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Abstract. Autocrine motility factor (AMF) is secreted
by tumor cells and is capable of stimulating the motil-
ity of the secreting cells. In addition to being ex-
pressed on the cell surface, its receptor, AMF-R, is
found within a Triton X-100 extractable intracellular
tubular compartment. AMF-R tubules can be distin-
guished by double immunofluorescence microscopy
from endosomes labeled with the transferrin receptor,
lysosomes labeled with LAMP-2, and the Golgi ap-
paratus labeled with 3-COP. AMF-R can also be sepa-
rated from a LAMP-2 containing lysosomal fraction
by differential centrifugation of MDCK cells and is
found within a 100000 ¢ membrane pellet. By elec-
tron microscopic immunocytochemistry, AMF-R is
localized predominantly to smooth vesicular and tubu-
lar membranous organelles as well as to a lesser ex-
tent to the plasma membrane and rough endoplasmic

reticulum. AMF-R tubules have a variable diameter of
50-250 nm and can acquire an elaborate branched
morphology. By immunofluorescence microscopy,
AMF-R tubules are clearly distinguished from the cal-
nexin labeled rough endoplasmic reticulum and AMF-R
tubule expression is stable to extended cycloheximide
treatment. The AMF-R tubule is therefore not a bio-
synthetic subcompartment of the endoplasmic reticu-
lum. The tubular morphology of the AMF-R tubule is
modulated by both the actin and microtubule cytoskel-
etons. In a similar fashion to that described previously
for the tubular lysosome and endoplasmic reticulum,
the linear extension and peripheral cellular orientation
of the AMF-R tubule are dependent on the integrity of
the microtubule cytoskeleton. The AMF-R tubule may
thus form part of a family of microtubule-associated
tubular organelles.

cell is determined by specific targeting signals in their

protein sequences. The biosynthetic and intracellular
trafficking routes of various receptors and proteins traverse
multiple organelles and plasma membrane domains, how-
ever differential efficiency of the signals and mechanisms
which regulate protein targeting can result in the predomi-
nant expression of a protein in a particular organelle. The
steady state distribution of some proteins has thereby served
as a marker to identify and define the relationship between
intracellular organelles. Markers for the rough endoplasmic
reticulum include calnexin and BiP (Bole et al., 1986; Degen
and Williams, 1991; Wada et al., 1991; Hochstenbach et al.,
1992) and the intermediate compartment and/or cis-Golgi
network is labeled with p53, p58, and gp74 (Saraste et al.,
1987; Schweizer et al., 1988; Alcalde et al., 1994). The
Golgi apparatus can be identified by the presence of man-
nosidase or 3-COP (Moreman and Touster, 1985; Donald-
son et al., 1990; Duden et al., 1991; Serafini et al., 1991)
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and the trans-Golgi network (TGN) by TGN38 (Luzio et al.,
1990). In the endocytic pathway, early endosomes and the
early endosomal recycling compartment can be identified by
the presence of the transferrin receptor (Hopkins and Trow-
bridge, 1983; Yamashiro et al., 1984). The late endosome
has been defined as a mannose-6-phosphate receptor positive
and LAMP positive organelle while the lysosome is a
mannose-6-phosphate receptor negative, LAMP positive or-
ganelle (Geuze et al., 1988; Griffiths et al., 1988). Other dis-
tinct and, perhaps, function-specific endocytic organelles
have been identified such as the class II compartment in
antigen-presenting cells (Peters et al., 1991; Amigorena et
al., 1994; Tulp et al., 1994).

