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Macroautophagy, a constitutive process in higher eukary-

otic cells, mediates degradation of many long-lived pro-

teins and organelles. The actual events occurring during

the process in the dynamic system of a living cell have
never been thoroughly investigated. We aimed to

develop a live-cell assay in which to follow the complete

itinerary of an autophagosome. Our experiments show
that autophagosomes are formed randomly in peripheral

regions of the cell. They then move bidirectionally along

microtubules, accumulating at themicrotubule-organizing

centre, in a similar way to lysosomes. Their centripetal
movement is dependent on the motor protein dynein and

is important for their fusion with lysosomes. Initially,

autophagosomes dock on to lysosomes, independent of

lysosomal acidification. Two kinds of fusion then occur:
complete fusions, creating a hybrid organelle, or more

often kiss-and-run fusions, i.e. transfer of some content

while still maintaining two separate vesicles. Surpris-

ingly, the autophagolysosomal compartment seems to
be more long lived than expected. Our study documents

many aspects of autophagosome behaviour, adding to

our understanding of the mechanism and control of
autophagy. Indeed, although the formation of autopha-

gosomes is completely different from any other vesicular

structures, their later itinerary appears to be very similar

to those of other trafficking pathways.
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Macroautophagy (which we will refer to as autophagy)

involves the formation of double-membrane vesicles

around a portion of cytosol to form autophagosomes.

These eventually fuse with lysosomes, where their con-

tents are degraded. This process is conserved from yeast

to man and plays key roles in the degradation of many long-

lived cytosolic proteins and organelles. In this way,

autophagy can buffer against starvation. However, autoph-

agy also clears aggregate-prone intracellular cytosolic

proteins that cause neurodegenerative diseases (e.g.

Huntington’s disease) and a range of pathogens (e.g.

Mycobacterium tuberculosis) and is involved in antigen

presentation and various cancers (1).

The understanding of mammalian autophagy has been

greatly facilitated by pioneering studies from Ohsumi,

Klionsky and others working in yeast as many of the yeast

genes critical for the process have mammalian ortho-

logues. However, there are numerous key differences

between mammalian and yeast systems. For instance, in

yeast, there is only one specific site of autophagosome

formation, the pre-autophagosomal structure (PAS) next to

the vacuole, while in mammalian cells, multiple sites of

origin can be observed at the same time (2). An ever

increasing number of parts of the molecular machinery of

mammalian autophagy are being identified. For instance,

the yeast Atg8 orthologue light chain 3 (LC3) appears to

play a role in the expansion and completion of autophago-

some formation. Indeed, LC3 is the only known protein

that specifically associates with autophagosomes (in both

inner and outer membranes) and autophagolysosomes and

not with other vesicular structures (3). However, there

are additional homologues of Atg8 (e.g. Golgi-associated

ATPase enhancer of 16 kDa (GATE-16)) that associate with

other structures, but haven’t been directly implicated in

autophagy. After fusion with lysosomes, LC3 can be

localized either on the outside of the autophagolysosome

membrane or be inside the vesicle. Green fluorescent

protein (GFP)–LC3 on the outside of the autophagolyso-

some appears to be very rapidly removed, while that inside

is subject to proteolytic degradation, and the GFP signal

appears to persist if lysosomal proteolysis is inhibited or if

pH is elevated (4).

Despite the current knowledge about the autophagy

machinery, there are many aspects that are unclear. Much

of our understanding of the itinerary of autophagosomes is

derived from light and electron microscopy of fixed cells.

This has led to concepts of initial autophagic vacuoles or

autophagosomes, degradative autophagic vacuoles or

autolysosomes (5) and amphisomes [vesicles resulting

Re-use of this article is permitted in accordance with the

Creative Commons Deed, Attribution 2.5, which does not

permit commercial exploitation.

574 www.traffic.dk



from fusions between (late) endosomes and autophago-

somes] (6). However, the events occurring during the

life cycle of an autophagosome and their regulation

are only poorly understood. For instance, it is unclear

where autophagosomes originate from, how they move

and how they fuse with lysosome/late endosome

compartments.

The machinery involved in autophagosome–lysosome

fusion is well understood in yeast. Although some parts

of the molecular machinery have been elucidated in

mammalian cells (7–9) and suggest a similar process as

in yeast, many aspects of autophagosome–lysosome

fusion in mammalian cells remain mysterious. The actual

nature of fusion and all the components involved remain to

be investigated. Importantly, in yeast, autophagosomes

form at the PAS, which is close to the vacuole, while in

mammalian cells, there are multiple sites of autophago-

some formation, which may be at some distance from

lysosomes. This may result in a need for specific transport

systems for autophagosomes in mammalian cells.

In this study, we have used a combination of live-cell

imaging and fixed cell studies to allow us to investigate

many aspects of the itinerary of an autophagosome.

We demonstrate that autophagosomes form randomly

throughout the cytoplasm.Once formed, autophagosomes

need to reach lysosomes, enrichedperinuclearly around the

microtubule-organizing centre (MTOC) (10), in order to fuse

with them and to degrade their contents. Microtubules

seem to be essential for autophagosome movement

(11,12); here, we show that autophagosomes move bidi-

rectionally along microtubules and that their movement

towards thenucleus ismediatedby themotor proteindynein.

Our live-cell imaging studies show that autophagosome–

lysosome fusion is similar to endosome–lysosome fusion,

where kiss-and-run, complete fusions or fusion mediated

through tubules can all be observed (13). Additionally, we

demonstrate that docking and fusion appear to be two

separately regulated events. As a whole, our study docu-

ments many aspects of autophagosome behaviour, adding

to our understanding of the mechanism and control of

autophagy. Indeed, although the formation of autophago-

somes is completely different from any other vesicular

structures, their later itinerary appears to be very similar to

those of other trafficking pathways.

