that impli-
cated LDL to stimulate cell migration. For instance, in the prostate cancer cell line PC-3,
Moon and co-workers showed that diet-induced hypercholesterolaemia correlates with
increased cell migration (160). Likewise, in transgenic mouse models of breast cancer,
hypercholesterolaemia triggers tumour growth and metastasis (7, 141). However, other
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findings implicate cholesterol to have a limiting role on tumorigenesis. The cholesterol
metabolite dendrogenin A was shown to inhibit breast cancer through cell redifferentiation
(43). Also, hepatocellular carcinoma agressiveness was restricted by high levels of choles-
terol, which was explained by impaired CD44-ezrin interaction due to CD44 translocation
into lipid rafts (263). This suggests that cholesterol has a multifactorial effect on cells in
the context of cancer.

The Grewal group has shown that the accumulation of cholesterol in LE of Niemann
Pick type C1 (NPC1) mutant cells (CHO M12) and annexin A6 (AnxA6)-overexpressing
CHO cells can impair cell migration and invasion (59, 189). These findings highlight
the role of exporting LDL-derived cholesterol to other organelles in order to promote cell
motility. In follow-up studies, they found that depletion of AnxA6 restored cholesterol
export from LE in mutant NPC1 cells (CHO M12-A6ko) (155).

Despite a role of LDL-cholesterol in cancer progression, the underlying mechanisms
by which cholesterol affects cell migration remain to be clarified. It was speculated that
restored cholesterol export from LE/Lys in AnxA6-depleted M12 cells could reverse the
NPC1-mutated phenotype and restore the abilty of these cells to promote cell migration
upon LDL exposure. Cell motility and invasiveness require dynamic coordination of
FA assembly and disassembly. While the leading edge of cells is characterised by FA
formation, FA degradation predominates at the rear end of cells. To investigate the role
of cholesterol in FA (dis)assembly, the relative protein level of molecules involved in
cholesterol homeostasis and FA dynamics was analysed by western blotting (WB) and FA
formation was examined by microscopy, determining the number, distribution, size and
colocalisation of FA markers in CHO wild type (WT), NPC1 mutant cells (CHO M12)
and AnxA6-depleted CHO M12 cells (CHO M12-A6ko).

4.1 Characterisation of proteins involved in cholesterol
homeostasis and focal adhesion assembly inCHOcells
lacking NPC1 only or both NPC1 and AnxA6

4.1.1 The role of NPC1 loss of function on the expression of enzymes
involved in cholesterol homeostasis and focal adhesion assembly

It was shown that loss of NPC1-dependent LDL cholesterol export pathways affects protein
levels of cholesterol-modifying enzymes and the activation status of key signalling proteins
of the cellular migration machinery.
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The lipoprotein and cholesterol transporters (LDLR, ATP-binding cassette transporter
A1 (ABCA1), CD36) are important regulators of the intracellular cholesterol content.
LDLR protein levels are tightly regulated in a cholesterol-sensitive manner. LDLR in-
creased in NPC-like mutants (CHO M87) (57) and LDL-induced downregulation was
delayed in NPC mutants (139). In line with this, LDLR increased in CHO M12 and
exposure of these cells to serum, which contains large amounts of LDL-like particles, was
not sufficient to downregulate LDLR levels (Figure 3.2, 3.5). The unexpected decrease
in LDLR levels in WT and M12 cells grown on delipidated media (Figure 3.7) may have
been the result of insufficient antibody. ABCA1 mediates the key step of HDL particle
formation triggered by lipid-free apoprotein A-I binding. ABCA1 expression can be reg-
ulated by cholesterol via liver X receptor (LXR)/ retinoid X receptor (RXR) signalling
(167). In accordance with our results (Figure 3.1), in NPC1-depleted human fibroblasts,
the protein level of ABCA1, which can efflux cholesterol from the PM, but also from
LE (30), was reduced (17). CD36, also known as scavenger receptor class B member 3
that binds and internalises fatty acids, as well as cholesterol-rich lipoproteins (171), was
increased in NPC1 mutant mice liver (240). The Nicholson group, however, showed that
CD36, unlike LDLR, is upregulated by cellular cholesterol (83). Herein, the CD36 signal
was not suitable for densitometric analysis.

The maturation of sterol-regulatory-element-binding protein 2 (SREBP2) is widely
known to be sensitive to cholesterol delivery from LE (22, 142). When cholesterol levels
are low, SREBP2 is processed to its mature form (91). In the literature, NPC1-lacking
CHO cells showed delayed suppression of SREBP2 maturation upon LDL incubation
during the first 24h (123, 155). However, in this work the SREBP2 signals were not
suitable for densitometric analysis (Figure 3.1).

Rab7 (small RAS-related GTP-binding protein) and Tre-2/Bub2/Cdc16 1 domain fam-
ily member 15 (TBC1D15) play an important role in LE/Lys structure and function includ-
ing the formation of membrane contact sites (MCS) to enable non-vesicular lipid transport
(23, 32, 155). Alike published data (154, 155), Rab7 was stably expressed at steady state
(Figure 3.1) and TBC1D15 throughout the experiments in all cell lines (Figure 3.2, 3.2,
3.5, 3.9, A.5). However, in NPC1 mutants grown in 10% FBS (growth media) and starved
(± 20% FBS), Rab7 increased (Figure 3.2, 3.7), but when grown in delipidated media and
starved (± 20% FBS) Rab7 decreased in CHO M12-A6ko cells (Figure 3.9). In double-
stimulated CHO cells, Rab7 levels were inconclusive (Figure 3.9) and in migrating cells
(scratched ± 20% FBS) comparable across cell lines (Figure A.5). In the liver and artery,
cholesterol-loading was linked to an up-regulation of Rab7 (116). Assuming such an
effect, it is unclear why the NPC1 mutants, but not WT cells, are sensitive to changes in
cholesterol levels. To confirm a role of LDL-cholesterol and AnxA6 on differential Rab7
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expression, more data is required.

The lipases hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL)
are capable of mobilising stored cholesterol by hydrolysing cholesteryl esters in lipid
droplets (6, 275). Under high-fat conditions, ATGL expression is downregulated by
increased mammalian target of rapamycin complex 1 (mTORC1) activity (29), while HSL
expression is stimulated (15). Herein, HSL and ATGL both were comparable in WT and
M12 cells at steady state (Figure 3.1), thus their regulation may not be dependent on
NPC1-mediated LDL-cholesterol trafficking. Moreover, in contrast to HSL, ATGL has
only low substrate affinity for cholesteryl esters (275).

Phosphorylation of focal adhesion kinase (FAK), Src kinase and p130 crk-associated
substrate (p130Cas) are key regulatory mechanisms in FA dynamics. FAK activation by
autophosphorylation at tyrosine residue 397 (pY397) creates a docking site for Src kinase
which when binding to it, triggers autophosphorylation of Src kinase at position Y416
(pY416). An Y416-phosphorylated Src then is able to phosphorylate Y861 FAK (pY861)
(26, 135, 272), while phosphorylation of p130Cas is one of the many downstream targets
of Src and FAK signalling (135). The Grewal group recently demonstrated that cholesterol
accumulation in LE through loss of NPC1 function (CHO M12) inhibits cell migration
and invasion (59, 189). At steady state (Figure 3.3), in overnight starved and double-
stimulated cells (Figure 3.6), pY861 FAK and pY416 Src levels dropped in CHO M12
and M12-A6ko cells, indicating reduced FA dynamics in NPC1 mutants. Interestingly, it
appeared as overnight starvation may already lead to FAK activation independent of serum
stimulation, as there was pronounced pY861 FAK levels in all cell lines independent of
stimulation (Figure 3.6A+E). Moreover, Src activation upon serum stimulation was ev-
ident in CHO WT, M12 and M12-A6ko cells that were grown in 10% FBS and starved
overnight (Figure 3.4), but not after starvation for 2h only (Figure 3.8), where pY416
Src levels decreased upon stimulation. It is generally believed that serum activation and
induction of wound closure results in Src activation, but unexpectedly, pY416 Src levels
decreased in scratched and serum-treated samples for all cell lines by 30-50% (Figure 3.6).
This was also seen under starved and delipidated conditions. Since the decrease in pY416
Src levels has been repeatedly observed (Figure 3.6, 3.8, 3.10, A.4), one cannot rule out yet
unkown alternative mechanism that regulate Src activity in NPC1- and AnxA6-depleted
cells. However, the observation could be due to Src downregulation upon prolonged
exposure to a stimulus (20% FBS), or redistribution of activated Src into specialised mi-
crodomains (lipid rafts) (101, 251) that do not dissolve well in Triton-containing lysis
buffers. Another approach to explaining the reduced amounts of phosphorylated pY416
Src may lie in the cell detachment that triggers the displacement and degradation of phos-
phorylated Src in autophagosomes (210). However, the decrease observed for pY416 Src
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levels was not reflected in the increase of LC3-II, which would have indicated increased
autophagy in externally stimulated CHO cells. Although p130Cas is regulated by Src and
FAK signalling (135), the WB analysis showed little correlation between the phosphoryla-
tion patterns of p130Cas, Src and FAK in our experiments (Figure 3.6, 3.8). Regardless of
the Src phosphorylation status, pY861 FAK levels were elevated in all cell lines, whether
stimulated by serum or not, indicating that starvation could trigger Y861 FAK activation
by mechanisms other than Src signalling. Another member of the Src kinase family that
has been linked to FAK is Fyn (16). Baillat and colleagues demonstrated colocalisation
of Fyn and FAK in early adhesion complexes of colorectal cancer cells. Since Fyn is
palmitoylated in contrast to myristyolated Src (16), it might show a different distribution
behaviour along the cell membrane in the absence of raft cholesterol. Furthermore, re-
cruitment of Fyn rather than Src to the leading edge was associated with rigidity-induced
cell spreading, which was dependent on palmitoylation of Fyn (121). The authors showed
Fyn-mediated phosphorylation of p130Cas, supporting the hypothesis that in NPC1 mu-
tant cells, cell spreading and phosphorylation of Y861 FAK and p130Cas may be due to
other Src family members such as Fyn. However, more data is needed to draw conclusions.