Early endosomes, particularly the sorting endosome or
CURL, exhibit a distinctive morphology with tubular exten-
sions (Geuze et al., 1983; Marsh et al., 1986, Griffiths et
al., 1989; Dunn and Maxfield, 1992) and tubular endosomes
corresponding to the plasma membrane recycling compart-
ment can be labeled by endocytosis (Wall et al., 1980; Wil-
son et al., 1987; Gruenberg et al., 1989; Tooze and Hollins-
head, 1991). Overexpression of the small GTP-binding
protein rab4 leads to the accumulation of endocytosed trans-
ferrin in a tubular endosomal recycling compartment (van
der Sluijs et al., 1992). An extensive endosomal reticular
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network labeled by transferrin has been described to extend
throughout the cytoplasm of HEp2 cells (Hopkins et al.,
1990). Surface connected tubules implicated in the special-
ized endocytosis of S-VLDL have been recently described
(Myers et al., 1993). Brefeldin A (BFA)! treatment induces
the formation of tubular elements connecting the Golgi to the
endoplasmic reticulum and the TGN to early endosomes
(Cooper et al., 1990; Lippincott-Schwartz et al., 1991;
Wood et al., 1991). Tubulation of the Golgi apparatus has
been observed in the absence of BFA both in vivo and in vitro
(Cluett et al., 1993).

Elongated tubular membrane organelles have been ob-
served in both fixed tissue and cultured cells (Buckley, 1973;
Phaire-Washington et al., 1980; Oliver, 1983; Beaudoin et
al., 1985; Robinson et al., 1986; Swanson et al., 1987;
Heuser, 1989; Luo and Robinson, 1992). Labeling of these
tubular structures by either fluid phase endocytosis or cyto-
chemically for lysosomal enzymes led to their appellation as
lysosomal compartments. The lysosomal nature of the tubu-
lar lysosome was confirmed by the presence of the lysosomal
membrane glycoprotein, 1gp120, and shown to be associated
with phagosomes and macropinosomes (Knapp and Swan-
son, 1990; Racoosin and Swanson, 1993). The morphology
and cellular distribution of tubular lysosomes are microtubule
dependent (Phaire-Washington et al., 1980; Swanson et al.,
1987; Araki et al., 1993). A macrophage tubular compart-
ment, continuous with phagolysosomes, exhibits similarities
with tubular lysosomes and contains both the late endosome
markers, M6PR and rab7, as well as lysosomal Lamp-2 sug-
gesting that this tubular organelle is associated with a late en-
docytic compartment (Rabinowitz et al., 1992). The endo-
plasmic reticulum can also exhibit a highly tubular structure
throughout the cytoplasm (Fawcett, 1981). Labeling of the
endoplasmic reticulum in living cells with the dye DiOC6 re-
veals the extension and formation of an interconnected net-
work of tubular elements (Terasaki et al., 1986; Lee and
Chen, 1988; Lee et al., 1989). A similar tubular network is
formed after the in vitro incubation of microsomes on a mi-
crotubule substrate (Dabora and Sheetz, 1988b; Vale and
Hotani, 1988). While tubular organelles have been identified
morphologically and labeled by endocytic tracers and pro-
tein markers of other endocytic organelles, a tubule-specific
protein has yet to be identified.

The receptor for autocrine motility factor (AMF-R) was
initially identified by its increased O-glycosylation after cell
shape modulation of the metastatic capability of B16-Fl
melanoma cells (Nabi and Raz, 1987, 1988). Antibodies
against AMF-R are capable of stimulating both in vivo lung
colonizing ability and in vitro cell motility (Nabi and Raz,
1987; Nabi et al., 1990; Watanabe et al., 1991a) leading to
the identification of AMF-R as the receptor for AMF (Liotta
etal., 1986; Silletti et al., 1991; Watanabe et al., 1991b). In-
creased expression of AMF-R correlates directly with the
loss of E-cadherin in malignant bladder carcinomas and with
a high incidence of recurrence and decreased survival in
colorectal cancer (Nakamori et al., 1994; Otto et al., 1994).
The AMF-R-mediated signaling pathway by which AMF

1. Abbreviations used in this paper: AMF-R, receptor for autocrine motility
factor; BFA, brefeldin A.
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stimulates cell motility involves a pertussis toxin sensitive
G-protein, AMF-R phosphorylation, inositol phosphate
production, and the lipoxygenase metabolite 12(S)-HETE
(Stracke et al., 1987; Kohn et al., 1990; Nabi et al., 1990;
Watanabe et al., 1991b; Timar et al., 1993). AMF-R exhibits
a polarized cell surface distribution but intracellularly is
found within elongated tubular vesicles (Nabi et al., 1992).
We present evidence here that AMF-R is a marker for a dis-
tinct membranous tubular organelle.