Results

Autophagosomes are formed randomly throughout

the cytoplasm

In order to follow the whole itinerary of an autophago-

some, the autophagosome-specific marker microtubule-

associated protein 1 LC3 tagged to enhanced green

fluorescent protein (EGFP) was expressed in living normal

rat kidney (NRK) cells. Normal rat kidney cells were chosen

for the majority of the experiments because they show

a sufficient number of autophagosomes per cell in the

basal unstarved state to allow efficient real-time data

capture and at the same time are quite flat (thickness of

approximately 2 mm), making it easier to follow dynamic

processes within a single focal plane with a confocal

microscope. Before embarking on studies using trans-

fected fluorescently tagged LC3 constructs to mark auto-

phagosomes for microscopical analyses, we confirmed

that both GFP–LC3 and mCherry–LC3 were specifically

labelling autophagosomes by demonstrating that the great

majority of cells lose these vesicular structures when

treated with 3-methyladenine, an inhibitor of autophago-

some formation (data not shown). Furthermore, all fluo-

rescently labelled LC3 structures were<1 mm in diameter,

and no large aggregates were observed.

First, we compared the locations of newly appearing

autophagosomes, which were induced by serum starva-

tion, with those of autophagosomes already present at the

beginning of the observation. Serum starvation rapidly

increased the number of autophagosomes (data not

shown), as has previously been reported (14). In these

starved cells, pre-existing autophagosomes were found

throughout the cytosol with a somewhat higher density

near the nucleus, whereas new autophagosomes were

generally formed further towards the periphery with no

specific localization (Figure 1), as has also been reported in

other cell lines (9).

A high proportion of autophagosomes are actually

autophagolysosomes

We then investigated the end-point of the itinerary of an

autophagosome, i.e. the fusion with a lysosome. It has

previously been reported that GFP–LC3 fluorescence is

lost rapidly upon autophagosome–lysosome fusion (15),

because of both degradation and the low pH in the

lysosome, as GFP itself has a pKa of about 6. Therefore,

we used LC3 tagged with the novel red fluorescent

protein mCherry (16), which has the advantage of a low

pKa (<4.5). This construct indeed enabled us to visualize

potential autophagolysosomes when cells were cotrans-

fected with lgp120 [also known as lysosome-associated

membrane glycoprotein 1, a glycoprotein mainly localized

to the limiting membranes of lysosomes and late endo-

somes (17)] fused to GFP at its C-terminal cytosolic end.

Thereby, a high fraction of LC3-positive vesicles were

also lgp120 positive (Figure 2A). All vesicles positive for

lgp120–GFP could be stained with a specific antibody

against lgp120 (data not shown), and the majority of

lgp120-positive vesicles were also acidic as determined

by Lysotracker staining (data not shown). When the

colocalization of GFP–LC3 with lgp120 was directly

compared with the colocalization of mCherry–LC3 with

lgp120 by using an antibody against lgp120, a high degree

of colocalization could still be observed, although it was

lower than that for mCherry–LC3 (Figure 2B). The higher

colocalization of mCherry–LC3 with lgp120, compared
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with GFP–LC3, was consistent with recently published

data comparing monomeric red fluorescent protein–LC3

and GFP–LC3 (4). In both cases, there was more coloc-

alization of the tagged LC3 with the lower pKa, concor-

dant with the data suggesting that most LC3 is inside

autophagolysosomes, where it is sensitive to pH and

proteolysis (4). The high proportion of LC3 vesicles

positive for lgp120 was not restricted to NRK cells – it

was also seen in Hela cells (Figure S1). These data

suggest that the autophagolysosomal compartment,

although inherently transient, is much more long lived

than expected.

LC3/lgp120 colocalization correlates with the level of

autophagic activity

In order to test how meaningful this colocalization was in

relation to autophagic activity, cells were treated with

known enhancers and inhibitors of autophagy. Similar

to serum starvation, treatment with the enhancer rapa-

mycin increased the number of LC3-positive vesicles

(data not shown) and increased endogenous LC3-II levels

(Figure S4A) in NRK cells. Interestingly, rapamycin treat-

ment also led to a significant increase in the proportion

of double-labelled vesicles (Figure 3B,D). Blocking of

autophagosome–lysosome fusion with bafilomycin (a

proton pump inhibitor that inhibits late endosome and

lysosome acidification), however, led to almost no double

labelling at all (Figure 3C,D). The results of this assay

correlate well with the known effects of these drugs on

autophagy (18,19).

To test the effects of bafilomycin further, cells were

additionally labelled with an antibody against the cation-

independent mannose-6-phosphate receptor (CIMPR).

This transmembrane protein is normally localized to

the Golgi network and late endosomes, but is excluded

from lysosomes, and has been previously been shown to

localize to a subset of autophagosomes (20). This triple-

labelling enabled us to differentiate between amphisomes

(LC3þ/CIMPRþ/lgp120þ) and autophagolysosomes (LC3þ/

CIMPR�/lgp120þ). Bafilomycin treatment decreased

fusion of LC3-positive vesicles with both late endosomes

and lysosomes (Figure 3E).

Autophagosomes engage in different types of

homotypic and heterotypic fusions

We investigated whether autophagolysosomes were gen-

erated by formation of a hybrid organelle by complete fusion

of an autophagosome and a lysosome. When we analyzed

GFP–LC3-transfected cells by live-cell imaging, homotypic

fusion between two LC3-positive vesicles could sometimes

be observed. Fusion was either complete (Figure 4A),

i.e. fusion of two autophagosomes to form a new one, or

through membrane protrusions (Figure 4B).

When both mCherry–LC3 and lgp120–GFP were trans-

fected into cells, fusion events (as assayed by membrane

content exchange) could be observed in about 23% of

untreated cells (n ¼ 26 cells, Figure 4C,D). Moreover,

when cells were imaged shortly (30–100 min) after addi-

tion of rapamycin, these events occurred more frequently

(33% of cells, n ¼ 9 cells).

Two different types of fusion were observed. Sometimes

(approximately 31% of fusions, n ¼ 56 cells), the autopha-

gosomes and late endosomes/lysosomes fused com-

pletely, resulting in a completely double-labelled hybrid

vesicle (Figure 4C). However, more often (approximately

62% of fusions, n ¼ 56 cells), the fusion seemed to be of

the ‘kiss-and-run’ type. The sequence of events was the

following: first, an lgp120–GFP-positive lysosome with no

(or only a low amount of) mCherry–LC3 started interacting

with an autophagosome. This led to an increase in the

intensity of mCherry fluorescence in the lysosome. When

they eventually separated, the lysosome retained the

transferred mCherry–LC3 (Figure 4D). Rarely (7% of fu-

sions, n ¼ 56 cells), the same kind of fusion could also be

observed in the opposite direction (Figure S2).