4.1.2 The role of NPC1 and AnxA6 loss of function on the expres-
sion of enzymes involved in cholesterol homeostasis and focal
adhesion assembly

Despite the ability of AnxA6 depletion to restore cholesterol export from NPC1 mutant
cells, these alternative cholesterol transport routes do not seem to simply reinstate protein
levels of endosomal enzymes and phosphoproteins involved in FA dynamics.

Although LDLR can be regulated by the intracellular cholesterol content (139), LDLR
levels were unexpectedly high in M12-A6ko cells and not reversible by serum (Figure
3.2), suggesting that AnxA6 does not re-establish the feedback loop that controls LDLR
expression in NPC1 mutant cells. Interestingly, in double-stimulated, migrating CHO
M12-A6ko cells, LDLR levels returned to a protein level comparable to that of WT cells
(Figure 3.5), suggesting AnxA6-independent regulatory mechanisms during migration.
Lacking restoration of ABCA1 in CHOM12-A6ko cells to protein levels observed in WT
(Figure 3.1) cells may indicate impaired post-endosomal cholesterol distribution in the
absence of AnxA6 or a direct role of AnxA6 in the regulation of lipoprotein and cholesterol
transporters. Unexpectedly, HSL andATGL increased in AnxA6-depleted CHOM12 cells
(Figure 3.1). This opposes results derived from adipose tissue fromGrewal and collegues,
which showed unaltered ATGL and slightly reduced but insulin-inducible HSL expression
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in AnxA6-depleted adipocytes (122). At steady state, AnxA6 depletion did not restore
pY861 FAK or pY416 Src levels (Figure 3.3), however, in overnight starved CHO cells,
there was pronounced pY861 FAK activation in all three CHO cell lines (Figure 3.4).
This suggests that starvation may already lead to FAK phosphorylation despite lack of
NPC1 and AnxA6. Moreover, serum-inducible Src activation was present in starved CHO
M12-A6ko cells (Figure 3.4).

4.1.3 Autophagy in CHO cells lacking NPC1 and AnxA6

Loss of AnxA6 function was linked to increased autophagic processes in NPC1 mutants.
The transformation of cytosolic LC3-I to the membrane-bound form LC3-II has been
established as a marker of autophagy, a process inducible by starvation and linked to
cholesterol storage in lipid droplets (100). Alike Ishibashi and co-workers (100), an
increase in LC3-II levels was observed in the NPC1 mutant cell lines, particularly in
AnxA6-depleted CHO M12 cells (Figure 3.2, 3.5, 3.9, A.3, A.5). This is in contrast
to findings from Sun and colleagues who showed impaired starvation-induced autophagy
in the absence of AnxA6 (230). The increase of LC3-II levels in AnxA6-depleted CHO
M12 cells may indicate a cellular functional state in which cholesterol homeostasis cannot
be maintained by autoregulation. In cardiomyocytes, starvation-induced autophagy was
associated with increased Rab7 expression mediated by the sirtuin 1 (Sirt1)- forkhead box
protein O1 (FoxO1) pathway (85).

The increased Rab7 levels observed in overnight-starved and serum-stimulated CHO
M12 and M12-A6ko cells, together with the increase in LC3-II expression (Figure 3.2),
may therefore indicate a limited resistance of these cells to starvation. Furthermore, the
downregulation of Rab7 in starved and double-stimulated NPC1 mutants, especially in
CHOM12-A6ko cells, could be interpreted as a decrease of autophagic processes upon the
dual stimulation, which was also reflected in the lowering of LC3-II levels. Stimulation of
migrating (scratched) cells with FBS only, though, did not decrease LC3-II levels in CHO
M12-A6ko cells (Figure A.5), suggesting a role of the intensified migration stimulus to
overcome autophagy. However, results require confirmation before further conclusions
can be drawn. Comparing CHO cells grown on 10% FBS to cells on cholesterol-depleted
media (LPDS-statin media) (Figure 3.7), the 2-hour starvation period was associated with
a similar increase in LC3-II in CHO WT and NPC1 mutant cells grown on LPDS. When
grown on regular growth media, this rise was only seen in NPC1 mutants, supporting the
hypothesis of higher susceptibility to starvation under regular growth conditions.

At steady state, increased ATGL in CHO M12-A6ko cells, could have been an early
indicator of autophagosome formation, while Rab7 levels were unchanged. ATGL plays
an important role in autophagy-mediated lipid mobilisation from lipid droplets (204).
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Sathyanarayan and colleagues showed ATGL to induce autophagy and lipophagy, alike
Rab7, via Sirt1 activation in hepatocytes (204).

It should be noted that some expression patterns observed in these multiscratched
lysates are slightly different to the expression profiles observed in cells that were not
migrating into a wound, but also stimulated with serum. Besides expression changes
that may occur when comparing migrating versus non-migrating cells, it also cannot be
excluded that the wound-making for the multiscratch assays induced a redistribution of
proteins inside cells, rendering them less soluble in the Triton-containing lysis buffer.
Indeed, activation of cell migration has been associated with the redistribution of proteins
into Triton-insoluble, cholesterol-rich fractions, so called lipid rafts (101, 152).

Taken together, cholesterol sequestration by loss of NPC1 function was shown to affect
the level of proteins involved in cholesterol homeostasis and also the activation status of FA
markers. Although loss of AnxA6 function may induce cholesterol exit from the LE/Lys
compartment, the additional AnxA6 knockdown in CHOM12 rarely reversed the effect of
NPC1 deficiency. This suggests a role of AnxA6 in post-LE/Lys cholesterol distribution.
The cholesterol imbalance in NPC1 mutant cells, however, does not lead to a complete
loss of Src, FAK and p130Cas phosphorylation, thus cholesterol- and AnxA6-dependent
signalling pathways need further characterisation. Moreover, NPC1 mutants showed an
increase of autophagic markers especially in AnxA6-depleted CHOM12 cells, despite the
loss of the AnxA6-induced pro-autophagic effect. However, experimental replication is
needed to confirm these findings.

4.1.4 Characterisation of focal adhesion formation in CHO cells lack-
ing NPC1 and AnxA6

It was speculated that cholesterol release upon AnxA6 depletion in M12 cells could
improve cholesterol delivery to the periphery to support FA formation at the cell edge.
In line with findings from Grewal and co-workers (155), the restoration of cholesterol
transport to the cell edge in AnxA6-depleted M12 cells was shown (Figure 3.21, 3.22,
3.23).

However, the NPC1 mutant phenotype was not fully rescued. Loss of NPC1 function
was associated with an increase in total FA numbers and a shift in spatial FA distribution
towards the cell body (Figure 3.11, 3.12). Reminiscent of the latter phenotype, in
fibroblast-like cells, FAK deficiency has been associated with increased FA formation
and decreased cell motility (99). Despite restoration of cholesterol release from LE in
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M12-A6ko cells, these trends persisted. This suggests that AnxA6 plays a role in FA
(dis)assembly that may go beyond cholesterol trafficking.

Nervertheless, loss of AnxA6 function in CHOM12 partially restored colocalisation of
FAmarkers and cholesterol (Figure 3.21, 3.22, 3.23). In WT cells, vinculin- and paxillin-
labelled FA were predominantly at the cell edge and in close proximity to D4H-labelled
cholesterol. In contrast, the number of centrally located FA increased in M12, but there
was less colocalisation with cholesterol. In AnxA6-deficient M12 cells, the increased
number of central FA remained but more adhesion complexes were concentrated on the
peripheral PM, where vinculin and paxillin often colocalised with cholesterol, as judged
by the microscopic impression. It was speculated that delivery of LE-derived cholesterol
to recycling endosomes might explain the often scattered peripheral D4H staining. Taken
together, these results suggest that depletion of AnxA6 in M12 cells restores cholesterol
transport to the cell edge, allowing spatial association of cholesterol derived from LE with
FA structures.

Interestingly, constitutive activation of Src was associated with a decrease in the total
number of FA and the cell size as well as with an increase of large FA at the cell edge
(Figure 3.25, 3.26, 3.27). Overexpression of EGFP-Src Y527F greatly reduced the central
blurry signal seen in CHO M12 and M12-A6ko cells, also that of anti-pY861 FAK. Src
transport and activation from the perinuclear compartment to the PM has been linked to
Rab11-positive endosomal transport (201) and the spatial pattern of recycling endosomes,
as judged by Rab11 visualisation (66, 203), is similar to the distribution of the blurry signal
described in here. As pFAK also is transported by recycling endosomes in a cholesterol-
sensitive manner (231), it could be speculated that overexpression of the constitutively
active Src mutant might reduce the localisation of Src and pFAK in perinuclear recycling
endosomes.

As part of the FAK-Src-paxillin-p130Cas-ERK-MLCK axis, Src is an important reg-
ulator of adhesion turnover (130, 254). This suggests that constitutive activation of Src
overcomes a failure of FAK activation in NPC1 mutants. Furthermore, ectopic expression
of Src Y527F partially restored LDL-inducible alterations in FA distribution in M12 but
not in M12-A6ko cells, indicating a potential inhibitory effect of AnxA6 depletion on
LDL-regulatory pathways affecting Src signalling.

