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Leucine rich repeat kinase 2 (LRRK2) mutations are the most common genetic cause of Parkinson’s disease
(PD) although LRRK2 function remains unclear. We report a new role for LRRK2 in regulating autophagy and
describe the recruitment of LRRK2 to the endosomal–autophagic pathway and specific membrane subdo-
mains. Using a novel human genomic reporter cellular model, we found LRRK2 to locate to membrane micro-
domains such as the neck of caveolae, microvilli/filopodia and intraluminal vesicles of multivesicular bodies
(MVBs). In human brain and in cultured human cells LRRK2 was present in cytoplasmic puncta correspond-
ing to MVBs and autophagic vacuoles (AVs). Expression of the common R1441C mutation from a genomic
DNA construct caused impaired autophagic balance evident by the accumulation of MVBs and large AVs con-
taining incompletely degraded material and increased levels of p62. Furthermore, the R1441C mutation
induced the formation of skein-like abnormal MVBs. Conversely, LRRK2 siRNA knockdown increased autop-
hagic activity and prevented cell death caused by inhibition of autophagy in starvation conditions. The work
necessitated developing a new, more efficient recombineering strategy, which we termed Sequential inser-
tion of Target with ovErlapping Primers (STEP) to seamlessly fuse the green fluorescent protein-derivative
YPet to the human LRRK2 protein in the LRRK2 genomic locus carried by a bacterial artificial chromosome.
Taken together our data demonstrate the functional involvement of LRRK2 in the endosomal–autophagic
pathway and the recruitment to specific membrane microdomains in a physiological human gene expression
model suggesting a novel function for this important PD-related protein.

INTRODUCTION

Lewy body (LB) diseases, including Parkinson’s disease (PD)
and dementia with LBs, are common neurodegenerative dis-
orders. Autosomal-dominant mutations in the leucine-rich
repeat kinase 2 (LRRK2) gene were recently found to be the
most important genetic cause of both familial and sporadic
LB disease (1–3). In addition to LB pathology, patients with
LRRK2 mutations can display tau tangles, motoneuron
disease features, frontotemporal lobar degeneration or pure
nigral degeneration (2,4), suggesting that LRRK2 may have
a central role across the spectrum of neurodegenerative
disease and may lie upstream in the disease-related chain of

events, preceding the deposition of alpha-synuclein and tau
(5). This hypothesis is supported by the recent discovery
that LRRK2 protein accumulates in early-stage alpha-
synuclein pathological lesions in LB disease (6), and multiple
system atrophy (MSA) (7).

The function of LRRK2 is currently unclear, partly due to
difficulties in its detection and unknown relevance of overex-
pression studies (8,9). LRRK2 is a G protein and a kinase acti-
vated by nucleotide-dependent dimerization (10). LRKK2
pathogenic mutations may affect dimerization (the R1441C/G
mutations) or the kinase domain (G2019S or I2020T) (11).
LRRK2 is expressed in most cells, reflecting involvement in
basic cellular functions (2). Inside the cell LRRK2 associates
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with lipid rafts (12,13) but a detailed and
physiologically-relevant characterization of the sub-cellular
distribution of wild-type (WT) and mutant LRRK2 protein
has been lacking. LRRK2 regulates neurite process mor-
phology (14) perhaps through phosphorylation of ezrin,
radixin and moesin (ERM proteins) (15), which are involved
in neurite growth cone morphology, motility and process for-
mation (16).

The endosomal–autophagic pathway is key in understand-
ing neurodegeneration. The accumulation of autophagic vacu-
oles (AVs), which reflects autophagic stress, especially within
dystrophic neurites, is a widespread and early pathological
feature of neurodegeneration, particularly in PD (17). Interest-
ingly, LRRK2 regulation of neurite processes needs autophagy
(18). However, a role for LRRK2 in autophagy and its location
in autophagic organelles has not been addressed.

To allow physiological expression and rapid detection of
LRRK2 protein in human cells we developed a novel recom-
bineering strategy, which we have termed Sequential insertion
of Target with ovErlapping Primers (STEP), to fuse the bright
fluorescent protein YPet to LRRK2 within a bacterial artificial
chromosome (BAC) vector carrying the human genomic
LRRK2 locus. Using this expression system in human cells
we found that LRRK2 is specifically located to membrane
microdomains and in cytoplasmic puncta which correspond
to multivesicular bodies (MVBs) and AVs. The R1441C
mutation induced autophagic stress characterized by the
accumulation of abnormal MVBs and enlarged AVs with
high levels of p62 (sequestosome-1) and by the appearance
of skein-like inclusions. Finally, siRNA-mediated LRRK2
knockdown increased autophagic activity and prevented
starvation-induced cell death when autophagy was inhibited.
Our data support a novel role for LRRK2 and suggest a
disease mechanism in PD involving dysfunction of the
endosomal–autophagic pathway.

RESULTS

Construction and expression of LRRK2 genomic DNA
fusion constructs

In order to express LRRK2 at more physiologically-relevant
levels we used a BAC containing the human genomic
LRRK2 locus. The BAC RP11-568G5 contained all LRRK2
51 exons and a �20 kb upstream region but lacked an alterna-
tive canonical poly(A) site, which we added using recombi-
neering (19) to create BAC-LRRK2-WT.

To achieve LRRK2 protein detection at physiologically-
relevant levels, we next inserted YPet into BAC-LRRK2-WT
(BAC-YPet-LRRK2-WT), generating a fusion reporter YPet-
LRRK2 protein. To create BAC-YPet-LRRK2-WT with effi-
ciency we developed the new and broadly applicable strategy
STEP for seamless insertion of reporter genes in genomic DNA
vectors (Fig. 1A). Resulting bacterial colonies were screened by
YPet-exon1 junction PCR and NotI digestion and correct
sequence was confirmed across the modified region. We per-
formed the insertion of the reporter gene with different lengths
of homology and found that the efficiency, as measured by the per-
centage of correct colonies produced in the second recombination
step, increased steeply in line with the total length of homology,

from 1% with 276 bp homology, 10% with 299 bp and 50–
96% with �310 bp.

BAC-YPet-LRRK2-WT expressed full-length LRRK2
protein of comparable size to a cDNA based C-terminal
green fluorescent protein (GFP)-tagged construct (Fig. 1B).
However, BAC-YPet-LRRK2-WT expressed 25–30 times
less LRRK2 protein than cDNA-LRRK2-GFP when normal-
ized for transfection efficiency (10–20% for the BAC
and 85–95% for cDNA-LRRK2-GFP), consistent with our
aim of expressing LRRK2 at physiologically-relevant levels.
Expression of the LRRK2 transgene was confirmed using
two anti-LRRK2 antibodies (Fig. 1B). Full-length LRRK2
protein expression was also achieved from an additional C-
terminal tagged genomic construct (BAC-LRRK2-YPet-WT)
(Fig. 1C).