Materials and Methods
Cells and Cell Culture

All cells were grown in an air-5% CO; incubator at constant humidity.
MDCK II cells were grown in DMEM supplemented with 5% FCS, nones-
sential amino acids, vitamins, and glutamine (Gibco, Burlington, Ontario).
The MDCK cells used exhibit a highly spread morphology when plated at
low density at low passage number (<10). HeLa cells were obtained from
Dr. Eric Cohen (Université de Montréal, Montreal, Quebec) and were
grown in DMEM supplemented with 10% FCS, nonessential amino acids,
glutamine, and a penicillin-streptomycin antibiotic mixture (Gibco).

Antibodies and Chemicals

Monoclonal antibody against AMF-R was used either in the form of ascites
fluid or concentrated hybridoma supernatant (Nabi et al., 1990). Antibod-
ies to MDCK LAMP-2 were as previously described (Nabi et al., 1991).
Antibodies to 8-COP were kindly provided by Jennifer Lippincott-Schwartz
(NIH, Bethesda, MD) and to calnexin by John Bergeron (McGill Univer-
sity, Montreal, Quebec). Antibody to the human transferrin receptor
(OKT9) was purchased from Ortho Diagnostics (Raritan, NJ) and to tubulin
from ICN (Mississauga, Ontario).

Secondary antibodies conjugated to either fluorescein, Texas red, or
horseradish peroxidase were purchased from Jackson Laboratories (West
Grove, PA). The fluorescent antibodies were designated for use in multiple
labeling studies and no interspecies cross-reactivity was detected. To detect
antibodies to AMF-R, secondary antibodies specific for the p chain of rat
IgM were used. Taxol was obtained from the National Products Branch of
the National Cancer Institute (Bethesda, MD). Phalloidin conjugated to
rhodamine was purchased from Molecular Probes (Eugene, OR). Except
where otherwise indicated, all chemicals were purchased from ICN Bio-
medicals, Inc. (Costa Mesa, CA).

Immunofluorescence

Cells were plated sparsely on glass coverslips for 1-2 d, and then fixed by
the addition of cold (—80°C) methanol directly to the coverslip, and then
placed at —20°C for 15 min. In some experiments, cells were incubated
with Ringer’s solution (155 mM NaCl, 5 mM KCl, 2 mM CaCl;, 1 mM
MgCl;, 2 mM NaH;PO4, 10 mM glucose, 10 mM Hepes, pH 7.2)
(Heuser, 1989) for 15 min at 37°C in a CO,-free incubator, before metha-
nol fixation. After fixation, cells were rinsed extensively with PBS (pH 7.4)
supplemented with 0.1 mM Ca** and 1 mM Mg** (PBS/CM), and then in-
cubated for ~30 min with PBS/CM containing 1% BSA (PBS/CM/BSA)
to reduce nonspecific binding. All washings and incubations with both pri-
mary and secondary (FITC and Texas red conjugated) antibodies were done
with PBS/CM/BSA. After labeling, the coverslips were mounted in Airvol
(Air Products and Chemicals Inc., Allentown, PA) and viewed in a Zeiss
Axiophot fluorescent microscope equipped with a 63X Plan Apochromat
objective and selective filters. Images were photographed using Kodak
T-Max 400 film.

