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Abstract

Epidemiological studies have shown an association between
statin use and a decreased risk of dementia. However, the
mechanism by which this beneficial effect is brought about is
unclear. In the context of Alzheimer’s disease, at least three
possibilities have been studied; reduction in amyloid 3 peptide
(AB) production, the promotion of a-secretase cleavage and
positive effects on neurite outgrowth. By investigating the ef-
fects of mevalonate pathway blockade on neurite outgrowth
using real-time imaging, we found that rather than promote the

The statins are the major cholesterol lowering agents in the
clinic for patients at risk of cardiovascular disease. Epide-
miological studies have established a link between the use of
statins and a lowered risk of developing Alzheimer’s disease
(AD) (Jick et al. 2000; Wolozin et al. 2000; Zamrini et al.
2004; Fonseca et al. 2009). AD is the predominant form of
dementia in the elderly and consequently these studies have
stimulated research into how statins affect cellular mecha-
nisms relevant to AD. While it is unclear exactly how statin
treatment leads to a reduction in risk, there is significant
evidence to suggest that statins affect amyloid precursor
protein (APP) processing and can have profound effects on
cell and neurite morphology.

The neurotoxic amyloid [ peptide (AP) initiates a
pathological cascade leading to synaptic and neuron loss in
AD (Walsh et al. 2000). AP is generated through sequential
cleavage of APP by beta site APP cleaving enzyme 1
(BACEIl) and the y-secretase complex and is thought to
occur predominantly in endosomes (Kinoshita et al. 2003;
Rajendran et al. 2006; Small and Gandy 2006). APP and
BACE!l co-localise in cholesterol-rich microdomains or
‘lipid rafts’, and B-cleavage is thought to be enhanced in
these domains (Riddell er al. 2001; Cordy et al. 2003).
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production of neurite extensions, inhibition rapidly induced cell
rounding. Crucially, neurite-like structures were generated
through the persistence of cell-cell and cell-substrate adhe-
sions and not through a mechanism of positive outgrowth.
This effect can be strikingly enhanced by the over-expression
of human amyloid precursor protein and is isoprenoid rather
than cholesterol dependent.

Keywords: adhesion, amyloid precursor protein, cerulenin,
mevalonate, statins.

J. Neurochem. (2010) 114, 832-842.

Statins have been demonstrated to reduce the production of
AP in at least two systems; in the CNS in animal models of
AD and in cell based assays (Fassbender ef al. 2001;
Hoglund and Blennow 2007). The lowering of Af produc-
tion is a result of a reduction in APP trafficking to lipid rafts
and inhibition of APP trafficking to the endocytic pathway
(Simons et al. 1998; Fassbender et al. 2001; Kojro et al.
2001; Ehehalt et al. 2003; Won et al. 2008).

Although the B secretase pathway is important in AD
pathogenesis, quantitatively the majority of APP is cleaved
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by a-secretase pathway. Several members of the ADAM (a
disintegrin and metalloprotease) family of metalloproteases
show a-secretase activity and cleave APP within the AP
domain, precluding AP generation. Inhibition of APP
trafficking to endosomes by statins favours a-cleavage which
occurs predominantly at the plasma membrane (Sisodia
1992). Statins also cause up-regulation of the expression of
the a-secretase ADAM 10, which further promotes non-
amyloidgenic APP cleavage (Kojro et al. 2001).

Statins inhibit 3-hydroxy-3-methyl glutaryl CoA (HMG-
CoA) reductase which catalyses the rate limiting step in
cholesterol and isoprenoid biosynthesis. Initially, it was
thought that the cholesterol lowering effect of statins was
directly responsible for the effect on APP processing through
disrupting lipid rafts since the effects of statins could be
reversed by cholesterol addition (Simons efal. 1998;
Parsons et al. 2007). However, a growing body of data
indicates that isoprenoid depletion is the key factor.
Concentrations of statins which do not alter the cholesterol
content of lipid rafts, can nevertheless prevent APP local-
isation within these membrane domains and thus APP
processing (Won et al. 2008). In the AD brain, cholesterol
levels are maintained but isoprenoid homeostasis is dysreg-
ulated (Eckert et al. 2009). Increasing evidence demonstrates
the importance of isoprenoids in the modulation of APP
processing (Cole and Vassar 2006). The covalent attachment
of isoprenoids to proteins is important in regulating the
membrane association of members of the GTPase superfam-
ily (Resh 2006). Members of the Rab and Rho GTPase
families regulate vesicle trafficking and the activity of these
proteins is reduced by statin treatment which directly
influences APP localisation and processing (McConlogue
et al. 1996; Kroschewski et al. 1999; Ehehalt er al. 2003;
Maillet et al. 2003; Pedrini et al. 2005; Ostrowski et al.
2007; Won et al. 2008).