Figure 1: Autophagosomes are formed randomly throughout the cytosol upon serum starvation. A) Location of initial

autophagosomes (GFP–LC3-positive vesicles) and of newly appearing autophagosomes (see arrowheads for location of their appearance)

during a 5-min video. B) Distance of initial and newly appearing autophagosomes from the MTOC of three different cells after 30- to 120-

min starvation in serum-free CO2-independent medium (black bar indicates mean distance of autophagosomes from the MTOC, and plus

sign indicates mean distance from the MTOC to the cell periphery). AP, autophagosome. Scale bar represents 10 mm.
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To further investigate whether the fusions observed

involved late endosomes or lysosomes, the lysosomal

lumen was specifically labelled by loading the cells with

Oregon Green 488 dextran, as previously described (13).

Kiss-and-run fusions between LC3-positive vesicles and

dextran-loaded lysosomes could then also be observed

(Figure S3). This led to a high level of double-labelled

vesicles.

Figure 2: A high proportion of

autophagosomes are actually auto-

phagolysosomes. A) Cells trans-

fected with mCherry–LC3 and

lgp120–GFP show a high degree of

colocalization. B) Colocalization of

mCherry–LC3 with lgp120 is some-

what higher than colocalization of

GFP–LC3 with lgp120. Scale bars

represent 10 mm.
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Thus, ‘kiss-and-run’ fusions seem to be most com-

mon type of fusion between autophagosomes and

lysosomes. Moreover, the membrane content exchange

seems to be unidirectional in that content is usually

transferred only from autophagosomes to lysosomes.

The transfer can be explained as the LC3 localized

to the inner leaflet of the autophagosome being

transferred into the lysosome, while the one in the

outer leaflet is rapidly lost (e.g. by delipidation by

Atg4) (4).

Docking and fusion are two independent steps in the

maturation of the autophagosome

Treatment of the cells with vacuolar Hþ-adenosine tri-

phosphatase (ATPase) inhibitor bafilomycin for 24 h clearly

inhibited fusion between autophagosomes and lysosomes

Figure 3: lgp120/LC3 colocaliza-

tion correlates with level of auto-

phagic activity. A) Dimethyl

sulphoxide (DMSO)-treated control

with some colocalization (see magni-

fication and arrowheads). B) Twenty-

four hours rapamycin (Rap) treated

with high level of colocalization (see

magnification and arrowheads). C)

Twenty-four hours bafilomycin (Baf)

treated with low colocalization (see

magnification and arrowheads). D)

Quantification of percentage of dou-

ble-labelled vesicles (mean of three

experiments of four to five cells

each, mean standard deviations; t-test:

p (DMSO, Rap) ¼ 0.008, p (DMSO,

Baf) ¼ 0.001). E) Quantification of

colocalization of cells transfected with

mCherry–LC3 and lgp120–GFP and

stained for CIMPR. Cells were treated

with 400 nM bafilomycin for 24 h

(20 cells each, bars represent means

with standard deviations, p (LC3þ/

CIMPRþ/lgp120þ) ¼ 6 � 10�12,

p (LC3þ/CIMPR�/lgp120þ) ¼ 1 �

10�7). Scale bars represent 10 mm.
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Figure 4: Autophagosomes engage in different types of both homotypic and heterotypic fusions. A) Homotypic fusion between

two GFP–LC3-positive autophagosomes (arrowhead). Scale bar represents 3 mm. B) Homotypic fusion through membrane protrusion

(arrowhead). Scale bar represents 3 mm. C) Complete autophagosome–lysosome fusion resulting in colocalization of mCherry–LC3 and

lgp120–GFP in the hybrid organelle (arrowheads). For better visualization of double labelling, images were split into two separate channels

(red and green) while using false colour for a better measure of intensity (blue < green < yellow < red). When observing an

autophagosome interacting with a lysosome,membrane content exchangewould be visible as an increase in intensity in the red channel at

the location of the lysosome and vice versa. Scale bar represents 10 mm. D) Kiss-and-run fusion event resulting in some mCherry–LC3

inside lgp120–GFP-positive vesicle (arrowheads). Scale bar represents 10 mm.
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(Figures 3C,D and 5A), so that two distinct populations

(LC3þ/lgp120� or LC3�/lgp120þ) of vesicles could be

observed.

However, close interactions of autophagosomes with lyso-

somes without any obvious membrane content exchange

still occurred (Figure 5B), suggesting that acidification of the

lysosome is not a requirement for the docking of an

autophagosome. Thus, docking and fusion are two mecha-

nistically distinct steps in autophagosome–lysosome fusion.

Autophagosomes move bidirectionally towards and

away from the nucleus dependent on microtubules

and associated motor proteins

Autophagosomes are formed randomly throughout the

cytoplasm (Figure 1) and fuse with lysosomes (Figure 4)

in order to degrade their contents. Because the majority of

lysosomes are localized perinuclearly (Figure 2) around the

MTOC (data not shown), the autophagosomes need to be

transported there, most likely along microtubules. When

GFP–LC3 was overexpressed in unstarved NRK cells,

autophagosomes were distributed with a bias towards

the MTOC and were not randomly distributed (Figure 6A),

similar to lysosomes (data not shown). This is compatible

with our observations above that many LC3-positive

structures are also lgp120 positive. Additionally, the LC3-

positive vesicles colocalized quite well with microtubules

(Figure 6A), suggesting a role for microtubule-dependent

transport systems in autophagosome movement.

This suggested that autophagosomes are delivered to the

vicinity of the lysosomes near the MTOC in a dynein/

microtubule-dependent fashion through productive move-

ments biased in direction towards the nucleus. In order to

test this, we first assessed the movement of autophago-

somes in live NRK cells expressing GFP–LC3, thus label-

ling both autophagosomes and autophagolysosomes.