Next, the G2019S or R1441C mutations were engineered
into BAC-YPet-LRRK2-WT using recombineering. These
mutations did not affect the level of expression or band
pattern of LRRK2 protein (Fig. 1C).

LRRK2 is localized to fine cytoplasmic puncta in cultured
cells and human brain

Using fluorescence microscopy or immunofluorescence (IF) with
anti-GFP antibodies, LRRK2 appeared in a cytoplasmic pattern in
two different cell lines transfected with BAC-YPet-LRRK2-WT
(Vero and HEK293) (Fig. 1D, E and Supplementary Material,
Figure S1) in contrast to untagged YPet which was distributed
throughout the nucleus and cytoplasm (Supplementary Material,
Figure S4). In addition LRRK2 localized to fine cytoplasmic
puncta �1 mm of size (Fig. 1D and E).

In control human brain we also found LRRK2 localizing to
cytoplasmic puncta in neurons (Fig. 2A and E). However,
LRRK2 puncta in neurons of the hippocampal fascia dentata
were more easily identifiable in certain pathological conditions
such as in a patient diagnosed with both AD and PD (Fig. 2C)
and in a newborn infant who suffered cerebral hypoxia
(Fig. 2D), conditions known to increase appearance of AVs.
Identification of puncta in endothelial cells (Fig. 2B) may
reflect LRRK2 presence in caveolae and transport vesicles
involved in transcytosis (20).

LRRK2 localizes to specific membrane subdomains,
including the neck of caveolae, microvilli
and endosomal–autophagic structures

We next defined the sub-cellular localization of LRRK2 in
human cells using immunoelectron microscopy (IEM) with
anti-GFP antibodies (Fig. 3). Although LRRK2 was detected
free in the cytosol (�4% of total gold particles) it was
mainly localized to cellular membranes (95.8+ 0.4% of
total gold particles) both at the plasma membrane (4.5+
0.7% of membrane gold particles) and intracellular mem-
branes (95.4+ 0.7% of membrane gold particles) (Fig. 3A).
Interestingly, LRRK2 was concentrated on the outer portion
of caveolae (84+ 6.7% of plasma membrane gold particles),
which is an important microdomain known as the neck of
caveolae (Fig. 3B and E) (21). Since the neck of caveolae rep-
resents the counterpart of microvilli (21), we induced the for-
mation of microvilli by detaching the cells from the culture
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substrate using trypsin. Under these conditions LRRK2 greatly
redistributed to the plasma membrane (from 4.5+ 0.7% to
35+ 2.5% of membrane gold particles) (Fig. 3A) concentrat-
ing in the newly appeared microvilli (33.9+ 2.6% of plasma
membrane gold particles) (Fig. 3B and F) while the percentage
of LRRK2 associated with the neck of caveolae decreased in
the same proportion.

Within the cytoplasm of human cells LRRK2 specifically
localized to endosomal–autophagic organelles including
MVBs (Figs 3G, 4A3 and Supplementary Material,
Figure S2D) and AVs [amphisomes (Figs 3H and 4A2) and

autolysosomes (Fig. 3I and Supplementary Material,
Figure S2D)] (22), all of them typically larger than 200 nm
and therefore within the resolution limit of light microscopy.
MVBs followed by AVs were the most abundantly labelled
organelles .200 nm (Fig. 3C). Therefore most LRRK2
puncta visible by light microscopy corresponded to MVBs
and to a lesser extent to AVs. However, AVs contained a
higher amount of LRRK2 per organelle (9.2+1.8 and 8.9+
1.4 gold particles per amphisome and autolysosome, respect-
ively) than MVBs (4.7+0.5 of gold particles). Within
MVBs LRRK2 localized preferentially to the intraluminal

Figure 1. Construction and expression of fluorescently N-terminal tagged genomic fusion constructs of LRRK2 using STEP recombination. (A1)
BAC-LRRK2-WT containing the LRRK2 human genomic locus was built by combining BAC RP11-115F18 and BAC RP11-568G5 inserts. (A2) In the first
stage of STEP recombination a linear cassette containing the selection/counter-selection gene RpsL-neo was inserted in LRRK2 exon 1 at the starting ATG
by homologous recombination. The RpsL-neo cassette was created by a single PCR reaction incorporating four 80-mer overlapping primers. The cassette con-
tained at the 30 and 50 ends 55 bp homology regions which flanked the first �55 bp and last �55 bp, respectively, of Ypet and a peptide linker. (A3) The
RpsL-neo gene was replaced by a marker-less linear cassette containing the full sequence of Ypet and additional homology regions created again by a
single PCR reaction. Homologous recombination occurred efficiently through the extended �170 bp homology regions. (B) Protein lysates from cells transfected
to express either cDNA-LRRK2-GFP or BAC-YPet-LRRK2-WT were used for immunoblotting using either an anti-GFP antibody (which recognizes YPet and
GFP) or two anti-LRRK2 antibodies. The amount of tagged LRRK2 protein was equalized by loading 1 mg of total protein for cDNA-LRRK2-GFP and 100 mg of
total protein for BAC-YPet-LRRK2-WT. A control was included containing 100 mg of protein from untransfected cells together with 1 mg of lysate containing
overexpressed cDNA derived protein. (C) BAC-YPet-LRRK2-WT was engineered to carry either the G2019S or the R1441C mutations using recombineering.
The N-terminally tagged BAC-YPet-LRRK2-WT, BAC-YPet-LRRK2-G2019S or BAC-YPet-LRRK2-R1441C as well as the C-terminally tagged
BAC-LRRK2-Ypet-WT expressed full length LRRK2 protein as detected using anti-GFP antibodies. (D and E) Cellular expression of BAC-YPet-LRRK2-WT
revealed a cytoplasmic pattern with the appearance of fine cytoplasmic puncta in Vero (D) and HEK293 (E) cells as detected by IF using anti-GFP antibodies.
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vesicles (ILVs). Autophagosomes, which accounted for a
small percentage of AVs (8.9+ 0.7%), were not labelled.
LRRK2 also localized to a lesser extent to morphologically
undefined small vesicular structures (Fig. 3D and Supplemen-
tary Material, Figure S2E). A similar staining to that of
anti-GFP antibody was obtained with an anti-LRRK2 antibody
(Supplementary Material, Figure S3).

The identification of LRRK2 puncta as MVBs and AVs was
further supported by real-time live-cell imaging in which we
found LRRK2 puncta to have a centripetal transport towards
the microtubule organising centre or centrosome (23) (Sup-
plementary Material, Figure S1B and C), which explained
how LRRK2 puncta were frequently beside the centrosome
(Fig. 5A2) or distributed over a radial pattern (Supplementary
Material, Figure S1A).