In addition to the effects on APP processing, the
treatment of cells in culture with statins induces a number
of striking morphological changes, but the published reports
differ significantly. For example, statin treatment of primary
neurons has been reported to cause process retraction
(Meske et al. 2003; Kim et al. 2009). However, other
studies report the positive promotion of neurite outgrowth
(Pooler et al. 2006). In neuronal cell lines, further ambigu-
ity exists. Statins have been suggested to cause isoprenoid
dependent differentiation with accompanying neurite out-
growth (Maltese and Sheridan 1985; Fernandez-Hernando
et al. 2005), but in other studies neurite retraction and cell
rounding are observed (Schmidt ef al. 1982; Koch et al.
1997; Agarwal et al. 2002; Schulz et al. 2004). One
consistent feature in these studies is that isoprenoid rather
than cholesterol depletion is linked to morphological
change.

To begin to resolve the controversy surrounding the
morphological effects induced by inhibition of isoprenoid
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and cholesterol synthesis, we focussed on the dynamics of
the changes in cell morphology using video microscopy. We
have used two representative and specific inhibitors of
isoprenoid and cholesterol synthesis. Simvastatin is a
reversible inhibitor of the rate limiting enzyme of mevalonate
synthesis HMG-CoA reductase (EC 1.1.1.88) (Alberts 1990).
Cerulenin is an inhibitor of HMG-CoA synthase (EC
2.3.3.10) (Omura 1976; Malvoisin and Wild 1990). Both of
these enzymes are subject to up-regulation by cholesterol-
mediated feedback (Brown and Goldstein 2009). Our live-
cell imaging analysis revealed that treatment of cells with
either simvastatin or cerulenin results in contraction of the
cell body. Neurite-like structures or ‘tails’ are formed as
observed previously, but our key observation is that they
arise, not from positive outgrowth but from the persistence of
cell—cell and cell-to-substrate adhesion as the cell rounds. We
discovered that APP plays an important role in this process,
as its over-expression markedly enhanced the persistence of
cell—cell and cell-to-substrate adhesion but did not affect cell
rounding.

Materials and methods

Reagents
Anti-poly (ADP-ribose) polymerase (PARP) antibodies were
obtained from Cell Signalling Technology (Hertfordshire, UK).
Beta secretase inhibitor IV was purchased from Calbiochem
(Darmstadt, Germany). ADAM 10 pro-domain was from Biozyme
Incorporated (Apex, NC, USA).

All other reagents were purchased from Sigma-Aldrich
chemical company (Poole, UK) unless otherwise stated in the
text.

Cell culture

SH-SY5Y (5Y°) cells were maintained in Dulbecco’s modified
Eagle’ medium (DMEM) supplemented with 2 mM glutamine and
10% v/v foetal bovine serum. Stable cell lines over-expressing
APP containing the Swedish mutation APPksosn, msosr (APPgye)
(Hussain et al. 2007) or the empty vector PcDNA3.1 (Invitrogen,
Carlsbad, CA, USA) (5Ypcpnaza) were further supplemented
with 0.5 mg/mL geneticin. Cerulenin (CL) was dissolved to
10 mg/mL in absolute EtOH. Simvastatin was dissolved to
10 mM in dimethylsulfoxide. Cholesterol, complexed with cyclo-
dextrin (Sigma) was dissolved in water. A soluble 10 mM
solution of palmitate was made as described in (Pimenta et al.
2008). Briefly, sodium palmitate was dissolved in absolute EtOH
and complexed with fatty acid-free albumin in a 12.5% w/v
solution in Optimem (Invitrogen, Carlsbad, CA, USA). Farnesyl
pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP)
were obtained as 1 mg/mL solutions in MeOH : NH,OH (7 : 3)
from Sigma. Solutions were diluted 1 : 1 in 12.5% fatty acid-free
albumin solution and further diluted in Optimem for addition to
cells. Cells were pre-treated with compound (palmitate, choles-
terol, FPP, geranygeranyl pyrophosphate, o, [, 7y-secretase
inhibitors or Y27632) for 3 h prior to the addition of CL. The
final concentrations used are indicated in the text.
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All controls contained an equivalent concentration of the
corresponding solvent.