Immunoblot

Cell lysates were separated by SDS-PAGE and blotted to nitrocellulose
using a Mini-Protean apparatus (BioRad Labs, Hercules, CA). The blots
were blocked with 20% skim milk in PBS/CM, incubated with the primary
antibody, and then with the appropriate secondary antibody conjugated to
horseradish peroxidase. The labeled bands were revealed by chemilumines-
cence using the ECL system (Amersham, Oakville, Ontario), and then ex-
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posed to preflashed Kodak X-Omat film. Prestained molecular weight
markers were purchased from Sigma Chem. Co. (St. Louis, MO).

Triton X-100 Extraction

MDCK cells grown on either glass coverslips or tissue culture dishes were
extracted with 1% Triton X-100 in PBS/CM containing protease inhibitors
(1 mM PMSEF, 10 ug/ml leupeptin, pepstatin A, and aprotinin) at 4°C for
30 min. Cells on coverslips were then fixed with cold methanol and im-
munofluorescently labeled with anti~-AMF-R antibodies. The Triton X-100
extract of cells plated on tissue culture dishes was collected and the cellular
material remaining attached to the plastic surface scraped into an equivalent
volume of 1% SDS in PBS containing protease inhibitors. The total cellular
content of AMF-R was determined by the lysis of unextracted cells with 1%
SDS. Equal amounts by volume of the three lysates, diluted with sample
buffer, were separated by SDS-PAGE, and biotted with antibodies to
AMF-R.

Cell Homogenization

Ten 150-mm plates of MDCK cells, plated at a density of 2 x 106 cells per
plate for 2-3 d until the cells were just confluent, were washed 4x with
cold PBS, and then left on ice for 10 min before scraping the cells from the
tissue culture dish. The scraped cells were then spun down at 1,500 rpm,
resuspended in a homogenization buffer consisting of MEPS buffer (5 mM
MgSO,, 5 mM EGTA, 35 mM K*Pipes, 0.2 M sucrose, pH 7.1) containing
1 mM DTT and protease inhibitors (Dabora and Sheetz, 1988a), recen-
trifuged, and then resuspended in approximately twice the cell volume of
the homogenization buffer. The cells were homogenized by 12 strokes of a
1-mi Dounce homogenizer (tight pestle) on ice, and then centrifuged at 800 g
at 4°C for 10 min. The pellet was resuspended in half the original volume
of homogenization buffer, rehomogenized (12 strokes), and centrifuged at
800 g. The two supernatants were combined and centrifuged at 950 g to
generate a postnuclear supernatant (PNS). The PNS was centrifuged at
20,000 g for 30 min (Biofuge 17) and the 20,000-g supernatant spun at
100,000 g for 60 min (RC M120; Sorvall Instruments, Wilmington, DE;
fixed angle rotor) at 4°C. Proteins contained within the 100,000-g superna-
tant were precipitated with acetone at —20°C for 30 min and the 20,000-g
pellet (20K P), the 100,000-g pellet (100K P), and acetone precipitate of the
100,000-g supernatant (100K S) were resuspended in 100 ul of a solution
of 1% SDS, 50 mM Tris, pH 8, containing protease inhibitors. The samples
were assayed for protein content using the BCA protein assay (Pierce, Rock-
ford, IL). Equivalent amounts by volume of each of the samples (between
40 and 50 ug protein) were separated by SDS-PAGE and blotted with anti-
bodies to AMF-R and LAMP-2.

Electron Microscopy

Cells grown on petri dishes were rinsed and incubated at 37°C in Ringer's
solution for 15 min before fixing in Ringer’s solution containing 2% parafor-
maldehyde and 0.2% glutaraldehyde for 30 min at 37°C. The fixed cells
were rinsed in PBS/CM, scraped from the petri dish, and collected by cen-
trifugation. The cell pellet was postfixed for 30 min with 1% osmium tetrox-
ide in PBS/CM containing 1.5 % potassium ferrocyanide (reduced osmium),
dehydrated in a graded ethanol series and embedded in LR-White resin
(Tamaki and Yamashina, 1994). Ultrathin sections (80 nm) were collected
on formvar-coated grids, blocked for 1 h with 2% BSA and 2% goat serum
in PBS/CM, and then incubated in PBS/CM/BSA at room temperature for
1 h with anti-AMF-R antibody followed by 12-nm gold conjugated anti-rat
IgM (Jackson). The grids were washed with PBS/CM/BSA three times after
the primary antibody, five times after the secondary antibody, and then
washed three times with PBS/CM and twice with distilled water. The sec-
tions were then stained with 5% uranyl acetate for 15 min and visualized
in a Philips 300 electron microscope.