A fraction of LRRK2 puncta colocalize with the proteins
p62 and LC3, but not with aggresome markers or ubiquitin

To explore the reported relationship between LRRK2 and p62
proteins (6), we next performed IF immunolabelling in human
cells using anti-GFP and anti-p62 antibodies (Fig. 4A1).
Endogenous p62 appeared as fine cytoplasmic puncta in untrans-
fected cells, excluding a transfection artefact. We found that
about half of the LRRK2 puncta were positive for p62 both
with BAC-YPet-LRRK2-WT and BAC-YPet-LRRK2-R1441C.
Double-labelling IEM revealed amphisomes (Fig. 4A2) and
autolysosomes (Supplementary Material, Figure S2D) as the
organelles positive for both p62 and LRRK2. MVBs double-
labelled for LRRK2 and annexin1 (Fig. 4A3), known to localize
in MVBs (24), but were negative for p62 (Supplementary
Material, Figure S2D). Autophagosomes were labelled with
p62 only. Next we expressed BAC-YPet-LRRK2-WT and
BAC-YPet-LRRK2-R1441C in a cell line stably expressing
HA-mCherry-LC3, an autophagic marker (25), and found that
�15% of LRRK2 puncta contained HA-mCherry-LC3 protein
(Fig. 4B). Among AVs, LC3 mainly labels autophagosomes
(22), which we found devoid of LRRK2, explaining the lower
colocalization than with p62.

Overexpressed mutant LRRK2 accumulates in aggresomes
(26) which contain ubiquitinated protein and p62. However,
LRRK2 puncta observed upon expression of BAC-YPet-
LRRK2-WT or BAC-YPet-LRRK2-R1441C showed no appreci-
able co-labelling for ubiquitin (Fig. 4C1) or aggresome markers

Figure 2. Appearance of LRRK2 puncta in human brain by IF. Staining of
LRRK2 puncta in: (A) A Purkinje cell in a control case; (B) vascular endo-
thelial cells in the striatum of a MSA patient; (C–E) fascia dentata of a
patient diagnosed with both AD and PD (C), a 2-month-old infant (D) and
an aged control (E). Anti-LRRK2 antibodies NB300-268 (A, B, C and E) or
NB300-267 (D) were used.

Figure 3. LRRK2 localizes to the neck of caveolae, microvilli and the endo-
somal–autophagic pathway. (A) Quantification of the distribution of
membrane-associated LRRK2 between the plasma membrane and intracellular
membranous structures in attached or trypsinized cells. (B) Quantification of
the distribution of LRRK2 within distinct plasma membrane domains in
attached or trypsinized cells. (C) Quantification of the proportion of different
organelles �200 nm (the resolution limit of light microscopy) labelled with
LRRK2. (D) Quantification of the amount of LRRK2 within distinct intra-
cellular membranous organelles. (E–I) IEM micrographs show LRRK2 gold
labelling on the neck of caveolae (E and amplification of region identified
by arrowhead in inset), microvilli (F), intraluminar vesicles of MVBs (G),
amphisomes (H) and autolysosomes (I). Representative gold particles labelling
LRRK2 are identified using arrowheads. HEK293 cells were transfected with
BAC-YPet-LRRK2-WT and IEM was obtained with anti-GFP antibodies.
Quantification of gold particles was obtained by counting eight random
labelled cells. Bars represent mean þ SEM. Scale bars represent 100 nm.
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(vimentin and g-tubulin) (Fig. 5A1 and 2). Neither immunopreci-
pitated WT nor R1441C LRRK2 protein was detected using
anti-ubiquitin antibodies (Fig. 4C2). Furthermore, no vimentin-
positive basket-like structures were present (Fig. 5A1), suggesting
that neither WT nor mutant LRRK2 expressed from its own
genomic locus induced the formation of aggresomes.

Finally, to characterize the morphologically undefined ves-
icular structures labelled for LRRK2 in IEM we performed
double labelling IF (Fig. 5B) with markers for the Golgi appar-
atus (golgin97), endoplasmic reticulum (ER) (calnexin) or cla-
thrin coated endosomes/recycling endosomes (labelled
transferrin). Discrete colocalization was observed only with
calnexin (Fig. 5B3) suggesting LRRK2 partially localized to
the ER.

LRRK2 knockdown increases autophagic activity
and prevents bafilomycin A1-induced cell death under
cell starvation stress

The localization of LRRK2 in MVBs and AVs and
co-localization with p62 and LC3 suggested a function for
LRRK2 in relation to the endosomal–autophagic pathway.
We therefore tested if siRNA-mediated knockdown of

Figure 4. A proportion of LRRK2 puncta colocalize with the proteins p62 and
LC3, but not with ubiquitin. (A) LRRK2 puncta colocalize with p62 endogenous
puncta. BAC-YPet-LRRK2-WT was transfected in HEK-293 cells and double-
labelling performed by IF (A1) or IEM (A2 and 3) using anti-GFP (thick
arrows in A2 and 3) and either anti-p62 [A1 and 2 (thin arrows in A2)] or anti-
annexin1 (A3) antibodies (thin arrows). Scale bar in image A2 represents
200 nm although in A3 represents 500 nm. (B) LRRK2 puncta colocalize with
LC3 protein. BAC-YPet-LRRK2-WT was transfected in HEK-293 cells stably
expressing HA-mCherry-LC3 and analysed by IF using anti-HA and anti-GFP
antibodies. (C) BAC-YPet-LRRK2-WT, BAC-YPet-LRRK2-G2019S or
BAC-YPet-LRRK2-R1441C were expressed in transfected cells and double
labelling performed using YPet-LRRK2 fluorescence and anti-ubiquitin anti-
bodies (BAC-YPet-LRRK2-WT in C1). Alternatively protein lysates were
prepared and subjected to immunoblotting either directly or after immunopreci-
pitation using anti-GFP antibodies (C2). Legend of samples: 1 ¼ Untransfected,
2 ¼ BAC-YPet-LRRK2-WT, 3 ¼ BAC-YPet-LRRK2-G2019S and 4 ¼
BAC-YPet-LRRK2-R1441C. A1, B and C1 are confocal images.