Imaging and video microscopy
Phase contrast images were taken using a Nikon eclipse TE 2000-S
(Nikon Instruments Europe B.V, Kingston, Surrey, UK) with a 20x
objective. Images were processed using NIS elements F version 2.20
(Nikon).

For video microscopy cells were seeded on a cover slip housed in
a chamber maintained at 37°C in Kreb’s solution equilibrated with
air/5% CO, (NaCl 118 mM, NaHCO; 24 mM, KCl 4 mM, CaCl,
1.8 mM, MgSO, 1 mM, NaH,PO, 0.43 mM, Glucose 5.6 mM).
Images were taken using a Zeiss Axiovert 200 (Carl Zeiss Ltd,
Welwyn Garden City, Hertfordshire, UK) with a long distance 40x
phase contrast objective, with Metamorph Software v. 6 (Molecular
Devices, Sunnyvale, CA, USA). Images were acquired every 30 s
for 2-3 h. Videos are played at a speed of 15 frames per second
(Videos S1-S5).

Quantification of morphological differentiation

Processes are defined as structures having a length greater than the
diameter of the cell. We noted a slight positive correlation between
the cell density and the number of processes observed (Figure S1).
On the basis of this data, we ensured equal cell plating density in all
experiments. The #n values given in the text and figures are number
of experimental repeats. In each repeat experiment, two fields of
view were selected at random, each containing at least 50 cells, and
the number of processes per cell was counted. Hence, at least 100
cells were counted in each experiment. Where a process from one
cell fused to a neighbouring cell, the process was counted once.
Cells which had begun to contract were clearly distinguished by
having a rounded, symmetrical, phase bright appearance as opposed
to a flat polygonal morphology. The percentage of rounded cells was
also counted per treatment. Branches were defined as structures that
originated from, and were at least the width of, the processes.

Cell adhesion assay

Cells were harvested using Cell Dissociation Solution (Sigma) and
seeded at 2.5 x 10* cells per well in a 96-well plate in DMEM. At
each time point, the medium was removed and the wells were
washed thrice with phosphate-buffered saline to remove non-
adhered cells and the cells were supplemented with fresh DMEM.
After the washing steps, the remaining adhered cells were lysed
using Complete lysis buffer (Roche, Indianapolis, IN, USA) and the
protein concentration was quantified as above. The protein
concentration of the adhered cells at each time point was expressed
as a proportion of the total seeded protein (cells). Protein
concentration rather than cell number was measured as this allowed
the rapid analysis of a large number of samples.

Statistical analysis

At least three independent experiments were performed for each
condition. Statistical analyses were made using the SigmaStat
software package (Systat Software Inc., San Jose, CA, USA).
Student’s #-test, one and two-way ANovas were conducted as
indicated in the text, followed by a Tukey’s test to assess
significant interactions. A p value of <0.05 was considered
significant.