When the vesicles were tracked and a velocity histogram

was plotted, the resulting distribution was clearly posi-

tively skewed (Figure 6D). For a large part, especially

close to the nucleus, the vesicles seemed quite immobile

or only moved short distances. When autophagosomes

did move over longer distances, the movements were

both centripetal (Figure 6B) and centrifugal (Figure 6C),

but only very rarely tangential, as others have also

reported (11). To test whether these fast movements

were actually dependent on microtubules, they were

depolymerized by a short treatment (30 min) with noco-

dazole (data not shown). This abolished all movement

above a velocity of 0.1 mm/second (Figure 6D). There-

fore, this velocity was chosen as the threshold for

microtubule-dependent movements. Importantly, there

was a significant bias for microtubule-dependent move-

ments towards the nucleus over movements away from

the nucleus [chi-squared test (H0: no bias): p ¼ 0.02;

Figure 6E). Together with interactions and fusion events

with lysosomes near the nucleus working as an additional

sink for autophagosome transport, this explains their

aforementioned prominent perinuclear accumulation.

Altogether, these results suggest that autophagosomes

move along microtubules in a bidirectional manner.

We tested if autophagosome movements towards the

MTOC were mediated by dynein (the motor protein that

Figure 5: Docking and fusion are

two independent steps in themat-

uration of the autophagosome.

A) Low LC3/lgp120 colocalization in

cell treated with bafilomycin for 24 h.

B) Enlargement of area in (A); auto-

phagosome docked onto lysosome

(arrowheads) with common move-

ment, but no fusion (see separate

intensities and Figure 4). Scale bars

represent 10 mm. These data are

representative of five independent

experiments.
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Figure 6: Legend on next page.
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typically moves cargoes along microtubules in this direc-

tion) by treating cells with the adenine analogue erythro-9-

[3-(2-hydroxynonyl)]adenine (EHNA), a dynein ATPase

activity inhibitor (21). EHNA preferentially affected move-

ments of GFP–LC3 vesicles directed towards the nucleus

(Figure 7A,B). Similar to what has been described for

reducing dynein activity in other systems (22), EHNA also

had a smaller secondary effect on movements away from

the nucleus.

To further test the involvement of dynein in autophago-

some movement, dynein heavy chain was knocked down

by RNA interference (Figure 7F). Because, as previously

mentioned, a large fraction of LC3-positive vesicles might

actually represent autophagolysosomes (Figure 2A), we

cotransfected mCherry–LC3 and lgp120–GFP to be able to

distinguish between the two types of vesicles, which

might move differently. Additionally, because autophago-

somes moved both towards and away from the nucleus,

we decided to focus on the productive movement by

analyzing their path, i.e. their overall movement between

the starting and the end-point of tracking. As expected,

dynein knockdown led to a decrease in the number of

paths towards the nucleus and a concomitant increase in

the number of paths away from the nucleus (Figure 7C,

D,E). Both autophagosomes and autophagolysosomes

were similarly affected. Thus, the movement towards

the nucleus of both autophagosomes and autophagolyso-

somes is mediated by dynein.

Consistent with the above data, dynein knockdown led to

a redistribution of LC3-positive vesicles towards the cell

periphery and membrane extensions, compared with

control cells, where they were mainly localized around

the nucleus (Figure 8A,B). Concomitantly, we observed

a clear reduction in the fraction of autophagolysosomes

(Figure 8C), suggesting decreased fusion. Additionally,

similar to the effects of bafilomycin treatment (Figure 3E),

dynein knockdown led to decreased fusion of LC3-positive

vesicles with late endosomes and lysosomes (Figure 8D)

[The higher occurrence of autophagolysosomes com-

pared with Figure 3E was because of the longer expres-

sion of mCherry–LC3 (72 h compared with 24 h)]. Finally,

similar to what we have previously shown (23), dynein

knockdown increased the levels of LC3-II (data not

shown) and decreased the clearance of the autophagic

substrate a-synuclein A53T (data not shown), underscor-

ing the importance of dynein-mediated movement for

autophagic activity.

Rapamycin treatment does not affect

autophagosome dynamics

As we have shown in this study and a previous study (23),

autophagosome movement is important for autophagic

activity. Therefore, we tested whether the induction of

autophagy by rapamycin treatment affected autophago-

some dynamics. However, rapamycin treatment had no

significant effect on the half-life of GFP–LC3-positive

vesicles (Figure S4B), which we determined to be approx-

imately 13 min, in line with what has previously been

reported (12,24).

Moreover, autophagy induction had no effect on the

velocities of movements of autophagosomes or autopha-

golysosomes (Figure S4C,D).

Thus, the increase in autophagic clearance upon autoph-

agy induction seems to be largely because of the increase

in autophagosome formation, leading to increase cargo

uptake and delivery.

Discussion

In conclusion, our data suggest that autophagosomes are

formed randomly in more peripheral regions of the cell, in

most cases far away from the nucleus. Therefore, we can

exclude formation at the MTOC or any perinuclearly

localized organelles, such as the Golgi.

Autophagosomes then move bidirectionally along micro-

tubules towards and away from the MTOC, where they

accumulate in a similar way to lysosomes because of

a bias towards centripetal movements. These centripetal

movements are dependent on the motor protein dynein

and are rate limiting for their eventual fusion with

perinuclearly located lysosomes. These data can explain

why there is defective autophagosome–lysosome fusion

associated with decreased dynein activity (23). Interest-

ingly, LC3 binds to microtubules directly in vitro by

electrostatic interactions (25) through its N-terminal

domain (26), suggesting that it might be directly involved

in autophagosome movement. Moreover, it has been

reported that LC3 directly interacts with the dynein

complex and that microinjection of anti-LC3 antibody

inhibits autophagosome movement (27). Unfortunately,

we could not test this further as almost no GFP-positive

autophagosomes could be observed when an N-terminal

deletion mutant of LC3 tagged to GFP was overexpressed

Figure 6: Autophagosomes move bidirectionally towards and away from the nucleus dependent on microtubules.