Figure 5. LRRK2 puncta do not colocalize with aggresome markers. LRRK2
shows a discrete colocalization with calnexin (ER) but not with the Golgi appar-
atus (golgin97) or recycling endosomes (transferrin). (A) BAC-YPet-LRRK2-WT
was expressed in transfected cells and IF performed using anti-GFP and either
anti-vimentin (A1) or anti-g-tubulin antibodies (A2). LRRK2 puncta frequently
located close to the g-tubulin positive centrosome (A2 inset). (B) Cells
transfected with BAC-YPet-LRRK2-WT were subjected to IF with anti-GFP
and either anti-golgin97 (TGN) or calnexin (ER) antibodies (B1 and 3).
Alternatively cells were loaded with alexa-594-transferrin (recycling endosomes)
and IF performed with anti-GFP detected by alexa-488 conjugated secondary
antibodies (B2).
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LRRK2 modified the levels of the autophagy marker LC3-II.
We used Flp-mediated site-specific chromosomal insertion of
BACs to generate human cell lines stably expressing
BAC-YPet-LRRK2-WT in which we could easily confirm
LRRK2 siRNA knockdown. Detection of the expression of
full length Ypet-LRRK2 and demonstration of siRNA-
mediated knockdown of LRRK2 using two different siRNA
oligonucleotides were achieved using anti-GFP antibodies
(Fig. 6A).

We next assessed LC3-II levels after LRRK2 knockdown
under nutrient-rich or starvation conditions. In nutrient-rich
conditions LRRK2 siRNA knockdown produced a trend
towards an increase of LC3-II levels [LC3-II band intensity
0.6+ 0.07 arbitrary units (AU) with LRRK2 siRNA2 and
0.7+ 0.07 AU with LRRK2 siRNA3 versus 0.37+ 0.07 AU
with control siRNA, P ¼ 0.1 and P ¼ 0.08, respectively]
(Fig. 6B), suggesting a possible upregulation of basal autop-
hagy upon LRRK2 knockdown. When autophagy was
induced by cell starvation LC3-II levels increased as expected
in control cells but significantly decreased when LRRK2
was knocked down with either LRRK2 siRNA2 (LC3-II band
intensity 0.34+0.04 AU, P , 0.05) or LRRK2 siRNA3
(LC3-II band intensity 0.2+0.03 AU, P , 0.01) with respect

to control siRNA (LC3-II band intensity 0.86+0.04 AU)
(Fig. 6B). Since LC3-II is itself degraded by autophagy we
determined autophagic activity by comparing LC3-II levels
in the presence or absence of 200 nM bafilomycin A1
(BFA), a specific inhibitor of autophagic degradation (27)
under starvation conditions [LC3-II turnover (28)]. LRRK2
siRNA knockdown did not substantially affect the levels that
LC3-II reached in the presence of BFA suggesting that the
recruitment of LC3-II to autophagosomes was unaffected
(Fig. 6B). However, LC3-II turnover increased significantly
upon LRRK2 knockdown (Fig. 6C), suggesting an increased
autophagic activity after LRRK2 knockdown and indicating
that LRRK2 may normally act as a negative regulator of
autophagy.

In support of this hypothesis, we found that LRRK2 siRNA
knockdown showed a tendency to revert the negative influence
of nutrient starvation on cell number relative to nutrient-rich
conditions (29) (58+ 7% with LRRK2 siRNA2, 68+ 3%
with siRNA3 and 48+ 4% with control siRNA) (Fig. 6D).
Moreover, LRRK2 siRNA knockdown prevented cell death
when autophagy was inhibited under starvation conditions
with BFA (58+ 9% with siRNA2 P , 0.01 and 63+ 4%
with siRNA3 P , 0.01 with respect to 10+ 2% with control
siRNA) (Fig. 6D).

The LRRK2 R1441C pathogenic mutation induces the
accumulation of MVBs, abnormal AVs and skein-like
cellular lesions

Next we assessed whether LRRK2 pathogenic mutations,
which have been proposed to have a gain of function mechan-
ism, influenced the number of MVBs and AVs in which we
found LRRK2 to be abundant. Using GFP IF we found that
the R1441C mutation induced a significant increase in the
number of LRRK2 puncta (Fig. 7A, B and E). The G2019S
mutation also showed a clear trend towards the formation of
LRRK2 puncta (Fig. 7A). Using IEM we confirmed that the
R1441C mutation significantly induced an accumulation of
MVBs and AVs per cell (Fig. 7C) (32%+ 14.3 increase of
MVBs, 29.8%+ 7.8 increase of AVs) reflecting that the
R1441C mutation caused an imbalance between the formation
and the clearance of these organelles. This idea was further
supported by finding that the R1441C mutation also increased
the size of AVs (mean AV diameter per cell 394.4+ 13.7 nm
for WT and 488.1+ 37.9 nm for R1441C P , 0.05) leading to
an increase in the total area per cell occupied by AVs
(Fig. 7D). Furthermore, enlarged AVs with the R1441C
mutation contained a mixture of dark amorphous material,
vesicles and incompletely digested material (Supplementary
Material, Figure S2A), a type of AV never found with the
WT construct. The latter findings suggest that the R1441C
mutation caused a relative impairment in the degradation of
the intraluminal material within AVs (30) further supported
by the accumulation within AVs of the protein p62 (Sup-
plementary Material, Figure S2B) (31). Moreover, LRRK2
protein itself was recruited from the small vesicle pool to
the AVs where it also accumulated (Supplementary Material,
Figure S2C). We propose that although cytosolic LRRK2
protein is known to be degraded by the proteasome (32),
membrane-bound LRRK2 protein may normally be degraded

Figure 6. LRRK2 knockdown increases autophagic activity and prevents
Bafilomycin-induced cell death under starvation. (A) Demonstration of
siRNA mediated LRRK2 knockdown. siRNA mediated knockdown of wild-
type Ypet-LRRK2 in clonal cell lines carrying BAC-YPet-LRRK2-WT-FRT
shown by western blot using anti-GFP antibodies. Forty micrograms of
protein were loaded per lane. (B) Upon LRRK2 knockdown, LC3-I and
LC3-II endogenous expression was assessed by western blot under
nutrient-rich or 4.5 h starvation in HBSS with or without 200 nM of the autop-
hagic inhibitor bafilomycin A1 (BFA). Ten micrograms of protein were loaded
per lane. Mean LC3-II densitometric relative values versus actin of three
experiments are shown. (C) Quantification of LC3-II turnover under starvation
upon LRRK2 siRNA knockdown after normalization against actin using a den-
sitometric analysis. The amount of LC3-II under starvation was subtracted
from the amount of LC3-II under starvation in the presence of the inhibitor
of late stages of autophagy BFA, and the difference expressed as a percentage
relative to the amount of LC3-II under starvation in the presence of BFA. (D)
Quantification of the relative amount of cells per well surviving 4.5 h of star-
vation treatment in HBSS with or without BFA upon LRRK2 knockdown with
respect to nutrient rich conditions. Values are expressed as percentages against
the values obtained from cells cultured in normal media for each condition.
Bars represent mean þ SEM. Experiments were performed in triplicate. Stat-
istical comparisons are made against the control using Student’s t test; �P ,