4.2 Focal adhesion dynamics depend on cholesterol bal-
ance

FA assembly is a complex and multi-step process that requires signalling events controlled
by Src and FAK kinases, among others. Substantial amounts of Src are located in LE/Lys,
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and upon activation, Src translocates to the cell surface where it binds to autophospho-
rylated pY397 FAK. The trafficking of Src from LE/Lys to the cell surface is regulated
by SNARE proteins, several of those operating in a cholesterol-sensitive manner (51, 88,
111, 221, 259). Src binding to activated FAK then mediates the phosphorylation of FAK
at Y861 and the formation of the dual kinase complex FAK-Src, which interacts with
downstream signalling factors such as PI3K, p130Cas or paxillin (130, 158, 221). FA
are associated with cholesterol-containing microdomains (lipid rafts) and require choles-
terol for proper functioning (88). Moreover, upon cholesterol depletion, studies showed
differential regulation of FAK and Src activity (101, 170, 251), thus indicating that the
communication of Src and FAK in FA could occur in a cholesterol-sensitivemanner. While
recent findings from the Ikonen group coupled delivery of LDL-cholesterol to FAK acti-
vation in recycling endosomes (231), the roles of NPC1 and AnxA6 and its consequence
for FA assembly and distribution remain unknown.

4.2.1 Intracellular cholesterol distribution can regulate focal adhe-
sion dynamics

It was demonstrated that loss of the NPC1-dependent LDL-cholesterol export pathways
appear to affect the activation status of important signalling proteins of the cellular migra-
tion machinery. Nevertheless, pY397 FAK phosphorylation was observed in all three cell
lines (Figure 3.3), suggesting that FAK phosphorylation also occurs even when NPC1-
dependent cholesterol export routes from LE/Lys to other cellular sites are compromised.
FAK autophosphorylation at Y397 is an established marker for cell migration and inva-
siveness (98, 128), however, despite FAK being phosphorylated at this tyrosine residue,
studies showed decreased migratory behaviour in CHO M12 cells (59, 189). Similar
findings, i.e. the presence of pY397 FAK and a simultaneous reduction of pY416 Src
and pY861 FAK levels were also found in cells in which cholesterol-sensitive endosomal
recycling was defective (51, 221). Expression of the dominant-negative (E329Q) N-
ethylmaleimide-sensitive fusion protein (NSF), whose inhibition prevents the disassembly
of SNARE complexes and thus membrane trafficking, or truncated SNAP23 (SN23C49)
impaired Src redistribution from the perinuclear Rab11-containing compartment to the
cell edge. This was accompanied by a reduction of Y416 Src and Src-dependent FAK
phosphorylation, though did not affect pY397 FAK levels. Confirming the importance of
cholesterol-sensitive Src redistribution to the periphery, overexpression of the membrane-
targeted Src mutant Src-CAAX but not overexpression of Src WT restored FAK - Src
signalling (221).

FA dynamics include the recycling of FA components from rear cell to establish new
adhesion contacts at the leading edge, a process which is coordinated by cholesterol-
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sensitive soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) pro-
teins. Several SNARE proteins, including vesicle-associated membrane protein (VAMP)
2/3, syntaxin (Stx) 3/4/6 and synaptosome-associated protein 23 (SNAP23), are critical
regulators of membrane transport along exocytic routes and involved in β1 integrin recy-
cling (195). In particular VAMP3 and Stx6 were important for α5β1 integrin and of FAK
localisation at the PM (235). When cholesterol levels in the trans-Golgi network (TGN)
were low, Stx6 mislocalised to recycling endosomes, compromising Stx6-dependent in-
tegrin recycling (189). Src delivery to the leading edge depends on the SNARE proteins
Stx12 and SNAP23 (259). To form invadopodia Src and receptor tyrosine kinases, such as
epidermal growth factor receptor (EGFR), need to translocate to the target membrane for
β1 integrin-induced SNARE protein activation, membrane fusion, and phosphorylation
of the Src-EGFR complex (259).

Other studies also support cholesterol-related regulatory circuits for Src and FAK
activation at the cell surface. Jeon and co-workers studied the role of raft cholesterol
depletion on non-small cell lung cancer (NSCLC) cell migration (101). In agreement with
the results in here, they showed a loss of pY416 Src levels in cells treated with MβCD and
lovastatin. Since the interactions between FAK - Src, FAK - paxillin and FAK - vinculin
were not affected by the depletion of cholesterol from the lipid rafts, the authors suggested
that the reduced phosphorylation of Y416 Src was associated with the displacement of the
FA complex from the raft (101).

Moreover, the spatial distribution of FA complexes determined by anti-pY861 FAK,
GFP-paxillin, GFP-vinculin and GFP-Src staining was analysed (Figure 3.11, 3.16, 3.19,
3.26). Reminiscent of raft cholesterol depletion studies disrupting FA complex formation
(251), FA assembly decreased at the cell edge of NPC1-depleted CHO cells (CHO M12)
and AnxA6-depleted M12 cells (CHO M12-A6ko). However, increased FA levels in the
cell body were observed in these NPC1-depleted cell lines, suggesting that loss of NPC1
does not completely block FA formation. Thus, in the absence of NPC1, alternative
cholesterol transport pathways or FA signalling pathways may dominate, resulting in a
different spatial pattern of FA within cells. Alike the results herein, Wang et al. observed
an increase in the average FA number when A375 cells were treated with MβCD for 3h
(251).

The cholesterol imbalance in NPC1 mutants was accompanied by marked cell spread-
ing, which may reflect the upregulation of FA numbers within the cell body, facilitating
increased cell adhesion (Figure 3.11, 3.16, 3.19, 3.28). This is in contrast to other studies
in which cholesterol depletion by MβCD or inhibition of cholesterol-sensitive exocytic
transport was associated with reduced cell spreading (51, 221, 251). However, Ilić and



Chapter 4. Discussion 83

colleagues reported cell spreading and an increase in centrally located and total FA in
FAK-deficient cells (99).

Notably, AnxA6 knockout in NPC1 mutant CHO M12 cells, which was linked to a
(partial) restoration of cholesterol release (Figure 3.22, 3.21, 3.18), failed to restore Src
and FAK phosphorylation patterns as well as FA dynamics observed in WT cells. This
could indicate insufficient cholesterol exit from the LE/Lys compartment or a separate role
for AnxA6 in regulating post-endosomal cholesterol transport or recycling pathways.

4.2.2 Focal adhesion turnover requires Src kinase activity

Herein, ectopic expression of constitutively active Y527F Src, but notWTSrc, reversed the
number, distribution and cell size of FA in CHO M12 and M12-A6ko cells (Figure 3.26,
3.28). In addition, LDL inducibility was partially restored in CHOM12 cells. Skalski and
colleagues showed that overexpression of PM-targeted Src overcomes SNARE-defective
Src maintenance in the Rab11-containing recycling compartment (221). However, over-
expression of WT Src or C-terminal truncated constitutively active Src, in contrast to
constitutively active Y527F Src in here, were unable to restore FA turnover (221). Un-
derlining the importance of PM association, defective Src myristoylation was associated
with inhibition of Src-mediated cell transformation (25) and the formation of "intracel-
lular" FA (54). The latter also was seen for kinase-inactive Src mutants (54). Since
Y527F Src though not C-terminal truncated constitutively active Src seems able to restore
FA turnover, it remains to be clarified whether both depend on cholesterol-sensitive and
SNARE-mediated transport to the cell membrane. One could envisage that Y527F Src
may not locate in the same compartments as WT Src. However, the mutant Y527F Src
does not depend on dephosphorylation of Y527 by the transmembrane protein tyrosine
phosphatase (PTP) α to enable autophosphorylation of Y416 Src (84), so that membrane
association might not be a prerequisite for kinase activity.

The potential underlying mechanism by which Src could control FA turnover is by
negatively regulating the RhoA/ROCK axis. During lipid raft disruption Src dislocates
from rafts causing excessive F-actin formation by increased RhoA/ROCK signalling which
counteracts FA disassembly (251). In human melanoma cells treated with MβCD, Wang
et al. observed an increase in average FA number and a change in spatial distribution,
resulting in colocalisation with prominent F-actin fibres in the cell body. The underlying
mechanism bywhich Src controls FA turnover is by negatively regulating the RhoA/ROCK
axis (251).

Taken together, the localisation of Src at the cell membrane and its kinase activity
play a crucial role in coordinating FA turnover. The restoration of cholesterol export from
LE/Lys to other cellular sites, such as the ER, lipid droplets andmost likely the cell surface,
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by depletion of AnxA6 in NPC1 mutants, did not appear to be correlated with changes in
Src translocation or its activation at the cell membrane.

4.3 The role of AnxA6 in focal adhesion formation

AnxA6 knockdown has been shown to enable cholesterol exit from the LE/Lys com-
partment of NPC1 mutant cells (155). Since cholesterol sequestration resulted in reduced
cell migration, it was speculated that restored cholesterol transport to the cell edge could
rescue cell migration. In support of this hypothesis, AnxA6-depleted M12 cells showed
increased amounts of cholesterol at the cell edge, as measured by mCherry-D4H signals,
and increased colocalisation with pY861 FAK and GFP-vinculin compared to M12 cells
(Figure 3.21, 3.22, 3.23, 3.24). Moreover, in a migration (scratch) assay, the Grewal
group showed increased migratory activity of CHO M12-A6ko cells compared to M12
cells (104). Despite the cholesterol release in AnxA6-depleted NPC1 mutants, the total
number of FA, spatial distribution and cell size were reminiscent of the phenotype of NPC1
mutants (Figure 3.11). At steady-state, levels of pY416 Src and its substrate pY861 FAK
were decreased in CHOM12 and M12-A6ko cells, and the amount of p-p130Cas was also
reduced in both mutant cell lines (Figure 3.3). This suggests that cholesterol delivery to
the cell periphery and association with FA is (partially) restored, but that FA signalling
and turnover, as indicated by the FA pattern, is still pending. Since there was no complete
restoration, AnxA6-knockout-induced cholesterol exit may be insufficient or there might
be further functions of AnxA6 in cell migration-associated signalling.