Fields selected morphologically for the presence of a smooth tubule were
photographed and the numerical density of particles associated with smooth
tubules and vesicles, the rough endoplasmic reticulum, the plasma mem-
brane, and the Golgi apparatus determined. The length of the limiting mem-
brane of the indicated organelles was measured using a Sigma-Scan mea-
surement system (Jandel Scientific, Corte Madera, CA) and the gold
particles localized to these organelles counted. Rough endoplasmic reticu-
lum was defined by the presence of a linear array of membrane-associated
ribosomes. The Goigi apparatus was identified morphologically and the
membrane length of associated saccules and vesicles measured. Control
labeling was performed with 10 ug/ml nonimmune rat IgM antibodies
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(ICN), at a dilution equivalent to that of anti-AMF-R as determined by dot
blot, and was analyzed similarly.

Drug Treatment

Brefeldin A (Calbiochem, San Diego, CA) was added at a concentration of
10 pg/ml directly to the cell culture medium for 30 min. Protein synthesis
was inhibited by the addition of medium containing 100 ug/ml cyclohexi-
mide to the cells for the indicated time. Cycloheximide treatment reduced
protein synthesis, measured by TCA precipitation of Triton X-100 extracts
of [3*S)methionine-labeled cells, to 5% of the level of untreated cells after
1.5 h and to 2% after 14 h.

Actin cytoskeleton disruption was performed by the addition of 0.5 ug/ml
cytochalasin D to the regular medium for 2 h at 37°C. Microtubule disrup-
tion was performed by the addition of 20 uM nocodazole in Ringer’s solu-
tion for 30 min on ice to cells preincubated for 15 min with Ringer’s solution
at 4°C. Subsequent incubation with nocadozole or 10 uM taxol at 37°C for
30 min was preceded by a rapid rinse with warm Ringer’s solution.

Results

Tubular Localization of AMF-R

The MDCK II cells used in this study exhibit a highly spread
morphology at low passage which facilitated visualization of
AMF-R distribution by fluorescence microscopy. Immu-
nofluorescent labeling of MDCK cells with anti~AMF-R
antibodies after direct fixation with cold methanol shows that
AMF-R is localized to tubular and vesicular structures dis-
tributed throughout the cytoplasm. In some cells, the AMF-R
labeling is localized to a dense perinuclear region. The
tubular vesicles extend to and are oriented towards the pe-
riphery of the cell. A highly punctate nuclear label is also
observed in certain cell preparations labeled immunofiuores-
cently with the anti-AMF-R mAb (Fig. 1 a). The nuclear
staining is not always observed suggesting that it is non-
specific.

To ascertain the specificity of the nuclear label detected by
immunofluorescence, cells were extracted with 1% Triton
X-100 at 4°C, and then fixed with cold methanol for immu-
nofluorescent labeling. After Triton X-100 extraction only
the punctate nuclear label could be detected and the cyto-
plasmic tubular label had disappeared (Fig. 1 b). From par-
allel cultures, the Triton X-100 extract was collected and the
petri dishes then scraped and the nonextracted material lysed
in an equal volume of 1% SDS. AMF-R content of equivalent
amounts by volume of these fractions was determined by im-
munoblot and compared to the total cellular AMF-R ex-
tracted with SDS (Fig. 1 ¢). All AMF-R detected was as-
sociated with the Triton X-100 extracted material and no
AMF-R could be detected in the nuclear-associated mate-
rial. The immunofluorescent nuclear labeling by the anti-
AMF-R antibody is therefore nonspecific and AMF-R is
present within a cytoplasmic Triton X-100 extractable or-
ganelle.