0.05, ��P , 0.01.
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Figure 7. LRRK2 pathogenic mutations increase the number and size of LRRK2 puncta and induce the formation of skein-like structures when expressed from
the genomic DNA constructs. (A) Expression of the R1441C LRRK2 pathogenic mutation from BAC-YPet-LRRK2-R1441C showed a �3-fold increase respect
to WT in the number of LRRK2 puncta per cell (Vero) assessed by IF using anti-GFP antibodies (P , 0.05, Fisher’s exact test). Puncta in 20 random labelled
cells per genotype were counted using a 63� objective. The G2019G LRRK2 mutation showed a trend of a �2-fold increase which did not reach statistical
significance. (B) The R1441C mutation also showed a �3-fold increase in the percentage of cells (HEK293) harbouring observable LRRK2 puncta assessed
by IF (P ¼ 0.0001, Fisher’s exact test), illustrated in (E) [E1 (WT) and E2 (R1441C)]. (C) Quantification of the number of labelled organelles .200 nm
(the resolution limit of light microscopy) assessed by IEM. (D) The R1441C induced a �2-fold increase in the total area per cell occupied by AVs assessed
by IEM. The total cell area remained constant between genotypes. (F) The R1441C LRRK2 pathogenic mutation led to the formation of skein-like three dimen-
sional structures in a statistically significant number of cells (P ¼ 0.0038, Fisher’s exact test) (HEK293 cells) which are illustrated in z-stack IF pictures H1 to 3
(anti-GFP antibodies). (H) The R1441C LRRK2 skein-like structures were frequently interspersed with LRRK2 puncta and pointed towards a paranuclear
location. (G) The skein-like structures appeared under the electron microscope as membrane (arrowheads) contained structures heavily positive for LRRK2
(anti-GFP antibodies) and composed of a densely packed core (thick arrow and amplification in inset) and a fine granular matrix (thin arrow). Scale bar represents
2 mm. Six randomly-chosen fields of view per genotype where analysed using a 20� objective in IF quantifications except where otherwise indicated. Eight
randomly-chosen labelled cells per genotype were analysed in IEM quantifications. Counting of all structures was done blind to the genotype. Bars represent
mean þ SEM. Statistical significances were obtained using a Student’s t test except where indicated; �P , 0.05. ��P , 0.01.
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by autophagy and that degradation of mutant R1441C protein
within AVs is impaired.

Expression of R1441C LRRK2 also led to the formation of
skein-like three-dimensional structures (Fig. 7H1–3) in a statisti-
cally significant number of cells (1.2+0.4%) (Fig. 7F). The
R1441C LRRK2 skein-like structures were frequently inter-
spersed with LRRK2 puncta and oriented towards a paranuclear
location (Fig. 7H1–3). By IEM we identified the skein-like struc-
tures (Fig. 7G) as membrane-surrounded elongated structures
composed of a fine granular material enclosing a densely
packed core positive for LRRK2 (anti-GFP antibodies) but not
for p62, suggesting they were abnormal MVBs. Since normal
MVBs are necessary for autophagy (33) it is possible that the for-
mation of abnormal MVBs contributes to the impairment in
autophagic clearance observed with the R1441C mutation.

DISCUSSION

In traditional molecular biology technology genes are
expressed from cDNAs driven by strong heterologous promo-
ters. It is increasingly clear, however, that non-coding DNA,
including promoters, introns, upstream and downstream
sequences all contain essential information for the appropriate
expression and function of genes (34). We therefore expressed
WT and mutant human LRRK2 from a complete genomic
DNA locus in human cells. Since LRRK2 protein has been
reported to be difficult to detect in some applications (8,9),
we decided to fuse a fluorescent tag to LRRK2 with a
minimum alteration of potential regulatory sequences.
However, this kind of seamless genetic manipulation of
genomic DNA material contained in vectors such as BACs
has proven to be difficult and inefficient (35). In this article,
we report the development of STEP, a novel strategy based
on recombineering (19) which obtains high recombination
efficiency without leaving any unwanted sequences behind.
Our constructs expressed full-length LRRK2 in human cells
which could be easily detected in real-time fluorescence live-
cell microscopy, IF, immunoblotting and IEM.

Despite the absence of a known membrane-targeting signal
we have found a robust association of LRRK2 with both the
plasma membrane and intracellular membranes. Interestingly,
we report for the first time that LRRK2 was recruited to specific
membranous microdomains such as the neck of caveolae,
microvilli/filopodia and ILVs of MVBs. These three microdo-
mains share important topological and biochemical character-
istics. Topologically, they form when cellular membranes
modify their curvature so that the cytosolic side protrudes on
the extracellular or intravesicular side (36), a process that
likely involves the rich underlying actin cytoskeleton network
whose arrangement is regulated by the ERM family of proteins
(37). ERM proteins are enriched precisely in the neck of caveo-
lae, microvilli and ILVs of MVBs (21,38,39) and are regulated
though phosphorylation. Since LRRK2 has been shown to phos-
phorylate ERM proteins (15), the specific presence of LRRK2 in
the neck of caveolae, microvilli and ILVs of MVBs suggests a
role for LRRK2 in regulating actin cytoskeleton reorganization
and membrane curvature dynamics.

Our proposal that LRRK2 is involved in the formation of
these membranous structures is further supported by two

experiments. First, upon induction of formation of micro-
villi/filopodia LRRK2 was recruited to the plasma membrane,
increasing its presence in these microdomains (Fig. 3A and B).
Second, ILVs formation is the key event leading to the for-
mation of MVBs (36) and the R1441C mutation, which
seems to induce a constitutively active form of LRRK2 (11),
increased the appearance of MVBs and led to the formation
of skein-like structures which likely represented abnormal
MVBs (Fig. 7F, H1–3 and G). Evidence of the role of such
a pathway in neurodegenerative disease mechanisms is sup-
ported by mutations inducing malfunction of MVB formation
that cause frontotemporal dementia and amyotrophic lateral
sclerosis (40). Moreover, LRRK2 has been recently found to
directly interact with the Alix-related protein His domain
phosphotyrosine phosphatase/His-Domain/Type N23 protein
tyrosine phosphatase (41), which is essential for endosomal
cargo sorting and MVB morphogenesis (42).