4.3.1 AnxA6 and cell migration

AnxA6 is a Ca2+-sensitive scaffolding protein that when overexpressed, inhibits cell migra-
tion and invasiveness. In contrast, AnxA6 depletion was linked to increased cell motility
(59). The inhibitory effect on cell migration ismainly attributed toAnxA6-induced choles-
terol sequestration in the Lys/LE compartment, which impairs the cholesterol-promoting
coordination of SNARE proteins and the exocytic transport of membrane and FA proteins
to the cell surface (77). However, the regulatory role of AnxA6 in cell migration appears
more complex and other AnxA6-related features should also be considered.

AnxA6 plays a crucial role in membrane microdomain organisation through Ca2+-
dependent binding to phospholipids, association with cholesterol-rich membranes, direct
interaction with the actin cytoskeleton, and coordination of the recruitment and transport
of other lipids and proteins to the surface (14, 38, 49). As binding partners of F-actin
and membrane-associated phospholipids, annexins have been suggested to play a role in
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receptor-mediated endocytosis and cell migration (35). Through interaction with spectrin
and recruitment of the protease calpain I, AnxA6 is involved in LDLR endocytosis by
promoting the detachment of clathrin-coated vesicles from the cell surface (78), and also
in the transport of LDL from the pre-lysosomal compartment to lysosomes for degradation
(180). Thus, impaired LDLR recycling due to loss of AnxA6 function could lead to a
compensatory upregulation of LDLR levels, as observed in CHOM12-A6ko cells (Figure
3.1, 3.2).

As a scaffold protein, AnxA6 plays a role in the spatiotemporal regulation of mem-
brane receptor signalling. Grewal and co-workers showed that AnxA6 modulates EGFR,
platelet-derived growth factor (PDGF) receptor (PDGFR) and scavenger receptor B1
(SRB1) signalling, e.g. by interacting with the GTPase-activating protein p120GAP,
which inhibits Ras, i.e. in EGFR/Ras/mitogen-activated protein kinase (MAPK) sig-
nalling, or by mediating protein kinase C (PKC) α-mediated threonine phosphorylation
and inactivation of EGFR, both of which have proliferation inhibitory effects (35). In can-
cer, these AnxA6-related aspects may also modulate tumour metastasis and invasiveness
via these signalling partners, as downstream of EGFR, Ras and p120GAP signalling, sev-
eral pathways, including p190Rho-GAP, FAK, and integrin signalling, play a role in cell
migration. The AnxA6/p120GAP complex, thus, could play a role in regulating cell po-
larity, FA turnover, and actin-cytoskeletal dynamics (77). Morever, AnxA6 may regulate
cell migration by association with several members of the Src kinase family (77). The lack
of FA turnover in AnxA6-depleted CHO M12 cells, which could be overcome by overex-
pression of constitutively active Src, could therefore be a consequence of the latter features.

As a positive regulator of autophagy, AnxA6 may play a role in autophagy-mediated
FA degradation, which is critical for migration speed. In head and neck squamous cell car-
cinoma, AnxA6-induced autophagy by inhibtion of Akt and mTOR phosphorylation was
linked to metastasis and invasion (250). Thus, AnxA6 depletion could impair autophagy-
mediated FA degradation and therefore limit the rate of FA turnover. However, elevated
LC3-II levels in CHOM12-A6ko indicate that autophagy is still upregulated in the absence
of AnxA6.

Overall, AnxA6 plays an important role in coordinating membrane organisation and
spatiotemporal regulation of cell surface receptor signalling. As a direct binding protein
of F-actin and the cell membrane, AnxA6 coordinates receptor-mediated endocytosis and
cell migration. Regarding its role in cholesterol homeostasis, depletion of AnxA6 has been
associated with increased cell migration (59). However, in oesophageal squamous cell
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carcinoma, depletion of AnxA6 resulted in decreased cell motility (53), so downstream
signalling of AnxA6 appears to be differentially regulated. As described above, in AnxA6-
depletedNPC1-deficient CHOcells, redistribution of cholesterol and restored FA assembly
at the cell periphery was shown, although an increase in centrally localised FA was
maintained, reminiscent of the NPC1 mutant phenotype. Accordingly, pY416 Src and
its substrate pY861 FAK were reduced at steady-state. In light of these results, it could
be hypothesised that AnxA6 knockout did not fully restore cholesterol balance or its
depletion blocks AnxA6-dependent actin-cytoskeletal dynamics required for FA turnover.
As a regulator of intracellular Ca2+ homeostasis (159), AnxA6 knockout-induced Ca2+

imbalance could interfere with Ca2+-sensitive cytoskeletal rearrangements.

4.4 Evaluation of the methodological approach

4.4.1 Experimental models and methods for the investigation of the
role of cholesterol on focal adhesion formation and cell migra-
tion

To investigate the role of cholesterol in FA and cell migration, a cell model of CHO cells
lacking the cholesterol transporter NPC1 was chosen (CHO M12). The loss of NPC1
function results in cholesterol accumulating in the Lys/LE compartment and not being
transported to the ER, Golgi, recycling endosomes and the cell surface (38, 189, 190).
The PM contains approximately 80% of cellular cholesterol, and to investigate the role
of cholesterol in this location on cellular functions, previous studies have used MβCD to
disrupt the PM structure via cholesterol depletion. However, MβCD treatment also affects
cholesterol levels and distribution in endomembranes and may also alter the membrane
distribution of other lipids, such as phospho- and sphingholipids (274). Thus, loss of NPC1
function appears to promote membranous cholesterol depletion in a more physiological
way.

The most common methods for loss of NPC1 function include the use of NPC1 in-
hibitors (U18666A) (145), itraconazole (143), stable expression of NPC1 mutants (39,
168) or knockout of NPC1 (156), the latter being the most reliable condition for loss of
NPC1 function. Accordingly, overexpression of AnxA6 leads to a cholesterol phenotype
similar to that of NPC1 mutants (38), yet other AnxA6-related activities upon overexpres-
sion (see Chapter 1.3) may not have provided a suitable cell model. On the other hand,
depletion of AnxA6 restored cholesterol export in NPC1 mutant cells. To test whether this
observation could have an impact on FA formation, an AnxA6-depleted CHO M12 cell
line (CHOM12-A6ko) was used. However, in line with the multitude of AnxA6 functions
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(75), AnxA6 depletion in CHO M12 cells did not simply reverse the full NPC1 mutant
phenotype. While the studies shown here have focused on cholesterol transport exiting
LE/Lys in NPC1 mutant cells, it should be noted that NPC1 also regulates the transport
of sphingomyelin and glycosphingolipids (138). Thus, the retention of other lipids can
directly or indirectly influence cell migration, which must be taken into account when
interpreting the results.

Two approaches were used to study FA dynamics under different conditions: First,
membrane-bound cholesterol and FA were directly visualised using fluorescence mi-
croscopy, allowing the number, distribution and size of FA, as well as cell size, to be
determined and compared in cells incubated under different conditions. In addition,
protein levels of receptors, transporter enzymes and kinases involved in cholesterol home-
ostasis and FA signalling were compared by WB, which may provide additional insight
into the ability of cells to assemble FA under cholesterol-rich or cholesterol-deficient
conditions.

Visualisation and analysis of intracellular cholesterol trafficking under physiological
conditions have been technically challenging. Different approaches to visualise cholesterol
include the use of sterol-binding biomolecules such as filipin, fluorescent cholesterol
analogues such as BODIPY-labelled LDL-cholesterol or cholesterol-binding bacterial
toxins, such as perfringolysin O (PFO) (211).

Filipin is an intrinsically fluorescent polyene macrolide antibiotic and can bind to
unesterified cholesterol (124, 257). Because it is able to detect free cholesterol, but not
that esterified cholesterol in lipid droplets, it has been successfully used to study NPC1
disease (211). Although filipin labelling also has a low affinity for some other lipids
such as the ganglioside GM1 (12), it is a well-established and recognised tool to detect
cholesterol accumulation in NPC1 mutant cells. Given that the visualisation of filipin
requires UV activation, ‘bleaching’ of filipin-stained cells is a limitation when aiming to
quantify filipin staining intensities. This issue has now been overcome by the utilisation of
glutathione S-transferase (GST)-PFO fusion proteins, which allow the immunodetection of
PFO staining using GST antibodies, which is not prone to bleach while under microscopic
examination (see below). In addition, it can induce cell lysis by damaging the membrane
bilayer, which limits its use to fixed cells (197).

Another technique for visualising cholesterol is the use of fluorescent cholesterol ana-
logues such as dehydroergosterol or the 1000-fold brighter BODIPY cholesterol (BChol)
(260). Ikonen and colleagues used LDL labelled with BODIPY-cholesteryl linoleate and
studied the transport of LDL-cholesterol from Lys/LE to the cell surface in live human
A431 squamous cell carcinoma cells (109). However, the studies showed variations in
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cholesterol esterification, cholesterol transporter binding and lipid droplet association, so
analyses of cholesterol transport based on BChol require cautious interpretation (211).
Cholesterol-dependent cytolysins derived from pathogenic bacteria and fungi also have
come into application targeting cholesterol. A well-known member of this group is PFO,
which binds to cell membranes that have molar cholesterol concentrations of more than
35-40 mol% of total membrane lipids (41).

Endomembranes appear to have a lower threshold probably through phospholipids
supporting PFO-cholesterol binding (225). To circumvent the cytolytic effects of PFO,
researchers isolated the PFO domain responsible for cholesterol binding (PFO-D4) (61,
216). PFO-D4, however, cannot pass the cell membrane, thus, in-cell expression of
fluorescence-labeled PFO-D4 has been established (1). To solve the problem of high
cholesterol concentration, the D4 mutant D4H was developed, which now starts to bind at
a molar cholesterol concentration of 1 mol% of total membrane lipids (102, 140).

In here, in-cell expression of mCherry-tagged D4H was used to study the spatial dis-
tribution and colocalisation of cholesterol with the FA marker signal of GFP-vinculin,
GFP-paxillin, and anti-pY861 FAK. By this technique, no unphysiological treatment,
which may affect the membrane composition, was required for cholesterol visualisation.
However, it has not been conclusively clarified whether D4/D4Hmaymodulate cholesterol
homeostasis (211). In addition, levels of the ectopically expressed D4H plasmid may vary
between different cells upon transient transfection and therefore impact on D4H staining
patterns.