AMEF-R Tubules Do Not Colocalize with Early
Endosomes, Golgi Apparatus, or Lysosomes

Tubular early endosomes have been described as have tu-
bular elements of the endosomal recycling compartment
(Marsh et al., 1986; Gruenberg et al., 1989; Hopkins et al.,
1990; Tooze and Hollinshead, 1991). Brefeldin A treatment
induces the formation of elongated tubules between early en-
dosomes and the TGN (Lippincott-Schwartz et al., 1991;
Wood et al., 1991). To assess whether AMF-R is localized



Figure 1. AMF-R is localized
to Triton X-100 extractable
tubules. MDCK cells were
fixed with cold methanol
directly (a) or after extraction
with 1% Triton X-100 for 30
min at 4°C (b), and then im-
munofluorescently labeled for
AME-R. After treatment with
Triton X-100, AMF-R tubules
are extracted but the fluores-
cent nuclear label remains. In
¢, equal amounts of the total
cellular extract (Total), Triton
X-100 extracted material (7X-
100) and the nonextracted
material (Non-Extr.) were im-
munoblotted with antibodies
to AMF-R (78 kD). Molecu-
lar mass markers from top to
bottom: 180, 116, 84, 58, and
46 kD. Bar, 20 pm.

Total
TX-100
Non-Extr.
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to early endosomes or to early endosome derived BFA-
induced tubules, HeLa cells were double labeled with anti-
bodies to AMF-R and the human transferrin receptor (Fig.
2). InHeL a cells, the transferrin receptor exhibited a charac-
teristic punctate early endosomal distribution throughout
the cytoplasm. After BFA treatment, elongated tubules were
formed which localized primarily over the cell nucleus (Fig.
2 d). AMF-R tubules did not colocalize with the transferrin
receptor neither before nor after BFA treatment. The BFA-
induced tubules labeled with the transferrin receptor were
narrower and more elongated than AMF-R wbules and did
not extend to the cell periphery as did AMF-R tubules. In
both HeLa (Fig. 2) and MDCK cells (not shown), the mor-
phology and distribution of AMF-R tubules were apparently
unaffected by treatment with BFA.

Previous studies have described tubular lysosomes labeled
by fluid phase uptake (Swanson et al., 1987; Heuser, 1989).
The perinuclear distribution of AMF-R might coincide with
the Golgi apparatus. To determine whether AMF-R tubules
colocalize with lysosomes or the Golgi apparatus, we used
the organelle specific markers §-COP for the Golgi appara-
tus (Donaldson et al., 1990) and LAMP-2 for lysosomes
(Nabi et al., 1991; Nabi and Rodriguez-Boulan, 1993). The
tubular pattern of AMF-R labeling is clearly distinct from
that of the Golgi apparatus (Fig. 3, a and b) or lysosomes
(Fig. 3, c and d). The perinuclear Golgi label does not coin-
cide with perinuclear AMF-R labeling. In the spread cyto-
plasmic region of the cells, overlap of AMF-R tubules with
LAMP-2-labeled lysosomes is not observed. The AMF-R
tubule is therefore not equivalent to either the Golgi appara-
tus or the lysosome.

Confirmation that AMF-R is not found within LAMP-2-
containing lysosomes in MDCK cells was obtained from
subcellular fractionation studies (Fig. 4). MDCK cells grown
to near confluency yet still spread were scraped from tissue
culture plates and homogenized. The postnuclear superna-
tant was centrifuged initially at 20,000 g and the 20,000-g
supernatant was then centrifuged at greater than 100,000 g.
The 20,000-g pellet (20K P), 100,000-g pellet (100K P), and
100,000-g supernatant (100K S) were analyzed for expres-
sion of LAMP-2 and AMF-R by immunoblot. LAMP-2 was
localized predominantly to the 20,000-g lysosomal pellet and
essentially no LAMP-2 was found in either the 100,000-g
pellet or supernatant consistent with its lysosomal localiza-
tion. AMF-R was localized to the 100,000-g pellet consistent
with its presence in membranous components of the cell.
The ability to distinguish AMF-R expression from LAMP-2
by both double immunofluorescence and subcellular frac-
tionation indicates that, at least in MDCK cells, the AMF-R
tubule cannot be considered to be a lysosomal organelle.