© 2010 The Authors

Results

Mevalonate pathway blockade induces profound
morphological changes in neuroblastoma cells
To investigate the effects of inhibition of isoprenoid and
cholesterol biosynthesis on cell morphology, we selected
Simvastatin, an inhibitor of HMG-CoA reductase and CL, an
inhibitor of HMG-CoA synthase (Fig. 1a). Untreated, non-
transfected SH-SY5Y cells (5Y%) grow as clusters of neurob-
lastic cells with multiple, short, fine cell processes (Fig. 1b).
Over-expression of human APP carrying the Swedish muta-
tion; KS95N, M596L, 695 isoform numbering (APPgy,.) did
not alter this morphology (Fig. 1b). Consistent with previous
reports, we found that treatment of human 5Y° cells with
Simvastatin (referred to from now in as statin) or CL induced
the appearance of characteristic long processes and rounded
cell bodies (Fig. 1cand d). However, we observed two striking
differences between the effects of statin and CL treatments on
the generation of these processes. First, statin treatment
induces the generation of processes in SH-SYSY cells
independently of whether they over-express human APP
(Fig. 1c). In contrast, the response to CL differs between the
APPy,. cell line and non-transfected cells (SYO) such that APP
markedly enhances the formation of processes (Fig. 1d).
Second, the time taken for processes to appear differs;
processes are evident within 3 h of CL treatment while
processes are not apparent until 18-24 h of statin treatment.
To obtain a quantitative measure of these changes, we
determined the average number of processes per cell, a
process being defined as a structure having a length greater
than the diameter of the cell, and the proportion of rounded
cells (see Materials and methods). With statin treatment, we
found no significant differences in the number of processes
formed in 5Y° and APPg. cells (Fig. 1). In contrast, APPg.
cells developed strikingly more processes following CL
treatment than 5Y° cells (Fig. 1¢). We found no difference in
the proportion of rounded cells between 5Y° and APPg,.
(Fig. 1f). We have eliminated possible effects of selection by
geneticin or the DNA vector by comparing the response of
APPg,. with the geneticin-resistant cell line transfected with
the empty vector (Fig. 1).

Cerulenin-induced changes are independent of secretase
activity and de novo protein synthesis

We chose to investigate the effect of CL in more detail as
treatment with this compound gave striking differential
effects on process generation depending upon the over-
expression of APP. We considered that these differences to be
consistent with published reports that APP promotes cell
adhesion to the extracellular matrix and between cells and
our own observations that APP,,. cells are more adherent
than 5Y° cells (Fig. S2; Qiu et al. 1995; Soba et al. 2005). In
addition to the role of full-length APP in cell adhesion, the
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cleaved soluble ectodomain has been demonstrated to have
trophic activity (Araki et al. 1991; Ohsawa et al. 1995) and
promote neurite outgrowth (Clarris et al. 1994; Jin et al
1994) (Golde and Younkin 2001). Therefore, to determine
whether APP cleavage was required for the changes we have
observed, APPy,. were pre-treated with well characterised,
potent and selective o, B, and 7, secretase inhibitors prior to
the addition of CL. ADAM 10 pro-domain peptide, BACE1
inhibitor IV and N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine-#-butyl ester were used to inhibit o-, B- and
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Fig. 1 Morphological change in response inhibition of mevalonate
synthesis by cerulenin (CL) and Simvastatin. (a) The mevalonate
biosynthetic pathway showing points of inhibition by statins and CL.
(b) 5Y° cells (left panel) and Swedish mutation amyloid precursor pro-
teinksosn, msosl (APPswe) cells (right panel) following treatment with
vehicle. (c) 5Y° cells (left panel) and APPg, cells (right panel) following
24 h treatment with 10 uM Simvastatin (statin). (d) 5Y° cells (left panel)
and APPg. cells (right panel) following treatment with 100 uM CL for
3 h. (e) Average number of processes observed in 5Y° cells and APPg,,¢
cells following treatment with 100 uM CL for 3 h. Two-way ANOVA,
p < 0.05, n = 14. (f) Percentage of rounded cells observed in 5Y° cells
and APPg, cells following treatment with 100 uM CL for 3 h. Two-way
ANOVA, p < 0.05, n = 14. Average number of processes per cell following
Simvastatin treatments, 5Y° = 0.87 + 0.15, APPgy, = 0.97 + 0.06.
Average number of processes per cell in 5Ypcpnas.1 following CL
treatment compared with APPge cells: 5Ypcpnas.s Vehicle = 0.62 +
0.1, 5Ypeonazi1 CL =0.75 + 0.04, APPg,. Vehicle = 0.61 + 0.06,
APPgye CL = 1.09 £ 0.07. Two-way ANOVA, p < 0.05, n = 3. While we
did not undertake a detailed quantitative analysis, the processes
tended to be longer in Simvastatin than CL-treated cells. With 24 h
treatment, cells receiving simvastatin began to fragment but remained
attached to the wells, cells treated with CL completely rounded, the
processes were retracted and the cells detached from the wells. Scale
bars represent 100 um.