In addition to localizing to the neck of caveolae, microvilli
and MVBs, LRRK2 localized to AVs, where it partially
colocalized with p62 and LC3. Mono-ubiquitination or
Lys63-linked di-ubiquitination are the most common signals
in the endocytic pathway (43) and the fact that most anti-
ubiquitin sera have a bias towards K48 poly-ubiquitination
(44) explains the lack of ubiquitin staining of LRRK2
puncta. LRRK2 also localized to morphologically undefined
smaller vesicles. Double labelling experiments suggest that
these vesicles may be part of the ER (Fig. 5B3). Unlike pre-
vious studies which mainly relied on subcellular fractionation
(45), we did not find any association of LRRK2 with mito-
chondria (Supplementary Material, Figure S2E). Nevertheless
it may be possible that LRRK2 associated with the outer mem-
brane of engulfed mitochondria within AVs.

Our data provide for the first time direct evidence of a func-
tional relationship between LRRK2 and autophagy. Using a
physiologically-relevant human genomic DNA expression
system we have shown that the R1441C LRRK2 mutation
recapitulates a key and early pathological feature of neurode-
generative disorders, including PD, such as the accumulation
of AVs (46–51). We found an accumulation of multivesicular
structures and AVs with ‘late’ characteristics filled with
incompletely degraded material (52,53) distinct from the
smaller and uniformly dense mature lysosomal dense bodies
(53,54). This observation suggests that the R1441C LRRK2
mutation induces an imbalance between macroautophagy
induction and maturation of AVs to lysosomes, further sup-
ported by the accumulation of p62 within AVs (Supplemen-
tary Material, Figure S2B) (31,55). Interestingly, LRRK2
has been found to accumulate in neuritic varicosities and glob-
ular lesions in the brainstem of PD in association with p62
positive aggregation centres and early stage aggregation
forms of alpha-synuclein (6), linking our present findings to
the reported accumulation of MVBs and AVs as the main
component of neuritic varicosities (54). Furthermore, tyrosine
hydroxylase-positive neuritic varicosities and globular lesions
appeared in R1441G LRRK2 BAC transgenic mice suffering
from levodopa-responsive akinesia, similar to sporadic PD
(56). Our finding that LRRK2 puncta are transported
towards the cellular soma, possibly by dynein, may indicate
that axonal transport deficits could further contribute to
the imbalanced maturation of AVs in neurons. Conversely,
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LRRK2 knockdown increased the autophagic activity and
counterbalanced the effect on cell death of the autophagy
inhibitor BFA under starvation conditions. Therefore our
study suggests that modulating LRRK2 function could help
restore the altered autophagic equilibrium of many neurode-
generative disorders and lead to new treatments and neuro-
protection strategies.

MATERIAL AND METHODS

Plasmid construction

BAC RP11-568G5 (Children’s Hospital Oakland Research Insti-
tute in Oakland, CA, USA) contains most of the LRRK2 locus
including all exons which were confirmed by exon PCR. Homolo-
gous recombination in Escherichia coli using the Red/ET recom-
bination plasmid pSC101BADabgtet and the RpsL-neo
selection/counter selection cassette (Genebridges, Dresden) was
performed according to the manufacturer’s instructions to
obtain the vector BAC-LRRK2-WT. Briefly a DNA fragment
was amplified from BAC RP11-115F18 (Children’s Hospital
Oakland Research Institute in Oakland, CA, USA) using
primers rpsl-neo check_S and AC107023-BACe3.6_A by PCR
amplification using Bio-X-Act long (Bioline) and used to substi-
tute the RpsL-neo cassette which was previously amplified by
PCR using primers AC084290 30-pRpsL-neo_S and pRpsl-neo_-
BACe3.6_A within the BAC RP11-568G5. The vector
BAC-YPet-LRRK2-WT was obtained by seamless recombination
of the coding sequence of YPet [obtained from the plasmid
pCEP4YPet-MAMM generously provided by Patrick Daugherty
though Addgene (57))] right after the starting ATG of the LRRK2
gene using the newly developed strategy STEP which is based on
the Red/ET recombination system. Briefly, a PCR fragment
obtained using the primers OH-GFPwtHRbis_S_S, P-N-
MYPetwtHR bis_S_A, P-N-MYPetwtHR bis_A_S and OH-N-
EmGFPwtHRbis_A_A was used to replace the RpsL-neo cassette
previously introduced into BAC-LRRK2-WT by inclusion of
homology regions by PCR using primers OH-N-YPetwtHR_S_S,
P-N-YPetwtHR_A_S, OH-N-YPetwtHR_A_A and P-N-
YPetwtHR_S_A. For all DNA fragments obtained by PCR
using four long primers the enzyme Bio-X-Act long (Bioline)
was used according to the manufacturer instructions using the
external pair of primers at 0.2 mM and the internal pair of
primers at 2 nM. The resulting vector also contained the peptide
linker Glycine-Alanine-Glycine-Alanine-Glycine between
YPet and LRRK2. A similar approach was used to obtain the
C-terminally YPet tagged LRRK2 genomic construct BAC-
LRRK2-Ypet-WT. Constructs were verified by sequencing
across the modified region. For the introduction of the G2019S
and R1441C pathogenic mutations into BAC-YPet-LRRK2-WT
to produce BAC-YPet-LRRK2-G2019S and BAC-YPet-
LRRK2-R1441C a two step procedure was used. In the first step
a �500 bp genomic region around each target nucleotide was
amplified by PCR using G2019S EcoRI_S and G2019S XhoI_A
primers for G2019S and R1441C EcoRI_S and R1441C
XhoI_A primers for R1441C. These fragments were then digested
with EcoRI/XhoI and ligated into pBlueSKM (Invitrogen).
Site-directed mutagenesis was then performed on these cloned
fragments using Pfu Turbo Polymerase (Stratagene) as previously
described (58) using primers G2019S SDM_S and G2019

SDM_A for G2019S and primers R1441C SDM_S and R1441C
SDM_A for R1441C. A second step involved the introduction
of mutations obtained into BAC-YPet-LRRK2-WT by using
The Red/ET recombination system. Primers pairs RpSL
G2019S_S/RpSL G2019S_A and RpSL R1441C_S/ RpSL
R1441C_A were used for G2019S and R1441C, respectively,
for the first round of recombination, whereas primer pairs
G2019S_S/G2019S_A and R1441C_S/R1441C_A were used
for the second round. Constructs were verified by sequencing
across the modified region. Sequence of all primers are provided
in Supplementary Material, Table 1.

The vector BAC-YPet-LRRK2-WT-FRT was obtained by
retrofitting 1 mg of BAC-YPet-LRRK2-WT with 3 ng of
pH-FRT-Hy using Cre recombinase (Novagen) according to
the manufacturer instructions. The pH-FRT-Hy vector was
obtained in two steps. In the first step the pcDNA5/FRT
plasmid (Invitrogen) was digested with BglII and BamHI
(both from New England Biolabs, NEB) and the vector back-
bone religated using T4 DNA ligase (NEB). Then a 2.3 kb
fragment was excised with AflIII and NotI and ligated into a
vector containing the R6Kg bacterial conditional replication
origin and a loxP site to allow Cre mediated recombination.