The number, distribution and size of FA, as well as cell behaviour can reflect the
cell’s mode of migration by providing information about cell polarity and FA turnover.
Fluorescent FA markers are needed to determine these factors. In the literature, the FA
proteins paxillin, vinculin and (pY861, pY397) FAK have been widely used (93, 99, 107).

In here, anti-pY861 FAK was used as the FA marker for quantification. In the run-up,
the localisation of anti-FAK to anti-pY861 FAK signals in CHO WT and M12 cells was
compared (Figure A.1). While anti-pY861 FAK appeared as adhesion-like, well-defined
condensations with a particular focus on the cell edge in WT cells, the anti-FAK signal
showed a perinuclear accumulation, an increased diffuse background signal and a less
defined cell edge.

FAK interaction with Src, as central signalling mechanism in FA dynamics, requires
FAK autophosphorlyation at Y397 to create a docking site for Src family kinases (207).
However, pY397 FAK was observed to also colocalise with β1 integrins on early and
recycling endosomes (5, 231), so it may not be possible to distinguish FA from endosomes
based on anti-pY397 FAK staining. Since pY861 FAK is a major phosphorylation site of
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Src (26) and it has been linked to oncogenic transformation, especially with cell migration
and metastasis (2, 135, 222), it was chosen as FA marker herein. However, given the
increased fuzzy anti-pY861 FAK signal in M12 cells, it does not appear to be completely
FA specific either. The central spatial distribution of pY861 FAKwas similar to that of the
recycling endosome marker Rab11 (63, 66, 268). When analysing GFP-vinculin or GFP-
paxillin/anti-pY861 FAK stained cells, the number of pY861 FAK labelled FA exceeded
that of vinculin or paxillin labelled FA, especially in M12 and M12-A6ko cells. However,
the distribution between cell lines remained unchanged for the different FA markers (data
not shown). When the cell bottom was explicitly imaged by confocal microscopy, the
pY861 FAK signal was reduced to more defined complexes. Consequently, pY861 FAK-
based quantifications of FA number, spatial distribution and size could be confounded by
the localisation of pY861 FAK in recycling endosomes. However, despite the deficits,
immunostaining was less prone to problems, as cell transfection was associated with
an increased rate of cell death, especially in WT cells. And, as the distribution of
measurements between cell lines was comparable to results obtained from analyses based
on GFP-vinculin, -paxillin, -Src and EGFP-Src-Y527F signals, the conclusions should not
be affected.

For simplicity, anti-pY861 FAK also was used to determine FA size. However, in
order to analyse FA size, it is important to differentiate between 2D and 3D FA markers.
While integrins along the PM serve as FA markers of a 2D plane, adaptor proteins such
as vinculin and paxillin can build up to a 3D FA aggregate (255). Using light microscopy,
only a 2D plane, missing the FA depth, can be resolved (108). Thus, the area of the pY861
FAK signal probably is not representative for the FA size. A more accurate approach
would be the use of the migration related αVβ3 integrin (94, 255). Since FA dynamics
are a spatiotemporally regulated sequence of protein interactions, with FAK assembly pre-
ceding paxillin recruitment at the leading edge (93), the paxillin-less pFAK signal could
reflect FA initiation, or, since paxillin also promotes FA disassembly, it could be related to
the lack of FA turnover, particularly in M12 and M12-A6ko cells. To validate the dynamic
interactions in FA in terms of assembly and turnover, FA characterisation requires a par-
allel analysis of 2D and 3D markers (255). An alternative method to investigate the role
of cholesterol in FA reconstruction could be the analysis of fluorescence recovery after
photobleaching (FRAP). Bleaching by a laser pulse leads to FA degradation, followed by
FA recycling and reconstruction. However, the temporal and spatial distribution of FA re-
cycling may reflect cellular regulatory mechanisms (255). Analysis of the spatiotemporal
behaviour of different FA markers in CHOM12 andM12-A6ko cells may help to decipher
the role of cholesterol and AnxA6 in cell migration.
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To quantify cell spreading as a marker of cell behaviour and the cell’s ability to
establish adhesion, the cell size was analysed. The cell size increased in CHO M12, and
even more so in CHOM12-A6ko cells, although depletion of AnxA6 was shown to rescue
migration in CHO M12 (104). Kim and Wirtz suggested that FA size, not shape, is a
positive predictor of cell spreading and that both cell size and FA size are biphasically
related to the rate of cell migration. Thus, when a certain size was exceeded, the speed
of the cells decreased (114). Consequently, the comparison of cell size may visualise a
mode of behaviour, though its meaning for migration is inconclusive.

As ImageJwas notmanually spatially calibrated, though scaled to 6.1833 pixels/micron
based on the image information, areas were measured predominantly in pixel (px)2. The
aim was to visualise differences between cell lines rather than to determine absolute num-
bers. Therefore, the figures do not lose their informative value due to the lack of exact
calibration.

To characterise the cell lines CHO WT, M12 and M12-A6ko, the relative protein
levels of proteins involved in cholesterol homeostasis and phosphoproteins regulating
FA dynamics were analysed by WB. This technique involves the separation of proteins
according to their molecular weight by gel electrophoresis and subsequent transfer to a
PVDF membrane for immunostaining. For phosphoproteins, in particular, this allows
sequential staining and quantification of total and phosphorylated proteins on the same
probe. Given the limited amount of phosphorylated proteins within a cell, the detection
of phosphoproteins, as well as proteins in low concentrations, can be challenging. When
analysing >10 samples per WB, equal sample loading, followed by identical transfer and
immunoblotting conditions across the entire membrane are vital. Multiple replications of
the experiment and WB analysis are required to control for technical error and to ensure
validity and reproducibility. A distinction can be made between technical replicates, a
replication of the same sample, similar to the duplicates mostly used herein, and biological
replicates of independent samples (178). Individual biological replicates can be found
along the series of experiments, but a systematic replication of the experiments should be
added in the future to increase the value of the information.

As displayed earlier, someWB signals showed issues of hyper- and hypointensity. This
may be a common issue of enhanced chemiluminescence (ECL), which uses horseradish
peroxidase (HRP) conjugated to secondary antibodies that produces photons of light in the
presence of luminol-based substrates (178). Substrate distribution is a dynamic process
influenced by the spatial availability of the secondary antibody and the membrane surface.
Strong bands with a high density of HRP reporter can rapidly consume the substrate,
even depleting it, resulting in loss of signal. The detection of very high and low intensity
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bands at the same time may be challenging due to the loss of linearity (178). Although
chemiluminescence is widely used, fluorescent WBmethods, that use fluorophore-labeled
secondary antibodies, are considered themore accurate and robust techniquewith a broader
linear range (178).

Common causes of non-linearity are overloading of the sample protein, leading to
membrane saturation and consequent loss of abundant protein, and signal saturation beyond
the capacity of the detection system. Since linearity between the sample loading and the
signal intensity is the foundation of quantitative WB analysis a combined linear range for
both the target protein and the loading protein, also referred to as internal loading control
should be determined (178). In this work, it was possible to rely on the Grewal group’s
many years of experience with themethod and the antibodies used. For densitometry using
ImageJ, images were background corrected and contrasts were adjusted, which may also
have affected the optical density analysis. Furthermore, membrane stripping for re-use
may have had an impact on membrane quality. In light of these difficulties, results from
WB analysis are often supported by other approaches, such as microscopy or as outlined
below, mass spectroscopy (MS).

Over the last two decades, the latter technology has revolutionised the field of pro-
teomics. However, while in WB the specificity of the antibody used to label the protein
of interest is a key factor for the result, MS depends on several parameters that increase
complexity and cost (3). Although the quality of data obtained with MS surpasses that
of WB, the abundance of information obtained in the past, together with features such as
lower cost and lower complexity, are still an argument for using WB today (3). Moreover,
when aiming to address expression levels of a limited number of proteins in a highly
complex protein mixture in whole cell lysates, the WB method is generally the preferred
and most cost-effective approach. WB analysis is an established methodology in the
Grewal laboratory, and the many years of experience with the protocol, providing critical
insight into oncogenic signalling events (76, 82, 119, 241) and the excellent performance
of antibodies used in this study speak for the use of WB in the context of this question.
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Chapter 5

Conclusion
LDL-cholesterol sequestration in the late endosomal/lysosomal (LE/Lys) compartment of
Niemann-Pick type C1 (NPC1)-depleted Chinese hamster ovary cells (CHO M12) has
been linked to impaired cell migration and invasion. It was hypothesised that cholesterol
exit from LE in CHO M12 cells lacking annexin A6 (AnxA6, CHO M12-A6ko) could be
delivered to the cell surface and peripheral recycling endosomes to support the formation
and function of focal adhesion (FA) required to promote cell migration.
Western blot (WB) analysis showed that NPC1 deficiency affected the activation status
of focal adhesion kinase (FAK) and Src kinase, key signalling proteins regulating FA
dynamics. Phosphorylation of Y861 FAK, Y416 Src and p130Cas was greatly reduced in
CHO M12 and AnxA6-depleted CHO M12 cells (CHO M12-A6ko) at steady state. To
analyse FA formation and function inNPC1mutant cells, the cellular distribution of key FA
signalling proteins, such as activated FAK (pY397 FAK, pY861 FAK), and structural FA
markers such as vinculin and paxillin were quantified by fluorescent microscopy. While
control cells showed a prominant FA distribution at the cell periphery, NPC1 mutants
displayed an increased FA amount within the cell body. The latter was accompanied by an
inability to increase FA numbers at the cell periphery upon LDL treatment. Furthermore,
in CHOM12-A6ko cells, an increased colocalisation of the cholesterol biosensorD4Hwith
pY861 FAK and vinculin was observed. These findings indicate restoration of cholesterol
transport from LE to the cell edge in CHO M12-A6ko cells. Nevertheless, peripheral
FA distribution in CHO M12-A6ko cells remained much lower as compared to control
cells, indicating that rescue mechanism upon AnxA6 depletion cannot fully overcome
loss of NPC1 function. Interestingly, the NPC1 phenotype could be rescued by ectopic
expression of constitutively active Y527F Src but not WT Src. It was speculated that
the altered activation status of FAK and Src coincides with their cholesterol-sensitive and
improper translocation to the cell surface. Indeed, exocytic transport of membrane and
associated FA proteins requires the coordinated action of cholesterol-sensitive SNARE
proteins. Since Y527F Src expression restored FA distribution in NPC1 mutant cells, it
appears that oncogenic Src can overcome dysregulated cholesterol distribution in these
cells to coordinate FA dynamics. As AnxA6 depletion could partially restore cholesterol
transport to the cell periphery but did not fully reverse the phenotype, AnxA6 may have
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further functions in cell migration-associated signalling.