v- secretases, respectively (Morohashi et al. 2006; Moss
et al. 2007; Itoh et al. 2009). None of these inhibitors
modulated the effects of CL with respect to process
generation, demonstrating that APP cleavage was not
required for the increased number of processes in APPgy,
cells compared with 5Y° cells (Fig. 2a and Table S1).
Previous studies have suggested that statin-mediated mor-
phological changes require protein synthesis in some cases
(Koch et al. 1997) but not in others (Maltese and Sheridan
1985). To determine whether the observed morphological
changes induced by CL treatment are similarly dependent upon
de novo protein synthesis, we pre-treated APPg,,. cells with
cyclohexamide prior to the addition of CL and saw no
difference in the observed morphology, indicating that protein
synthesis is not required for this effect (Fig. 2b). CL has been
reported to be an irreversible inhibitor (Price et al. 2001),
which is consistent with our observation that CL-induced
morphological change could not be reversed by incubating
cells in CL-free medium after CL treatment (data not shown).
CL, and the statins, has been shown to induce apoptosis after
long-term exposure (Chung et al. 2006). Importantly, at the
time points analysed here, rounding of cells and the appearance
of processes in APPy,, cells was not accompanied by caspase
cleavage of PARP, an early indicator of apoptosis, using
staurosporine-induced PARP cleavage as a control. Using an
antibody that preferentially recognises cleaved PARP, we
detected minimal cleavage in CL-treated APPg,. cells, even
after 6 h of treatment (Fig. 2¢). Furthermore, we observed no
apoptosis-related changes in nuclear morphology in cells
treated with CL for 3 h and stained with 4’,6-diamidino-2-
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phenylindole (data not shown). In conclusion, the changes
observed are not simply a consequence of cell death.
SH-SYS5Y cells can be differentiated using retinoic acid or
growth factor stimulation (Simpson et al., 2001, Monaghan
et al., 2007, Constaninescu et al., 2007, Guarnieri et al.,
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Fig. 2 Morphological change induced by cerulenin (CL) is indepen-
dent of amyloid precursor protein (APP) cleavage and de novo protein
synthesis. (a) Swedish mutation APPksgsn, msesl (APPswe) cells were
treated with 2 yM ADAM (a disintegrin and metalloprotease) 10 pro-
domain, 5 uM beta site APP cleaving enzyme 1 (BACET1) inhibitor IV
or 20 uM DAPT for 3 h prior to the addition of CL (100 uM) and
incubation for a further 3 h. (b) AAP,e cells were pre-treated with
5 uM cycloheximide for 1 h prior to the addition of CL (100 pM) and
incubation for a further 3 h. Scale bars represent 100 um. (c) Immu-
noblot showing lack of anti-poly (ADP-ribose) polymerase (PARP)
cleavage in APPg,. cells after treatment with CL (100 uM) for 3 and
6 h; vehicle (upper gel); CL (lower gel). Staurosporine: PARP cleav-
age induced by incubation of cells with Staurosporine (1 uM for 6 h).
Top band is uncleaved PARP. Arrow indicates cleaved PARP band.

2009). This occurs over a period of several days and
coincides with the appearance of several differentiation
specific markers. This contrasts with the rapid effects of
statin and CL we have observed. To eliminate the possibility
that these treatments induce differentiation, we have carried
out RT-PCR analysis for B-III tubulin and growth associated
protein 43, two differentiation makers upon CL treatment and
found no change in these markers (Fig. S3).