A) Autophagosomes are distributed with a bias towards the MTOC. Scale bar represents 10 mm. B) Fast autophagosome movement

towards the nucleus (N) (arrowheads). Scale bar represents 5 mm. C) Fast autophagosome movement away from the nucleus (N)

(arrowheads). Scale bar represents 5 mm. D) Fast movements with a velocity above 0.1 mm/second are abolished by microtubule

depolymerization by nocodazole. E) Microtubule-dependent movements (i.e. velocity � 0.1 mm/second) are biased towards the nucleus

[p ¼ 0.02 (chi-squared test), cumulative result from six cells, 10 vesicles each].
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in NRK or HeLa cells, suggesting that, similar to yeast (28),

this domain is important for autophagosome formation or

targeting of LC3 to the membrane (our unpublished

observation).

Initially, autophagosomes dock on to lysosomes, a process

that is independent of lysosomal acidification. From our

colocalization experiments, we can conclude that a high

fraction of LC3-positive vesicles are autophagolysosomes,

Figure 7: Legend on next page.
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which had previously been suggested (29). Our observation

suggests the important conclusion that not all LC3-positive

vesicles are identical and that many such structures are

autophagolysosomes (as opposed to autophagosomes).

As previously reported (6), autophagosomes also fuse with

endosomes, forming so-called amphisomes (Figures 3E

and 8D). However, it remains unclear whether those

fusions with endosomes are a prerequisite for later fusion

with lysosomes (6). It is certainly a straightforward expla-

nation; however, it is hard to test as inhibiting endosome–

autophagosome fusion will likely have indirect effects on

lysosomal biogenesis. When cells were treated with

bafilomycin A1 or with dynein small interfering RNA

(siRNA), we observed decreased fusion of LC3-positive

vesicles with late endosomes and lysosomes. These

treatments themselves block endosome maturation (30).

However, the effects of dynein of centripetal autophago-

some movement are likely to be a major contributor to

decreased fusion with late endosomes and lysosomes.

We observed two types of autophagosome–lysosome

fusions: complete fusions, where a hybrid organelle is

formed, or, more often, kiss-and-run fusions, i.e. transfer

of some content while still maintaining two separate

vesicles. It is possible that autophagosomal content may

be delivered to lysosomes by multiple events or that the

delivery of lysosomal hydrolases to autophagosomes may

create what appear to be degradative autophagosomes.

Irrespective of these possibilities, the presence of both

complete fusion and kiss-and-run events suggests differ-

ent routes for autophagosome trafficking. It is interesting

to speculate that these different routes may influence the

efficiency of disposal of autophagic contents.

Materials and Methods

Constructs, antibodies and siRNA
We are grateful to T. Yoshimori for GFP–LC3, M. Mizuguchi for human

LC3B, P. Luzio for GFP–lgp120 and R. Tsien for mCherry.

The following antibodies were used: polyclonal anti-CIMPR (1:1000, a gift

from M. Seaman), polyclonal anti-dynein heavy chain (1:200, R-325; Santa

Cruz),monoclonal anti-huntingtin (1:1000,MAB2166; Chemicon), polyclonal

anti-LC3 (1:2000; Novus), mouse anti-rat lgp120 (1:250, a gift from P. Luzio),

monoclonal anti-tubulin [1:500 immunocytochemistry (ICC), 1:5000western

blotting (WB); Sigma], anti-mouse Alexa 488 (1:500; Invitrogen), anti-mouse

Alexa 594 (1:500; Invitrogen) and anti-rabbit Alexa 633 (1:1000; Invitrogen).

For the knockdown experiments, rat dynein heavy chain siRNA was used

(on-target plus SMARTpool L-080024-01-0010; Dharmacon).

Cloning of mCherry-hLC3B construct
Human light chain 3B (LC3B) was subcloned from pGEX-6P-1 (26) into

pcDNA3 (Invitrogen) using BamHI and EcoRI (both New England Biolabs

(NEB)). mCherry (16) was amplified by polymerase chain reaction with the

following primers: 50-TA CCG AGC TCG GTA CCC GCC ACC AT-30 and 30-G

CTG TAC AAG CAA GGA TCC TGC-50. The resulting fragments were purified

(Qiagen gel extraction kit), digested with KpnI and EcoRI (both NEB) and

subcloned in frame into the 50 end of hLC3B pcDNA3.

Cell culture
Normal rat kidney cells were grown in DMEM (Sigma) supplemented with

10% FBS (Invitrogen), 100 U/mL penicillin/streptomycin (Invitrogen) and

2mM L-glutamine (Invitrogen) at 378C and 5%CO2. For live-cell imaging, cells

were seeded on 42-mm glass cover slips (PeCon GmbH) at a density of

approximately 1.5 � 105 cells per cover slip or alternatively on 22 � 22-mm

cover slips in a 6-well plate at a density of 1.5 � 105 cells per cover slip for

later fixation. For drug treatments, cells were treated for 24 h with 0.2 mg/mL

rapamycin (Sigma), 400 nM bafilomycin A1 (Upstate) or 50 mM EHNA

(Sigma). For starvation, cells were transferred to CO2-independent medium

(Invitrogen) for 30–120 min.

Transfection
Cells were transfected 24 h after seeding with 1.5 mg GFP–LC3 or 1 mg

mCherry–LC3 and 0.5 mg lgp120–GFP in 6 mL Lipofectamine per cover slip

for 4 h in DMEM. They were then washed once in full medium and cultured

in full medium for the times indicated, unless stated otherwise in the figure

legends (see Figure 1 legend). For siRNA experiments, cells were trans-

fected with 20 nM siRNA, 0.5 mg mCherry–LC3, 0.25 mg lgp120–GFP and 5

mL Lipofectamine 2000 in Optimem (Invitrogen) for 4 h. They were then

washed once in full medium and cultured in full medium for 48 h. Finally, they

were split, reseeded at 1.5� 105 cells per cover slip and cultured for another

24 h until imaging/fixation.