94

Chapter 6

Abstract
In cells lacking the Niemann-Pick type C1 (NPC1) cholesterol transporter, cholesterol
accumulation in late endosomes (LE) and an inability to distribute cholesterol from LE
to other cell compartments causes impaired cell migration. It was speculated that choles-
terol released from LE in NPC1 mutant Chinese hamster ovary (CHO) cells by annexin
A6 (AnxA6) depletion could be delivered to the cell surface and support the focal adhe-
sion (FA) dynamics required for migration. Cells obtain cholesterol through low-density
lipoprotein (LDL) uptake, which is then delivered to LE and distributed to other sites. To
study regulatory circuits that link LDL-cholesterol trafficking with the migratory machin-
ery in CHO wild type (WT), NPC1 mutant CHO M12 and AnxA6-depleted CHO M12
cells (M12-A6ko), the relative expression levels of proteins involved in cholesterol home-
ostasis were compared. Furthermore, the number, location, and size of FA were analysed
and the distribution and colocalisation of FA components assessed by immunofluorescence
microscopy. Western blot analysis revealed that cholesterol sequestration in CHOM12 ap-
pears to affect the activation status of key migration signalling proteins. Phosphorylation
of focal adhesion kinase (Y861 FAK), Src (Y416 Src) and p130Cas was greatly reduced
in CHOM12 and M12-A6ko at steady state. It was speculated that this coincides with im-
proper translocation of Src kinase and FAK to the cell surface to regulate FA (dis)assembly.
Underlying mechanisms likely include the dysregulation of cholesterol-sensitive SNARE
proteins, which regulate exocytic transport of membrane and FA proteins to the cell sur-
face. Microscope-based quantification of the distribution of activated FAK (pY397 FAK,
pY861 FAK), vinculin and paxillin in NPC1 mutants revealed an increased number and
size of FA in the cell body, while the typical peripheral FA distribution observed in WT
cells was absent. Interestingly, ectopic expression of constitutively active Y527F Src but
not WT Src, appeared to restore FA distribution in NPC1 mutants, indicating that onco-
genic Src can overcome dysregulated cholesterol distribution in these cells to coordinate
FA dynamics. Strikingly, normalisation of cholesterol homeostasis in M12-A6ko cells
correlated with restoration of cholesterol transport to the cell edge, as measured by the
increased colocalisation of the cholesterol biosensor D4H with pY861 FAK and vinculin.
Hence, AnxA6-regulated transport routes seem to contribute to cholesterol delivery to FA
structures, thereby improving NPC1 mutant cell migratory behaviour.
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Abstrakt
Das Fehlen des Cholesteroltransporters Niemann-Pick Typ C1 (NPC1) führt zur Akku-
mulation von Low-Density-Lipoprotein (LDL) - Cholesterol in späten Endosomen (LE)
und zu einer defizitäre Umverteilung aus LE in andere Zellkompartimente. In Folge
kommt es zu einer Beeinträchtigung der Zellmigration, welche sich durch die Deletion
von Annexin A6 (AnxA6) und Aktivierung alternativer Cholesterolexportwege teilweise
umkehren lässt. Eine zugrundeliegende Hypothese dieser Arbeit ist, dass durch AnxA6-
Knockout freigesetztes Cholesterol aus NPC1-mutanten Chinese Hamster Ovary (CHO)
Zellen an die Zelloberfläche gelangen und migrationsrelevante Dynamiken der Fokalkon-
takte (FA) unterstützen kann. Um die Regelkreise zu untersuchen, die den Transport von
LDL-Cholesterol mit der Migrationsmaschinerie in CHOWildtyp (WT), NPC1-mutanten
CHO-M12 und AnxA6-depletierten CHO-M12 Zellen (M12-A6ko) verbinden, wurden
Proteinlevels an der Cholesterolhomöostase beteiligter Proteine analysiert. Darüber-
hinaus wurde die Anzahl, Lage und Größe der FA untersucht und die Verteilung und
Kolokalisierung der FA-Komponenten mittels Immunfluoreszenzmikroskopie bewertet.
Western Blot-Analysen zeigten, dass die Cholesterolsequestrierung in NPC1-mutanten
Zellen den Aktivierungsstatus wichtiger Signalproteine der Zellmigration beeinflusst.
Die Phosphorylierung von Focal Adhesion Kinase (Y681 FAK), Src (Y416 Src) und
p130Cas war in CHO M12 und M12-A6ko Zellen im Ausgangszustand stark reduziert.
Basierend auf Ergebnissen der Grewal Gruppe wurde angenommen, dass dies mit einer
fehlerhaften Verlagerung von Src-Kinase und FAK an die Zelloberfläche zur Regulation
von FA-Dynamiken zusammenhängt. Zu den zugrundeliegenden Mechanismen gehört
vermutlich die Dysregulation der cholesterolsensitiven SNARE-Proteine, die den ex-
ozytischen Transport von Membran- und FA-Proteinen zur Zelloberfläche regulieren.
Die mikroskopische Quantifizierung der Verteilung von aktiviertem FAK (pY397 FAK,
pY861 FAK), Vinculin und Paxillin in NPC1-mutanten Zellen zeigte eine erhöhte An-
zahl und Größe von FA im Zellkörper, während die typische periphere FA-Verteilung
in WT-Zellen fehlte. Die ektope Expression von konstitutiv aktivem Y527F Src, nicht
aber von WT-Src, schien die FA-Verteilung in NPC1-Mutanten wiederherzustellen. Dies
deutet darauf hin, dass onkogenes Src die gestörte Cholesterolverteilung in diesen Zellen
überwinden und die FA-Dynamik koordinieren kann. Darüberhinaus schien die Nor-
malisierung der Cholesterolhomöostase in A6ko-defizienten CHO-M12 Zellen mit der
Wiederherstellung des Cholesteroltransports zum Zellrand zu korrelieren, was durch die
verstärkte Kolokalisierung des Cholesterol-Biosensors D4Hmit pY861 FAK und Vinculin
gemessen wurde. AnxA6-regulierte Transportwege tragen demnach dazu bei, Cholesterol
zu FA-Strukturen zu transportieren und so dasMigrationsverhalten NPC1-mutanter Zellen
zu verbessern.
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Characterisation of FAK and pY861 FAK immunostaining

In the run-up, immunostaining of focal adhesion (FA) was tested using anti-FAK (BD
Transduction Laboratories, Cat.No. 610088, mouse) or anti-pY861 FAK (Abcam, ab4804,
rabbit), each in a dilution of 1:200 and 1:500, followed by secondary antibodies coupled
to Alexa Fluor® 488 (Thermo Fisher, A11008 anti-rabbit or A11001 anti-mouse, dilution:
1:350). Immunolabelling with anti-pY861 FAK, diluted 1:500, was found to be superior
to anti-FAK due to better delineation of FA and less unspecific background staining,
particularly in the perinuclear region (Figure A.1).

Figure A.1: Characterisation of FAK and pY861 FAK immunostaining. Shown are CHOWT
and M12 cells co-stained with anti-pY861 FAK (green) and anti-FAK (red). For both primary
antibodies a dilution of 1:500 and 1:200was tested, while the secondary antibody dilution remained
1:350. For the experiment, 1.5 ∗ 105 cells/well of a 6-well plate were plated, grown for 48h in
growth media (10% FBS), 2h incubated in serum-free medium and subsequently fixed, stained and
mounted as described earlier.
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Focal adhesions at the cell edge and the cell body

Figure A.2: Focal adhesions at the cell edge and the cell body. Shown is an anti-pY861 FAK
(green) stained CHO wild-type cell in which focal adhesions (FA) at the cell edge were surrounded
in blue. FA located towards the centre of the cell were considered to be at the ‘cell body’. High
brightness was used to delineate the plasma membrane (left), for analysis, unspecific signals were
reduced by adaption of the threshold (right).
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Expression of late endosomal proteins in LDL-activated
cells after incubation with LPDS-statin media

Figure A.3: Western blot analysis of late endosomal proteins in LDL-activated CHO WT,
M12 and M12-A6ko cells after incubation with LPDS-statin media. (A) Cell lysates from
CHO WT, CHO M12 and CHO M12-A6ko grown in 10% FBS-containing media were incubated
in 10%-LPDS-5mg/ml-mevastatin media (Appendix B.25) for 48h. Then, cells were starved in
serum-free media for 2h and activated by LDL for 30min. Subsequently, samples were analysed
by western blotting (WB) as described in Methods (Chapter 2.2.2). Shown are the protein levels of
Niemann-Pick type C1 (NPC1), annexin A6 (AnxA6), Rab7, light chain 3 (LC3)-I (upper), LC3-II
(lower), Tre-2/Bub2/Cdc16 1 domain family member 15 (TBC1D15), and low density lipoprotein
receptor (LDLR, upper arrowhead: mature form, lower arrowhead: precursor). (B) The relative
expression levels were quantified using ImageJ. TheWB signals of NPC1, AnxA6, Rab7, LC3-I/II,
and LDLR were normalised to TBC1D15. The mean relative protein level of duplicate samples
and median absolute deviation (MAD) is given.
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Src and FAK activation in LDL-activated cells after incu-
bation with LPDS-statin-media