The HA-mCherry-LC3 vector was obtained by modification
of EGFP-LC3 [generously provided by Karla Kirkegaard
through Addgene (59)] in which the EGFP tag of EGFP-LC3
was exchanged for a red fluorescent protein tag [mCherry, a
generous gift of Dr R.Y. Tsien, Department of Pharmacology,
University of California at San Diego (60)] and a HA tag.

The plasmid cDNA-LRRK2-GFP was a generous gift from
C. Gloeckner (Institute of Human Genetics, Munich-Neuherberg,
Germany).

Cell culture

HEK293-FRT cells were obtained by transfecting HEK293
cells (ATCC #CRL-1573) with the pFRT/lacZeo plasmid
(Invitrogen) using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions and performing selection of resistant
clones upon treatment with 100 mg/ml of zeocin (Invitrogen).
HEK293 clonal cell lines expressing the fusion protein
YPet-LRRK2 from the human LRRK2 genomic locus were
obtained by cotransfecting the BAC-YPet-LRRK2-WT-FRT
vector together with pOG44 (Invitrogen), which expresses
Flp recombinase, into clonal HEK293-FRT cells and sub-
sequent selection with 100 mg/ml of hygromycin (Gibco).
All BAC DNA transfections were performed using Lipofecta-
mine and Plus reagents (Invitrogen) according to the manufac-
turer instructions using a DNA (mg) to Lipofectamine (ml)
ratio of 1 : 4.

Clonal HEK293 cells stably expressing HA-mCherry-LC3
were obtained by selecting with 800 mg/ml of geneticin
(Gibco) after transfection with the HA-mCherry-LC3 vector
using Lipofectamine.

Both HEK293 and Vero cells (a derivative of the VERO
African green monkey kidney cells kindly provided by
Dr Rozanne Sandri-Goldin, University of California, Irvine,
CA, USA) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) supplemented with 10% foetal
bovine serum (Gibco), 100 U/ml penicillin, 0.1 mg/ml strepto-
mycin (Sigma) and 2 mM L-glutamine (Sigma).
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LRRK2 knockdown and immunoblotting

LRRK2 knockdown was achieved by transfecting 3 � 105

HEK293 clonal cells stably expressing YPet-LRRK2 from the
BAC-YPet-LRRK2-WT-FRT vector with LRRK2 siRNA2
(Ambion cat#AM16704 ID263837), LRRK2 siRNA3 (Ambion
cat#AM16704 ID272780) or control siRNA 50-GCGACGUU
CCUGAAACCACdtdt-30 (Ambion) using Lipofectamine 2000
(Invitrogen) as previously described (61) in six well plates.
Cells were analysed 4 days after transfection. Starvation was
achieved by incubating the cells in HBSS containing calcium
and magnesium (Gibco) for 4.5 h as previously described (27).
Bafilomycin (BFA) (Sigma) stock was dissolved in DMSO at
200 mM and used as 200 nM. The same amount of DMSO was
added to control cells and cells under BFA treatment. After the
treatments cells were directly scraped into the treatment/culture
medium and collected by centrifugation at 900 rpm for 100 in a
Rotanta 460R centrifuge (Hettich-Zentrifugen). Cells were
washed once with phosphate buffered saline (PBS) (Sigma)
and the final pellet was resuspended in 50 ml Hepes-sucrose
buffer [20 mM HEPES (Gibco) pH 7.2, 0.25 M sucrose (Sigma)]
in the presence of a cocktail of protease inhibitors (Complete
Mini, EDTA-free; Roche) and sonicated at 48C (3 s three
times) (Misonix XL-2000 sonicator). Protein samples were dis-
solved in Laemmli buffer (62) and run in a Criterion electrophor-
esis system (BioRad) using precast Criterion Tris–Hcl 4–15%
acrylamide gradient gels. Transfer was performed in a Criterion
blotter (BioRad) according to the manufacturer instructions
using 20% methanol in the transfer buffer to PVDF type
membranes (Immovilon P, Millipore). Membranes were
blocked with 3% skimmed milk powder milk (Marvel) in Tris
buffered saline (TBS) (Sigma) containing 0.1% Tween for 1 h
at room temperature (RT). The primary antibodies, namely
rabbit anti-GFP (Molecular Probes, 1/1000 dilution), rabbit
anti-ubiquitin (Dako, 1/1000 dilution), mouse monoclonal
anti-LC3 (Nanotools, 1/200 dilution), mouse monoclonal anti-
actin (Sigma, 1/1000 dilution) mouse monoclonal anti-LRRK2
(Abnova H00120892-R01, 1/2500 dilution) and rabbit
anti-LRRK2 (Novus Biologicals NB300-268, 1/2000 dilution)
were incubated overnight at 48C in TBS-Tween containing 1%
milk. After washing, HRP-conjugated anti-mouse secondary
antibody or HRP-conjugated protein A (Biorad) were applied fol-
lowed by chemiluminescence detection using ECL-plus (Amer-
sham). Images acquired in a Gel Doc XR System (Biorad).
Western blot quantification was performed using Image J soft-
ware (http://rsbweb.nih.gov/ij/). Values were always normalized
against actin. Relative cell number was determined using the
bicinchoninic acid (4,40-dicarboxy-2,20-biquinoline, Sigma)
assay reagent as previously described (63).

Immunoprecipitation

For immunoprecipitation Dynabeads Protein G (Invitrogen)
coated with anti-GFP antibodies were used according to the
manufacturer instructions.