Dextran loading
Right after 4 h of transfection, cells were loaded with 0.5 mg/mL lysine-

fixable 10 kD Oregon Green 488 dextran (Molecular Probes) for 4 h at 378C

Figure 7: Dynein mediates the movement of autophagosomes and autophagolysosomes towards the nucleus. A) Reduction in

fast movements upon dynein inhibition (n¼ 6; Mann–Whitney U-test: p (EHNA, PBS)¼ 0.02). Six cells were analyzed in detail. In each cell,

we determined the distribution of single movements in between each frame (11.5 seconds per frame) for 10 autophagosomes (any LC3-

positive vesicle) per cell. Autophagosomes were tracked for as long as they were visible, and all their movements were recorded. As

mentioned in the text, the same autophagosome can show both fast movements and periods of immobility during the observation period.

The averaged distributions of movements per frame of fast movements (as characterized in Figure 6) over the six cells are shown. B) Data

from (A) were analyzed as follows. For each frame, we determined if the direction of the movement was towards or away from the

nucleus. The numbers were recorded for each cell, and the means and standard deviations for the six cells analyzed are shown. Dynein

inhibition by EHNA decreases movement towards nucleus more strongly [n¼ 6; t-test: p (towards)¼ 0.02, p (away)¼ 0.08)]. Towards the

nucleus (Towards), away from the nucleus (Away). C and D) Dynein knockdown decreases paths of autophagosomes (AP, LC3þ/lgp120�)

(C) and autophagolysosomes (APLS, LC3þ/lgp120þ) (D) towards the nucleus. The path of an autophagosome was defined as the distance

covered from the beginning of tracking till the end, with the associated direction. For standardization between different vesicles and cells,

these values were then divided by the duration of tracking and the mean diameter of the cell (the mean diameter of an ellipse

approximating the cell shape). E) Dynein knockdown significantly changes the bias in direction of paths [defined in (D) above] from towards

the nucleus to away from the nucleus (pooled data from 45 vesicles [three experiments, three cells each, five vesicles each), p (AP) ¼

0.00005 (chi-squared test), p (APLS) ¼ 0.003 (chi-squared test)]. F) Efficient knockdown of dynein heavy chain [because of the high

molecular weight of DHC (532 kD), endogenous wild-type huntingtin (343 kD) was used as a loading control].
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in full medium, followed by a chase of 20 h in dextran-free full medium, as

previously described (13).

Immunocytochemistry
For the tubulin staining, cover slips were washed once in �1 PBS, fixed for

20 min in 4% paraformaldehyde, washed once in �1 PBS, permeabilized in

�1 PBS 0.2% Triton-X-100 for 5 min and washed three times in �1 PBS.

Then, they were blocked in blocking buffer (10% FBS and 1% BSA in �1

PBS) for 1 h. Primary antibody diluted in blocking buffer was added, and

cover slips were incubated at 48C overnight. The next day, cells were

washed three times with �1 PBS, incubated with the appropriate second-

ary antibody and washed again. Finally, they were mounted in Prolong Gold

antifading solution (Invitrogen) containing 4’,6-diamidino-2-phenylindole

(DAPI) (3 mg/mL; Sigma).

For the lgp120 staining, the procedure was the same as above, except that

the cover slips were fixed 10 min in �208C in methanol.

For the CIMPR staining, cells were fixed in 4% paraformaldehyde (PFA) and

permeabilized in 40 mm digitonin. Primary and secondary antibodies were

only incubated for 1 h each at room temperature in 3% BSA (in PBS).

Western blotting
Cell pellets were lysed on ice in Laemmli buffer (62.5 mM Tris–HCl pH 6.8,

5% b-mercaptoethanol, 10% glycerol and 0.01% bromophenol blue) for 30

min in the presence of protease inhibitors (Roche Diagnostics). Samples

were subjected to SDS–PAGE, and proteins were transferred to a poly-

vinylidene fluoride (PVDF) membrane (GE Healthcare). Blots were first

probed with primary antibodies (see above). Then, they were probed with

the appropriate anti-mouse or anti-rabbit immunoglobulin G-horseradish

peroxidase (GE Healthcare) secondary antibody and visualized using

a enhanced chemiluminescence detection kit (GE Healthcare).

Live-cell imaging
Twenty-four hours after transfection, the cover slips were mounted in

a perfusion, open and closed cultivation (POC) chamber (PeCon GmbH) in

CO2-independent medium (Invitrogen), and the temperature was equilibrated

at 378C. The imaging was performed on a Carl Zeiss with a LSM 510 confocal

attachment using a�63 1.4 NA Plan Apochromat oil immersion lens. The POC

cell chamber was heated to 378C with a heated stage and Tempcontrol 37

device (Carl Zeiss). Laser lines at 488 nm (GFP-tagged constructs, Oregon

Green 488 dextran) and 543 nm (mCherry–LC3) were used. Band pass (505–

530nm) and long pass (560 nm) filterswere used to separatewavelengths. For

the dynein heavy chain (DHC) siRNA experiments, the imagingwas performed

as above but with the microscope fittedwith an XL-3 incubator (PeCon GmbH)

and using a 594-nm laser line instead of 543 nm. Laser power was kept at

a minimum to minimize photobleaching and photocytotoxicity. The detector

pinholes were set to give a 0.9-mm optical slice to minimize the chances

of vesicles going out of/coming into focus (as mentioned in the Results, NRK

cells are approximately 2 mm in thickness). Scan rates varied from 1.9 to

3.9 seconds by using multitracking (line switching) with a line average of 2 and

with a delay time of 7.5 seconds in between scans. Acquisitionwas performed

using ZEISS LSM 510 software. Acquisition times varied from 5 to 20 min. The

maximum total imaging time per cover slip was 90 min.

Live-cell imaging analysis
Movies were analyzed in ZEISS LSM IMAGE BROWSER 3.5 for double labell-

ing, interactions and fusions. Vesicle tracking was performed in IMAGEJ

Figure 8: Dynein knockdown re-

distributes autophagosomes to-

wards the periphery and decreases

autophagosome–lysosome fusion.