Figure A.4: Western blot analysis of Src and FAK activation in LDL-activated CHO WT,
M12, and M12-A6ko cells after incubation with LPDS-statin media. (A) Cell lysates from
CHO WT, CHO M12 and CHO M12-A6ko grown in 10% FBS-containing media were incubated
in 10%-LPDS-5mg/ml-mevastatin media (Appendix B.25) for 48h. Then, cells were starved in
serum-free media for 2h and activated by LDL for 30min. Subsequently, samples were analysed
by western blotting (WB) as described in Methods (Chapter 2.2.2). Shown are the relative protein
levels of pY861 focal adhesion kinase (FAK), total FAK, pY416 Src, total Src, p-p130Cas, and
p130Cas. (B) The relative protein levels of signals displayed in (A) were quantified using ImageJ
and were normalised to the corresponding total protein signal. The mean relative protein level of
duplicate samples of the same experiment and median absolute deviation (MAD) are given.
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Expression of late endosomal proteins and activation of
phosphoproteins in serum-stimulated migrating cells

Figure A.5: Western blot analysis of late endosomal proteins in migrating CHO WT, M12
and M12-A6ko cells after incubation with 20%FBS. (A) CHO WT, CHO M12 and CHO M12-
A6ko were starved in serum-free media overnight, scratched and incubated with or without 20%
FBS for 30min. Multiple (>5) scratches per 6-well were performed as described (59, 234). Lysates
were prepared and analysed by western blotting (WB) as described in Methods (Chapter 2.2.2) for
Niemann-Pick type C1 (NPC1), annexin A6 (AnxA6), Rab7, light chain 3 (LC3)-I (upper), LC3-II
(lower), Tre-2/Bub2/Cdc16 1 domain family member 15 (TBC1D15), and low density lipoprotein
receptor (LDLR). (B) The relative expression levels were quantified using ImageJ. TheWB signals
of NPC1, AnxA6, Rab7, LC3I/II, and LDLR were normalised to TBC1D15. The mean relative
protein level of duplicate samples of the same experiment and median absolute deviation (MAD)
are given.
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Figure A.6: Western blot analysis of Src and FAK activation inmigrating CHOWT,M12 and
M12-A6ko cells after incubation with 20%FBS. CHO WT, M12 and M12-A6ko were starved
in serum-free media overnight, scratched and subsequently incubated with or without 20% FBS
for 30min. Multiple (>5) scratches per well were performed as described (59, 234). Lysates were
prepared and analysed by western blotting (WB) as described in Methods (Chapter 2.2.2). Panel
(A) shows pY861 focal adhesion kinase (FAK), total FAK, pY416 Src, and total Src levels of CHO
cells that were not stimulated with 20% FBS. Panel (B) shows pY861 FAK, total FAK, pY416 Src,
and total Src levels of CHO cells that were serum-activated (20% FBS) for 30min. (C) The relative
protein levels of signals displayed in (A-B) were quantified using ImageJ and were normalised to
the corresponding total protein signal. The mean relative protein level of duplicate samples of the
same experiment and median absolute deviation (MAD) are given. Panel (D) shows an alternative
loading order of the same experiment. The presence or absence of serum is indicated. (E) The
relative protein levels of signals displayed in (D) were quantified using ImageJ and were normalised
to the corresponding total protein signal. The mean relative protein level of duplicate samples of
the same experiment and MAD are given.
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Focal adhesiondensity inSrc- andSrcY527F-overexpressing
CHOWT, M12, and M12-A6ko cells

Figure A.7: Focal adhesion density in Src- and Src Y527F-overexpressing CHO WT, M12,
and M12-A6ko cells. The spatial focal adhesion (FA) density and the spatial distribution of FA
density, cell edge vs. cell body, of CHO WT, M12 and M12-A6ko cells (n=30 cells, except M12:
n=16 cells, per cell line from two independent experiments) were determined using ImageJ. Cells
were plated at 1.5 ∗ 105 cells/well of a 6-well plate and transfected with GFP-Src, pEGFP-Src
Y527F (Chapter 2.1.1) or remained untransfected (control). Then, cells were grown for 48h in
media supplemented with lipoprotein-deficient serum (10% LPDS) and mevastatin (1µM) (see
Appendix B.25). Cells were starved for 2h and stimulated with LDL for 4h. Afterwards cells were
fixed and stained for pY861 FAK. 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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Expendable Materials

Table B.1: Expendable Materials

Product Brand Cat. No.
6 Well Cell Culture Cluster Corning Incorporated 3516
Centrifuge Tubes 15ml Corning Incorporated 430791
Centrifuge Tubes 50ml Corning Incorporated 430829
Corning® 25cm2 Flask Corning Incorporated 430639
Corning® 75cm2 Flask Corning Incorporated 430641U
Cover glasses Menzel Gläser 15mm #1 Thermo Scientific MENZBB0-

15015A123
Greiner culture tubes Sigma-Aldrich Z617954-

800EA
PD-10 Desalting Columns,Sephadex™G-25 M GE Healthcare 17085101
Premium Glass Plain Slides Livingstone 7101-BP
Pipette tip 1000µl, blue Sarstedt 70.762
PowerPac™HC High-Current Power Supply Bio-Rad Laboratories 1645050
PVDF-Western-Blot-Membrane Roche 030100400-

01
Stripette® 5ml Corning Incorporated 4487
Stripette® 10ml Corning Incorporated 4488
Stripette® 25ml Corning Incorporated 4489
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Technical Devices

Table B.2: Technical Devices

Device Brand
Autoclave Tangent Tiger Atherton
Biological Safety Cabinet Class II Ultra Safe® Series 2010 Clyde-Apac
Centrifuge Clements Orbital 310 Clements Medical
Centifuge CR2000 multi purpose Centurion Scientific
Centrifuge Sigma 2-5 Sigma
DFC395 FX digital camera Leica
DM5500 microscope Leica
Dry Block Heater Thermoline Scientific
Incubator Forma™310 Direct Heat CO2 Thermo Scientific™
Incubator Shaker ZHWY-200D Shanghai ZHICHENG

Analytical Instruments
Manufacturing Co.

Inverted Microscope Eclipse TS100 Nikon®

Laboratory Oven Economy Style, 24L Thermoline Scientific
Magnetic Stirrer MR Hei-Standard Heidolph Instruments

GmbH
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell Bio-Rad Laboratories
Pipette Controller PIPETBOY acu 2 Integra Bioscience
PowerPac™HC High-Current Power Supply Bio-Rad Laboratories
Shaker Duomax 1030 Heidolph Instruments

GmbH
Spectrometer Eppendorf BioPhotometer 6131 Eppendorf
Variopipetten 2 µl, 10 µl, 20 µl, 100 µl, 200 µl, 1000 µl Gilson
Water bath, uncirculated, 24L Thermoline Scientific

Chemicals and Reagents

Table B.3: Chemicals and Reagents

Substance Brand Cat. No.
0.5% Trypsin-EDTA (10X) Gibco™ 15400-054
0.5M Tris-HCL Buffer pH 6.8 Bio-Rad Laboratories #161-0799
1.5M Tris-HCL Buffer pH 8.8 Bio-Rad Laboratories #161-0798
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2-Mercaptoethanol Merck 8.05740.0250
Acrylamide/N,N’-
Methylenebisacrylamide 37.5:1,
40% mix solution in water (500ml)

Acros Organics 330225000

Agar - High Gel Strength Sigma Chemical Co A6924
Aprotinin Sigma-Aldrich A1153
Ammonium Persulfate (APS) Sigma-Aldrich A3678
Bovine Serum Albumin (BSA) Sigma-Aldrich A7906-100G
Bromophenol Blue (1%) Sigma-Aldrich B0126
Clarity™Western ECL Substrate Bio-Rad Laboratories #170-5061
CuSO4-5H2O Sigma-Aldrich C8027
DAPI (4’,6-diamidino-2-phenylin-
dole)

Sigma-Aldrich D9542

Dimethyl sulfoxide (DMSO) Sigma Chemical Co D8418-250ml
DL-Dithiothreitol (DTT) Sigma-Aldrich D0632
EDTA Sigma-Aldrich E9884
Ethanol 80% POCD Healthcare ETH80%V/-

V2.5P
Fetal Bovine Serum (FBS) Gibco™ 10437-028
Folin-Ciocaulteu’s reagent VWR™ #31360.264
Formalgehyde 4% stabilised VWR™ #9713.1000
Glycerol Thermo Fisher Scientific BSPGL885.500
Glycine Sigma-Aldrich G8898-1KG
HCl Sigma-Aldrich H9892
Kanamycin Sigma-Aldrich K1377
Leupeptin Sigma-Aldrich L2884
Lipofectamine™ 2000 reagent Invitrogen 11668027
Lipoprotein deficient fetal bovine
serum (LPDS)

was prepared by preparative
ultracentrifugation (FBS from
Sigma-Aldrich), LPDS was
dialysed extensively against
PBS and stored at 4 °C until
use (155)
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Low-density lipoprotein (LDL) isolated from donated, pooled
blood samples from healthy
donors (obtained from Red
Cross, Melbourne, Australia;
density 1.019–1.055g/ml) by
three sequential density gra-
dient ultracentrifugations in
KBr gradients (200). Pro-
tocols 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 ethics commit-
tee of the University of New
South Wales (HC190432) in
accordance with the Na-
tional Health andMedical Re-
search Council’s (NHMRC)
National Statement on Ethical
Conduct in Human Research
(2007) (104).