Immunocytochemistry and IF using human brain samples

Brains were fixed for at least 1 month by suspension in 10%
buffered formalin before being sliced and multiple tissue

blocks were embedded in paraffin wax), after which 6 mm sec-
tions were cut. Slides were then dewaxed at 55ºC for 10 min,
treated with xylene for 5 min at RT, and hydrated in decreas-
ing concentrations of ethanol. Endogenous peroxidase activity
was blocked in 0.3% H2O2 in PBS for 1 h at RT. Antigen
retrieval was performed by placing the slides in a black
polyoxymethylene-poly-acetal plastic staining dish and per-
forming intermittent microwaving of samples for a total of
10 min (Sanyo 800 W, 100% power) in 0.01 M citrate buffer
pH 6 (tri-Sodium citrate, BDH) and then allowed to cool
down completely. Sections were then mounted in a slide
rack (Sequenza slide rack), blocked for 30 min in 10% fetal
calf serum in TBS-0.1% Triton-100 and then incubated over-
night at 4ºC with the primary antibody diluted in 10%
FCS-TBS-T. Antibodies rabbit anti-LRRK2 (Novus Biologi-
cals, NB300-268, 1/300 dilution) and rabbit anti-LRRK2
(Novus Biologicals, NB300-267, 1/300 dilution) were used.
Detection was obtained with REAL EnVision Detection
System (Peroxidase/DABþ, Rabbit/Mouse; Dako) according
to the manufacturer’s instructions. Sections were counter-
stained with haematoxylin and mounted in xylene-based per-
manent medium (DPX; Agar Scientific). Photomicrographs
were taken using an AxioCam MRc camera and KS300 soft-
ware (Zeiss). For IF sections were processed as explained
and after antigen retrieval, a HRP-goat anti rabbit Tyramide
Signal Amplification Kit (Invitrogen) based on Alexa Fluor
594 dye was used according to the manufacturer’s instructions.
Fluorescence detection was performed using the Alexa
594-tyramide solution, at a 1/75 dilution. Nuclear staining
was achieved using a 1/200 dilution of TO-PRO 3 dye (Invi-
trogen) in the final mounting medium (Vectashield from Vec-
torLabs). Images were captured with a Zeiss LSM510 META
Confocal Imaging System.

IF on cultured cells

Cells were grown on 19 mm glass coverslips at the bottom of
12 well plates and transfected with the indicated plasmids.
Four days after transfection cells were fixed in 4% paraformal-
dehyde in PBS for 30 min. Cells were permeabilized with IF
blocking buffer (1% fish gelatine, 0.1% Triton X-100 and
10% normal goat serum in TBS) for 30 min at RT and incu-
bated with the primary antibodies diluted in IF blocking
buffer overnight at 48C. The antibodies rabbit anti-GFP (Mol-
ecular Probes, 1/1000 dilution), rabbit anti-ubiquitin (Dako,
1/400 dilution), mouse monoclonal anti-p62 lck ligand (BD
Transduction Laboratories, 1/500 dilution), mouse monoclonal
anti-vimentin (Sigma, 1/500 dilution), mouse monoclonal
anti-g-tubulin (Sigma, 1/200 dilution), anti-golgin 97 (Molecu-
lar Probes, 1/500 dilution) and mouse monoclonal anti-calnexin
(BD Biosciences, 1/100 dilution) were used. Transferrin recep-
tors were labelled by incubating the cells with alexa-594-
transferrin (Molecular Probes, 50 mg/ml) for 30 min at 378C.
Fluorescent secondary antibodies goat anti rabbit alexa-488,
goat anti rabbit alexa-594 and goat anti mouse alexa-594 (all
from Molecular Probes) were used at 1 : 500 dilution in IF
blocking buffer. For nuclear counterstaining 4,6-diamino-2-
phenylindole (Sigma) was added at 0.5–1 mg/ml. Coverslips
were mounted on standard microscope glass slides using
Fluoromount-G (Southern Biotech) and left at 48C overnight
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before visualising. Photomicrographs were taken using an
Eclipse-TE inverted microscope (Nikon) coupled to a mono-
chrome CCD Orc camera (Hamamatsu) and a Volocity
Version 4.3.2 Build 23 software (Improvision). Z-Stacks were
acquired with 0.1 mm interval and images subjected to a built
in deconvolution algorithm (images in Figs 5A, B1, B2, 7H
and Supplementary Material, Figure S1A). Alternatively
confocal images were captured with a Zeiss LSM510 META
Confocal Imaging System (Figs 1D, E, 4A1, B, C1 and 5B3).

Immunoelectron microscopy

Four days post-transfection cells were washed twice with PBS
and fixed with 3% paraformaldehyde and 0.05% glutaralde-
hyde in PBS for 30 min. Then cells were scraped and
allowed to fix into a 1.5 ml microfuge tube with fresh fixative
for three additional hours. To induce the formation of micro-
villi cells were washed twice with PBS and placed with
trypsin-EDTA (Sigma) at 378C for 5 min. Cells were then
washed with normal growth medium, collected by spinning
at 900 rpm for 5 min and fixed as above. The fixative was
removed and substituted with PBS containing 2.3 M sucrose
leaving the cells in this solution for 24 h. The cells were
now slam-frozen (Reichert MM80E; Leica), freeze-substituted
at 2808C in methanol for 48 h and embedded at 2208C in LR
Gold acrylic resin (London Resin Company Ltd) in a Reichert
freeze-substitution system (Reichert). Cells were cut into
ultrathin sections of 50–80 nm using a Eichert Ultracut S
ultratome and mounted onto formvar-coated nickel grids.
The primary antibodies, either rabbit anti-GFP (Molecular
Probes) at 1 : 250 dilution, goat anti-LRRK2 EB06550
(Everest) at 1 : 200 dilution, sheep anti-ANXA1 antibody
(gift from Prof Rod Flower, William Harvey Research Insti-
tute, London, UK) (64) at 1 : 1000 dilution and mouse mono-
clonal anti-p62 lck ligand (BD Transduction Laboratories) at
1/100 dilution were incubated for 2 h. To detect the primary
antibodies, cells were incubated with either Protein A-15 nm
gold complex (for rabbit antibodies), donkey anti goat-15 nm
gold complex, goat anti-mouse-5 nm gold complex or goat
anti-sheep-5 nm gold complex, then lightly counterstained
with uranyl acetate and lead citrate. All antibodies were
diluted in 0.1 M phosphate buffer containing 0.1% w/v egg
albumin. For control sections, the primary antibodies were
omitted and replaced with 0.1 M phosphate buffer containing
0.1% w/v egg albumin; immunogold labelling was absent in
these conditions. Sections were examined with a JEOL 1010
transmission electron microscope (JEOL USA, Inc.). The
number of organelles and number of gold particles were
counted in 8 cells. For measurement of cell area micrographs
of each cell were taken at a magnification of �4000. The cell
areas were analysed from scanned micrographs using Axiovi-
sion software, version 3.4 (Zeiss). Cell area was not signifi-
cantly different between WT and mutant. In all cases the
analyst was blind to the sample code.

Live-cell imaging

HEK-293 cells were seeded on 25 mm coverslips and trans-
fected as detailed above. After 4 days coverslips were

placed in a LU-CPC-CEH Leiden closed perfusion chamber
(Harvard Apparatus) and incubated at 378C with normal
growth medium saturated with 5% CO2 containing 25 mM

Hepes. Live-cell imaging was performed using automated
shutters mounted on a Nikon Eclipse TE-2000 epifluorescence
microscope equipped with a YFP HYQ filter block (Nikon) in
order to diminish UV light irradiation.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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