A) Mostly perinuclear localiza-

tion of autophagosomes/autophago-

lysosomes in control cells. B)

Redistribution of autophagosomes/

autophagolysosomes towards the

periphery with a concomitant reduc-

tion in autophagosome–lysosome

fusion (see magnification). C) Quan-

tification of reduction in colocaliza-

tion of LC3 with lgp120 [three

experiments with 20 cells each, p <

0.0001 (odds ratio)]. D) Quantifica-

tion of colocalization of cells trans-

fected with control (Ctrl) or DHC

siRNA, mCherry–LC3 and lgp120–

GFP and stained for CIMPR (20

cells each, bars represent means

with standard deviations, p (LC3þ/

CIMPRþ/lgp120þ) ¼ 4 � 10�6, p

(LC3þ/CIMPR�/lgp120þ) ¼ 3 �

10�5). Scale bars represent 10 mm.
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(http://rsb.info.nih.gov/ij/) using the LSM reader and Manual tracking plug-

ins. Thereby, 10 vesicles (GFP–LC3 only) or five LC3þ/lgp120� and five

LC3þ/lgp120þ vesicles (mCherry–LC3/lgp120–GFP), which could be tracked

for at least 15 frames (approximately 2.5 min), were chosen at random for

each cell. These vesicles were then tracked manually for as long as they

were visible, while the program calculated velocities for each frame [i.e.

distance divided by total time in between frames (scan time þ delay time)].

The results were copied to MS EXCEL, where all further calculations and

analyses were performed. Directions relative to the nucleus were deter-

mined from the algebraic sign of differences of distances (i.e. towards the

nucleus corresponds to a negative difference) from an arbitrary point in the

densest part of the cell near the nucleus, where autophagosomes accumu-

lated. At the end of each tracking, the directions of fast movements were

then rechecked by eye. Because of the resolution limits of the light micro-

scope and inherent errors of manually clicking on single pixels, we used

double the mean pixel diagonal divided by the total time (i.e. 2O2 � 0.15 mm/

9.5 seconds ¼ 0.045 mm/second) as the lower threshold for velocity data.

The path of an autophagosome was defined as the distance covered from

the beginning of tracking till the end, with the associated direction. For

standardization between different vesicles and cells, these values were

then divided by the duration of tracking and the mean diameter of the cell

(the mean diameter of an ellipse approximating the cell shape).

Colocalization analysis
Cover slips were blinded and 5 (dimethyl sulphoxide/Rap/Baf), 7 (GFP–LC3

versus mCherry–LC3) or 20 (DHC siRNA) cells were imaged on a Zeiss

Axiovert 200M microscope with a LSM 510 confocal attachment using

a �63 1.4 NA Plan Apochromat oil immersion lens. Laser lines at 488 nm

(lgp120–GFP), 543 nm (mCherry–LC3) and 633 nm (Alexa 633) were used.

These cells were then analyzed in ZEISS LSM IMAGE BROWSER 3.5 as follows:

first, after switching off all other channels, all mCherry–LC3-positive

vesicles were counted and marked. Then the GFP channel was switched

back on, and the number of colocalized vesicles was counted. For the triple-

labelling experiments, the colocalization with CIMPR was finally quantified

for the single or double-labelled vesicles from the analysis above. From

these values, the fraction of double/triple-labelled vesicles was determined,

i.e. the percentage of LC3-positive vesicles labelled with another/both other

markers was calculated.

Statistical analysis
Student’s t-test and chi-squared test were performed in MS EXCEL andMann–

Whitney U-test and log-rank test in GRAPHPAD PRISM 4. Odds ratios were

determined by unconditional logistical regression analysis, using the

general log-linear analysis option of SPSS 9 software (SPSS).
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Supplementary Materials

Figure S1: Other cell lines also show a high proportion of autopha-

golysosomes. HeLa cells transfected with mCherry–LC3 and lgp120–GFP

show a high degree of colocalization.

Figure S2: Rare transfer of lgp120–GFP into mCherry–LC3-positive

vesicle. Rare kiss-and-run fusion event resulting in some lgp120–GFP

inside mCherry–LC3-positive vesicle (arrowheads). For better visualization

of double labelling, images were split into two separate channels (red and

green) while using false colour for a better measure of intensity (blue <

green < yellow < red). When observing an autophagosome interacting with

a lysosome, membrane content exchange would be visible as an increase in

intensity in the red channel at the location of the lysosome and vice versa.

Figure S3: Kiss-and-run fusion with dextran-loaded lysosome. Kiss-

and-run fusion event between mCherry–LC3-positive autophagosome

(red) and Oregon Green 488 dextran-loaded lysosome (green). In the

middle panel of the image sequence, the lysosome (green, open

arrowhead) can be observed docking onto the autophagosome (red),

with a concomitant content exchange (filled arrowhead), leading to

a double-labelled vesicle.

Figure S4: Autophagosome formation can be induced with rapamycin

without an effect on autophagosome dynamics. A) Twelve hours

rapamycin treatment increases endogenous LC3-II levels in NRK cells.

B) Twenty-four hours rapamycin treatment has no significant effect on

the half-life of GFP–LC3-positive vesicles (mean and standard errors, three

experiments of three cells each, log-rank test: p ¼ 0.9). Cells were imaged

for 16 min and then the times of disappearance of all GFP–LC3-positive

vesicles visible at the start of the session were collected. From these data,

the percentage of remaining vesicles was determined for each time-point.

C and D) Twenty-four hours rapamycin treatment has no significant effect on

fast autophagosome (AP, panel C) or autophagolysosome (APLS, panel D)

movements (Figure 7) [five experiments, three cells each, five vesicles each;

Mann–Whitney U-test: p (AP) ¼ 0.1, p (APLS) ¼ 0.6].

Supplemental materials are available as part of the online article at http://

www.blackwell-synergy.com

References

1. Rubinsztein DC, Gestwicki JE, Murphy LO, Klionsky DJ. Potential

therapeutic applications of autophagy. Nat Rev Drug Discov 2007;6:

304–312.

2. Mizushima N, Yamamoto A, Hatano M, Kobayashi Y, Kabeya Y, Suzuki

K, Tokuhisa T, Ohsumi Y, Yoshimori T. Dissection of autophagosome

formation using Apg5-deficient mouse embryonic stem cells. J Cell Biol

2001;152:657–668.

3. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T,

Kominami E, Ohsumi Y, Yoshimori T. LC3, a mammalian homologue of

yeast Apg8p, is localized in autophagosome membranes after process-

ing. EMBO J 2000;19:5720–5728.

4. Kimura S, Noda T, Yoshimori T. Dissection of the autophagosome

maturation process by a novel reporter protein, tandem fluorescent-

tagged LC3. Autophagy 2007;3:452–460.

5. Schworer CM, Mortimore GE. Glucagon-induced autophagy and pro-

teolysis in rat liver: mediation by selective deprivation of intracellular

amino acids. Proc Natl Acad Sci U S A 1979;76:3169–3173.

6. Gordon PB, Seglen PO. Prelysosomal convergence of autophagic and

endocytic pathways. Biochem Biophys Res Commun 1988;151:40–47.

7. Atlashkin V, Kreykenbohm V, Eskelinen EL, Wenzel D, Fayyazi A,

Fischer von Mollard G. Deletion of the SNARE vti1b in mice results in

the loss of a single SNARE partner, syntaxin 8. Mol Cell Biol 2003;23:

5198–5207.

8. Gutierrez MG, Munafo DB, Beron W, Colombo MI. Rab7 is required for

the normal progression of the autophagic pathway in mammalian cells.

J Cell Sci 2004;117:2687–2697.

586 Traffic 2008; 9: 574–587

Jahreiss et al.



9. Jager S, Bucci C, Tanida I, Ueno T, Kominami E, Saftig P, Eskelinen EL.

Role for Rab7 in maturation of late autophagic vacuoles. J Cell Sci 2004;

117:4837–4848.

10. Matteoni R, Kreis TE. Translocation and clustering of endosomes and

lysosomes depends on microtubules. J Cell Biol 1987;105:1253–1265.

11. Fass E, Shvets E, Degani I, Hirschberg K, Elazar Z. Microtubules

support production of starvation-induced autophagosomes but not

their targeting and fusion with lysosomes. J Biol Chem 2006;281:

36303–36316.

12. Kochl R, Hu XW, Chan EY, Tooze SA. Microtubules facilitate autopha-

gosome formation and fusion of autophagosomes with endosomes.

Traffic 2006;7:129–145.

13. Bright NA, Gratian MJ, Luzio JP. Endocytic delivery to lysosomes

mediated by concurrent fusion and kissing events in living cells. Curr

Biol 2005;15:360–365.

14. Mizushima N. Autophagy: process and function. Genes Dev 2007;21:

2861–2873.

15. Tanida I, Minematsu-Ikeguchi N, Ueno T, Kominami E. Lysosomal

turnover, but not a cellular level, of endogenous LC3 is a marker for

autophagy. Autophagy 2005;1:84–91.

16. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE,

Tsien RY. Improved monomeric red, orange and yellow fluorescent

proteins derived from Discosoma sp. red fluorescent protein. Nat

Biotechnol 2004;22:1567–1572.

17. Fukuda M. Lysosomal membrane glycoproteins. Structure, bio-

synthesis, and intracellular trafficking. J Biol Chem 1991;266:

21327–21330.

18. Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue,

controls autophagy in yeast. J Biol Chem 1998;273:3963–3966.

19. Yamamoto A, Tagawa Y, Yoshimori T, Moriyama Y, Masaki R, Tashiro Y.

Bafilomycin A1 prevents maturation of autophagic vacuoles by inhibit-

ing fusion between autophagosomes and lysosomes in rat hepatoma

cell line, H-4-II-E cells. Cell Struct Funct 1998;23:33–42.

20. Dunn WA Jr. Studies on the mechanisms of autophagy: maturation of

the autophagic vacuole. J Cell Biol 1990;110:1935–1945.

21. Ekstrom P, Kanje M. Inhibition of fast axonal transport by erythro-9-[3-

(2-hydroxynonyl)]adenine. J Neurochem 1984;43:1342–1345.

22. Welte MA. Bidirectional transport along microtubules. Curr Biol 2004;

14:R525–R537.

23. Ravikumar B, Acevedo-Arozena A, Imarisio S, Berger Z, Vacher C,

O’Kane CJ, Brown SD, Rubinsztein DC. Dynein mutations impair

autophagic clearance of aggregate-prone proteins. Nat Genet 2005;

37:771–776.

24. Pfeifer U. Inhibition by insulin of the formation of autophagic vacuoles

in rat liver. A morphometric approach to the kinetics of intracellular

degradation by autophagy. J Cell Biol 1978;78:152–167.

25. Mann SS, Hammarback JA. Molecular characterization of light chain 3.

A microtubule binding subunit of MAP1A and MAP1B. J Biol Chem

1994;269:11492–11497.

26. Kouno T, Mizuguchi M, Tanida I, Ueno T, Kanematsu T, Mori Y, Shinoda

H, Hirata M, Kominami E, Kawano K. Solution structure of microtubule-

associated protein light chain 3 and identification of its functional

subdomains. J Biol Chem 2005;280:24610–24617.

27. Yoshimori T. 4th International Symposium on Autophagy: Exploring the

Frontiers of Autophagy Research,October 1–5, 2006;Mishima, Shizuoka-

ken, Japan Poster Presentation Abstracts. Autophagy 2006;2:355.

28. Nakatogawa H, Ichimura Y, Ohsumi Y. Atg8, a ubiquitin-like protein

required for autophagosome formation, mediates membrane tethering

and hemifusion. Cell 2007;130:165–178.

29. Bampton ET, Goemans CG, Niranjan D, Mizushima N, Tolkovsky AM.

The dynamics of autophagy visualized in live cells: from autophagosome

formation to fusion with endo/lysosomes. Autophagy 2005;1:23–36.

30. Baravalle G, Schober D, Huber M, Bayer N, Murphy RF, Fuchs R.

Transferrin recycling and dextran transport to lysosomes is differen-

tially affected by bafilomycin, nocodazole, and low temperature. Cell

Tissue Res 2005;320:99–113.

Traffic 2008; 9: 574–587 587

The Itinerary of Autophagosomes