Methanol Chem-Supply MA004-2.5L-J
Mevastatin Sigma Life Science M2537-5MG
MgCl2 Sigma-Aldrich 208337
Mowiol Sigma-Aldrich 81381
N,N,N’,N’-Tetramethylethylene-
diamine (TEMED), 99%

Sigma-Aldrich T22500-100ml

Na2CO3 Sigma-Aldrich 222321
NaF Sigma-Aldrich S6776
NaK Tartrate Sigma-Aldrich 217255
Na3VO3 Sigma-Aldrich S6508
Pen Strep Gibco™ 15140-122
Precision Plus Protein™Dual Color
Standards

Bio-Rad #1610374

SDS Research Organics 9010L
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Sodium chloride (NaCl) Fisher Scientific UK S/3160/65
Tris(hydroxymethyl)aminomethane
(Tris-Base)

Sigma-Aldrich T87602-3KG

Triton® X-100 United States Biochemical
Corp.

22686

Tryptone Sigma-Aldrich T7293
Tween-20 Santa Cruz Biotechnology sc-29113
Yeast Extract Sigma-Aldrich Y1625

Buffers and Solutions

Buffers and Solutions for Tissue Culture

Table B.4: Buffer and Solutions

Substance Brand Cat. No.
Phosphate Buffered Saline Sigma Life Science 806552-500ml

Buffers and Solutions for biochemical Methods

Table B.5: 10x Running Buffer

10x Running Buffer
Tris-Base 30.29g
Glycine 144.13g
SDS 10.00g
dH2O to 1L

Table B.6: 10x Transfer Buffer

10x Transfer Buffer
Tris-Base 30.26g
Glycine 144.13g
Aqua dest. to 1L

Table B.7: 1x Transfer Buffer

1x Transfer Buffer
Aqua dest. 700ml
Methanol 200ml
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10x Transfer Buffer 100ml

Table B.8: 10x TBS (Tris Buffered Saline)

10x TBS (Tris Buffered Saline)
NaCl 87.7g
1M Tris-Cl (pH7.5) 100ml
Aqua dest. to 1L

Table B.9: 1x TBS-T (Tris Buffered Saline, with 0.1% Tween-20)

1x TBS-T (Tris Buffered Saline, with 0.1% Tween-20)
10x TBS 100ml
Tween-20 1ml
Aqua dest. to 1L

Table B.10: Lowry Solution A

Lowry Solution A
Na2CO3 30g
NaOH 6g
Aqua dest. to 1L

Table B.11: Lowry Solution B

Lowry Solution B
NaK Tartrate 2%
Aqua dest. to 50ml

Table B.12: Lowry Solution C

Lowry Solution C
CuSO4-5H2O 1%
Aqua dest. to 50ml

Table B.13: Western Blot Blocking Buffer (5%)

1x TBST (Tris Buffered Saline, with 0.1% Tween 20)
Skim Milk or BSA 5g
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TBST 100ml

Table B.14: Mild Stripping Buffer

Mild Stripping Buffer
Glycine 15g
SDS 1g
Tween-20 10ml
Aqua dest. to 1L
HCl Adjust

pH to 2.2

Table B.15: 5x Laemmli Sample Buffer

5x Laemmli Sample Buffer
SDS 2.5g
Glycerol 12.5ml
0.5M Tris-HCl pH 6.8 12.5ml
1% Bromophenol Blue 1ml
DTT 75mg/ml

Table B.16: Lysis Buffer (Stock)

Lysis Buffer (Stock)
1M Tris-HCl (Buffer pH 7.5) 2ml
0.5M EDTA 0.4ml
5M NaCl 2ml
1M MgCl2 0.5ml
Triton X-100 1ml
0.5M NaF 1ml
Glycerol 10ml
Aqua dest. to 100ml

Table B.17: Lysis Buffer (Working Solution)

Lysis Buffer (Working Solution)
Lysis Buffer Stock 9640µl
10mM Na3VO4 100µl
100mM PMSF 100µl
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0.5mg/ml Leupeptin 100µl
0.2mg/ml Aprotinin 10µl
Mercaptoethanol 50µl

Antibodies

Table B.18: Antibodies

Antibody Brand Cat.
No.

β-Actin (13E5), rabbit Cell Signaling Technology #4970
ABCA1, rabbit Novus Biologicals NB400-

105
Alexa Fluor ® 594, goat anti-mouse IgG Invitrogen A-11005
Alexa Fluor ® 594, goat anti-rabbit IgG Invitrogen A-11012
Alexa Fluor ® 488, goat anti-mouse IgG Invitrogen A-11001
Alexa Fluor ® 488, goat anti-rabbit IgG Invitrogen A-11008
Annexin VI (H-114), rabbit Santa Cruz Biotechnology sc-

11388
Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology #7074
ATGL, rabbit Cell Signaling Technology #2138
CD36 (E8B7S), rabbit Cell Signaling Technology #28109
FAK (D2R2E), rabbit Cell Signaling Technology #13009
FAK, mouse BDTransduction Laboratories™ 610088
Phospho-FAK (Y397), rabbit Cell Signaling Technology #3283
Phospho-FAK (Y861), rabbit Abcam ab4804
HSL, rabbit Cell Signaling Technology #4107
LC3A/B, rabbit Cell Signaling Technology #4108
LDL Receptor [EP1553Y], rabbit Abcam ab52818
Niemann Pick C1, rabbit Abcam ab36983
p130Cas (E1L9H), rabbit Cell Signaling Technology #13846
Phospho-p130Cas (Y410), rabbit Cell Signaling Technology #4011
Paxillin (D9G12), rabbit Cell Signaling Technology #12065
Rab7 (D95F2), rabbit Cell Signaling Technology #9367
Src (32G6), rabbit Cell Signaling Technology #2123
Phospho-Src Family (Y416), rabbit Cell Signaling Technology #2101
Phospho-Src (Y527), rabbit Cell Signaling Technology #2105
SREBP2, rabbit Abcam ab30682
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TBC1D15, rabbit Abcam ab121396
Vinculin (E1E9V), rabbit Cell Signaling Technology #13901

Media

Table B.19: Media

Media Brand Cat. No.
Ham’s Nutrient Mixture F12 Sigma-Aldrich MFCD00217417
Opti-MEM™ Thermo Fisher Scientific 31985070

Table B.20: Growth Media

Growth Media
Ham’s Nutrient Mixture F12 500ml
FBS 50ml
Pen Strep 5ml

Table B.21: 20% FBS Media

20% FBS Media
Ham’s Nutrient Mixture F12 79ml
FBS 20ml
Pen Strep 1ml

Table B.22: Freezing Media

Freezing Media
Ham’s Nutrient Mixture F12 4ml
FBS 4ml
DMSO 2ml

Table B.23: LB Media

LB Media
Tryptone 5g
Yeast Extract 2.5g
NaCl 5g
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Aqua bidest. 500ml

Table B.24: LB Agar

LB Agar
Tryptone 5g
Yeast Extract 2.5g
NaCl 5g
Bacto Agar 7.5g
Aqua bidest. 500ml
→ autoclaved, cooled down to 60℃
Kanamycin (50mg/µl) 500µl

Table B.25: LPDS-statin media

LPDS-statin media
Ham’s Nutrient Mixture F12 89ml
LPDS 10ml
Pen Strep 1ml
Mevastatin (5mg/ml) 78µl (1µM)

Cell lines

Table B.26: Cell lines

Cell line Characteristics Origin
CHO WT wild type ATCC (American Type Culture

Collection; https://www.atcc.org)
CHO M12 NPC1 lacking Dr. L. Liscum (Tufts University

School of Medicine, USA)
CHO M12-A6ko NPC1 and AnxA6 lacking CRISPR generated by Enrich and

Grewal Group (155)

https://www.atcc.org
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Bacteria

Table B.27: Bacteria

Bacteria Genotype Brand Cat. No.
E. coli HB101 F-, thi-1, hsdS20 (rB-, mB

-)
supE44, recA13, ara-14,
leuB6, proA2, lacY1, galK2
rpsL20 (strr), xyl-5, mtl-1

Promega Corporation L2011

Kits

Table B.28: Kits

Kit Brand Cat. No.
QIAprep® Spin Miniprep Kit QIAGEN® 27104

Expression Vectors

Table B.29: Expression Vectors

Construct Subject Origin Ref.
GFP-
Paxillin

EGFP-tagged expression
vector encoding paxillin

J. Victor Small (IMBA, Vienna,
Austria), Guido Serini (University
of Torino, Italy)

(223)

GFP-
Vinculin

EGFP-tagged expression
vector encoding vinculin

J. Victor Small (IMBA, Vienna,
Austria), Guido Serini (University
of Torino, Italy)

(110)

iRFP-PH-
PLCδ1

iRFP-tagged expression
vector endcoding the PH
domain of PLCδ which
binds PIP2

Rob Yang, UNSW, Sydney, Aus-
tralia

(95)

GFP-Akt-
PH

GFP-tagged expression
vector endcoding the PH
domain of Akt which
binds PIP3

Rob Yang, UNSW, Sydney, Aus-
tralia

(120)
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mCherry-
D4H

mCherry-tagged choles-
terol biosensor D4H

Masashi Maekawa and Gregory
D. Fairn (University of Toronto,
Canada)

(148)

GFP-Src GFP-tagged expression
vector endcoding Src

Geraldine M O’Neill, Children’s
Hospital Westmead, University of
Sydney, Australia

(202)

pEGFP-
Src-Y527F

pEGFP-tagged expression
vector endcoding Src
Y527F

Geraldine M O’Neill, Children’s
Hospital Westmead, University of
Sydney, Australia

(202)

Software

Table B.30: Software

Software Manufacturer
Microsoft® Excel for Mac 16.17 Microsoft
RStudio 1.1.453 RStudio, Inc.
Fotos 3.0 Apple Inc.
ImageJ 2.0.0 (FIJI) National Institute of Health (Bethesda,

USA)
Image Lab 5.2 Bio-Rad Laboratories
LAS X v.1.1.0.12420 imaging software Leica
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