Cerulenin-induced changes are isoprenoid dependent

In addition to inhibiting the mevalonate pathway, CL also
inhibits B-ketoacyl synthase (EC 2.3.1.41) (Fig. 3a), which
results in lowered levels of palmitic acid (Omura 1976;
Funabashi et al. 1989; Haapalainen et al. 2006). To deter-
mine which product of these pathways is involved in the
observed effects, cells were treated with palmitate, choles-
terol, or the isoprenoids FPP or GGPP for 3 h prior to CL
treatment. Neither palmitate nor cholesterol affected the CL-
induced morphological change at concentrations up to
100 uM (Fig. 3d). However, the addition of GGPP had a
dramatic effect and FPP a modest effect in preventing the
morphological change induced by CL in terms of the number
of processes per cell (Fig. 3b,d). We obtained further
evidence that the CL-induced morphological change is
independent of fatty acid synthesis. Using tetradecyloxy-2
furoic acid, a specific inhibitor of acetyl-CoA carboxylase
which lowers palmitate availability tetradecyloxy-2 furoic
acid (Pizer et al. 2000), we observed no change in cell
morphology compared with controls (Fig. 3¢ and Table S1).

Live-cell imaging reveals that processes are not generated
by positive outgrowth

To reveal exactly how processes are generated by statin or
CL treatment, we used time-lapse video microscopy. In the
absence of any treatment APPy,,. cells generated 2-3 short,
highly motile protrusions per cell (Fig. 4 and Video S1).
Cells interacted via short broad protrusions forming cell-to-
cell contacts. As the cells separated, a short process-like
bridge was formed between the cells. Process-like structures
were also formed at the rear of migrating cells and have been
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referred to as ‘tails’ (Worthylake ef al. 2001). Live-cell
imaging of APPg,. cells treated with CL revealed that the
predominant event is cell contraction or rounding. As the
cells round, contacts with the surface and between cells are
maintained leaving long process. These were retracted later
(Video S2). Over a similar time scale, after brief (4 h)
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Fig. 3 Cerulenin (CL) induces a morphological change in SH-SY5Y by
inhibiting isoprenoid synthesis. (a) Fatty acid synthetic pathway
showing point of inhibition by tetradecyloxy-2 furoic acid (TOFA). (b)
Swedish mutation amyloid precursor proteinksgsn, msoeL (APPswe) cells
were treated with vehicle (top panel) or 20 uM geranylgeranyl pyro-
phosphate (GGPP; bottom panel) for 3 h prior to the addition of CL
(100 uM) and incubation for a further 3 h. Scale bars represent
100 um. (c) APPgye cells were treated with 10 uM TOFA for 3 or 6 h.
(d) Relative number of processes observed in APPg,e cells treated
with increasing concentrations of palmitate, cholesterol, farnesyl
pyrophosphate and GGPP. The numbers of processes are relative to
the value for the vehicle control in each treatment. One-way ANOVA,
p<0.05 n=38.

Fig. 4 Still images from video microscopy. Time interval between T4
and T, is 24 min for each pair of images. Retraction of the cell body in
Swedish mutation amyloid precursor proteingksgsn, mses. (APPswe) cells
to leave cell—cell (cerulenin, CL) or cell-substrate (Statin) contacts is
clearly visible. No such retraction is detectable over the equivalent
time frame in untreated APPg,. cells. Control: Untreated APPyg, cells.
Statin: APPg,, cells treated with10 pM Simvastatin. CL: APPg,, cells
treated with 100 uM CL.

treatment of APP,. cells with statin, the cells remain
essential flat but some processes are generated by retraction
of the cell body. (Fig. 4 and Video S3). The generation of
processes by statin treatment is not complete until approx-
imately 18 h after treatment. To investigate the dynamics of
these processes at this time, live-cell imaging was carried out
after 18 h of treatment. Initially cells were rounded, but
spread before rounding again over a period of 150 min
(Video S4). Importantly, the processes and some cell—cell
contacts are maintained during this cycle of rounding and
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spreading. The key finding from this set of experiments is
that there is no evidence for positive outgrowth. Processes
are generated through the stability of cell-cell and cell-
surface contacts as the cells round up.

One anticipated consequence of the inhibition of isopren-
oid biosynthesis by CL would be a reduction in fatty acid
modification of the GTPase Rho. This would lead to reduced
membrane association and inactivation of downstream
effectors, such as the Rho-dependent kinase ROCK. Inhibi-
tion of this pathway leads to the generation of neurite-like
processes and inhibits tail retraction which requires active
Rho/ROCK (Worthylake et al. 2001; Fernandez-Hernando
et al. 2005; Darenfed et al. 2007; Lingor et al. 2007).
However, the data presented here indicates that outgrowth
does not occur, indicating that CL does not act by this
mechanism and that the Rho—-ROCK pathway may still be
functional in the presence of CL. To test this, APPg. cells
were treated with the ROCK inhibitor, Y27632 (Mueller
et al. 2005). APPg,. cells pre-treated with Y27632 had a
greater than average number of processes per cell but
Y27632 had no effect on CL-induced cell rounding (Fig. 5a).
In addition, cells treated with Y27632 showed processes
which were more branched and often terminated with flat
projections (Fig. 5b). Importantly, video microscopy re-
vealed that in APPy,,. cells co-treated with Y27632 and CL
processes are still generated and new branches are formed
from these processes (Fig. Sb and Video S5). These initial
findings indicate that the Rho—ROCK signalling pathway is
still active in the presence of CL and suggest that the effects
of mevalonate inhibition are not mediated through the Rho—
ROCK pathway.

Conclusions

The key conclusions from our data are that (i) the processes
observed in cells in which mevalonate synthesis is blocked
are not formed by positive outgrowth from the cell body, (ii)
the dominant movement under these conditions is cell
rounding, and (iii) processes are maintained whilst the cell
rounds but may subsequently be retracted into the cell. On
the basis of these observations, we suggest that the contra-
dictory reports in the literature are likely a consequence of
the different times at which static images are collected. We
also conclude that the greater number of processes observed
in APPgy. cells compared with 5Y° cells treated with CL is
the result of an increased persistence of processes in the APP
over-expressing cells.

Discussion

Following the clinical findings that stain use is associated
with a reduced risk of dementia, there has been considerable
research aimed at unravelling the mechanistic basis of this
effect. Despite this effort, no clear picture has emerged. For
example, statins with similar chemical structures and of

© 2010 The Authors
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Fig. 5 ROCK inhibition with Y27632 indicates an active Rho/ROCK
pathway is maintained in the presence of cerulenin (CL). (a) Swedish
mutation amyloid precursor proteinksgsn, msest (APPswe) cells pre-
treated with vehicle or Y27632 (10 uM) for 3 h (left panels) followed by
3 h further incubation (right panels) in the presence of CL (100 uM).
Scale bars represent 100 um. (b) The average number of processes,
branches and % rounded cells observed in APPg,, cells treated with
Y27632 (10 uM) for 3 h followed by 3 h further incubation in the
presence of CL (100 uM). Student’s t-test, p < 0.05, n = 3.

similar effectiveness in the inhibition of HMG-CoA reduc-
tase differ in their ability to cross the blood—brain barrier
(Saheki et al. 1994). Hence, there is no simple correlation
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between the ability of a given statin to cross the blood—brain
barrier and reported benefit. There is general agreement,
however that the statins impact on amyloidogenesis, but this
appears to be independent of cholesterol lowering activity
(Sjogren et al. 2003; Masse et al. 2005). This is consistent
with a recent study which indicates that in the AD brain
cholesterol homeostasis is unaffected but isoprenoid homeo-
stasis is dysregulated (Eckert et al. 2009).

In addition to their effects on amyloidogenesis, the statins
have been shown to affect neuronal morphology which could
have a profound influence on function and survival. It has
been shown for example that statins induce the formation of
neurite-like structures (Maltese and Sheridan 1985; Fernan-
dez-Hernando et al. 2005). As there are several contradictory
reports in the literature, we have addressed this issue directly
by undertaking a study of the dynamics of these morpho-
logical changes. Using video microscopy, we have been able
to demonstrate clearly that blockade of the mevalonate
pathway induces cell rounding and that these effects are
isoprenoid rather than cholesterol dependent. Projections or
neurite-like structures arise from the ability of points of
contact between cells or with the surface to persist while the
cell body retracts rather than through a process of extension
or outgrowth. These changes are rapid and cyclical making it
possible to observe quite different morphologies during a
given time frame. Therefore, our key finding is that
mevalonate blockade does not promote neurite outgrowth,
which in some reports has been interpreted as the basis of the
beneficial effects of the statins in AD (Pooler et al. 2006).
Previous observations of distinct cellular structures or
morphologies using conventional microscopy are effectively
snapshots and the observed result depends critically on
timing.

Simvastatin and CL block mevalonate biosynthesis at
sequential steps in the pathway. Both elicited the same type
of change in cells but we observed distinct differences. First,
we found a significant difference in the time taken for the
morphological changes to develop, with CL producing an
effect much more rapidly. This difference may arise from the
differing pharmacology of the inhibitors. Simvastatin is a
reversible inhibitor whereas CL is an irreversible inhibitor,
certainly for B ketoacyl synthase where it forms a covalent
bond with the active site cysteine (Funabashi et al. 1989;
Price et al. 2001). The similar active site chemistry suggests
that CL is likely to inhibit HMG-CoA synthase through a
similar mechanism (Haapalainen et al. 2006). Second, CL
treatment produced different results in non-transfected SH-
SYSY cells compared with cells over-expressing APP while
Simvastatin did not. Process generation was rapidly and
clearly evident only in the APP expressing cells treated with
CL, while simvastatin produced the same response in both
cell lines. This suggests that CL may inhibit an additional
pathway which impacts on cell rounding. However, we have
tested the role of palmitate and other lipids and specifically
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blocked acetylCo-A carboxylase and the results indicate a
specific role for the isoprenoid GGPP in the CL-mediated
effect. We were also able to establish that the Rho/ROCK
pathway is still active when cells are treated with CL. Clearly
further analysis of the pharmacology of CL is required but
the results highlight an important cell adhesion related role
for APP.

The role of APP in cell adhesion in both the peripheral
and CNS has been studied in great detail (Reinhard et al.
2005). Despite this, there have been few studies of the
direct effects of APP expression on neuronal morphology.
Most transgenic mouse models in which a mutant form of
human APP is over-expressed have focussed on damage to
dendrites linked to the accumulation of AP. However, it has
been shown in young APP knockout animals that dendritic
spines are reduced in length (Seabrook e al. 1999), while
they are longer in APP over-expressing animals (Rocher
et al. 2008) suggesting that APP may play a direct role in
aspects of neuronal morphology. Cell culture and structural
studies support the view that trans-dimerisation of APP
promotes cell-cell adhesion (Soba et al. 2005; Kaden et al.
2008). Recently, the use of conditional knockout mice with
tissue-specific deletion of APP revealed that pre-synaptic
and post-synaptic APP act in concert to mediate neuro-
muscular synapse assembly (Wang et al. 2009). This is
considered to also underlie APP function in CNS synapses
(Wang et al. 2009). Using a mixed culture assay containing
HEK293 cells over-expressing human APP and mouse
primary neurons it was possible to observe formation of
synaptic puncta which was dependent on the expression of
full-length APP at the cell surface of the non-neuronal cell
line (Wang et al. 2009). This pivotal study shows that APP
over-expression systems can provide crucial information in
the evaluation of the contribution of APP to cell adhesion
and is consistent with our observation that SH-SY5Y cells
over-expressing APP are able to form stable cell—cell and
cell-surface contacts. We have also established that such
contacts remain stable in the context of significant changes
in cell morphology induced by mevalonate pathway
blockade.
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Figure S3. RT-PCR shows no increase in the expression of
markers of differentiation in APPswe cells when treated with CL.

Table S1. Average number of processes observed per cell in
APPswe cells under the conditions indicated.

Video S1. Control. UntreatedAPPswe cells.

Video S2. APPswe cells treated with 100uM CL.

Video S3. APPswe cells treated with10 uM Simvastatin.

Video S4. APPswe following 18 h treated with Simvastatin.

Video S5. APPswe cells incubated with Y27632 then treated with
CL Cells round up leaving clear protrusions attached to the surface.
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