Electron Microscopic Localization of AMF-R
to a Membranous Tubular Compartment

The lability of the AMF-R tubule to conventional fixatives
led us to use a rapid cold methanol (—80°C) fixation method
which maintains tubule morphology for immunofluores-
cence microscopy. Tubular lysosomes have been described
as a highly labile organelle (Robinson et al., 1986) and
Ringer’s solution, a bicarbonate free buffer, has been used
to study tubular lysosome expression (Heuser, 1989; Racoo-
sin and Swanson, 1993). Our previous use of this solution
to study AMF-R tubules (Nabi et al., 1992) directed us to
establish a tubule fixation protocol for electron microscopy
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Figure 2. AMF-R tubules do not codistribute with endosomes containing the transferrin receptor. HeLa cells were either left untreated
(a and b) or treated with 10 ug/ml! BFA for 60 min (¢ and d). AMF-R (g and ¢) and the human transferrin receptor (b and d) were localized
by double immunofluorescent labeling in the same cells using selective filters. Bar, 20 pm.

Figure 3. AMF-R tubules do not colocalize with the Golgi apparatus or lysosomes. MDCK cells were double immunofluorescently labeled
for AMF-R (a and c) and either 8-COP (b) or LAMP-2 (d). The left and right panels represent identical fields. Bar, 20 um.
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Figure 4. Localization of AMF-R and LAMP-2 to different subcel-
lular fractions of MDCK cells. MDCK cells were homogenized and
the postnuclear supernatant centrifuged sequentially at 20,000 g
and 100,000 g to generate a 20,000-g pellet (20K P), a 100,000-g
pellet JOOK P), and a 100,000-g supernatant (J00K S). These frac-
tions were separated by SDS-PAGE and blotted with antibodies to
LAMP-2 and AMF-R, as indicated. Molecular mass markers from
top to bottom: 180, 116, 84, 58, and 46 kD.

using aldehyde fixatives based on Ringer’s solution. MDCK
cells were rinsed in Ringer’s solution, and then fixed with 2%
paraformaldehyde and 0.2 % glutaraldehyde in Ringer’s solu-
tion, and then processed and embedded in the hydrophilic
LR-White resin. AMF-R labeling was weak but highly
specific for membranous organelles.

Postembedding labeling with anti-AMF-R and 12-nm
gold-conjugated anti-rat secondary antibodies revealed the
specific cytoplasmic localization of AMF-R to a smooth
membrane limited tubular organelle (Fig. 5). AMF-R la-
beled both isolated tubules (Fig. 5, ¢, d, and ¢) and vesicles
(Fig. 5, fand g) as well as more elaborate tubular networks
(Fig. 5, a and b). The average outside diameter of both the
vesicular and tubular AMF-R-labeled compartments is vari-
able and ranges from 50-250 nm. Quantification of the label-
ing by morphometry revealed that the majority of AMF-R
labeling is found on smooth membranous tubules and vesi-

cles (Table I). A lesser but apparently specific labeling was
also found on rough endoplasmic reticulum defined by the
presence of a linear array of membrane-associated ribo-
somes (see Fig. 5, ¢ [top] and d). The significant AMF-R ex-
pression on the plasma membrane is consistent with the sur-
face expression of AMF-R and its function as a motility
factor receptor (Nabi et al., 1990; Silletti et al., 1991; Nabi
et al., 1992). AMF-R labeling of the Golgi apparatus was
minimal and essentially equivalent to the labeling detected
with control nonimmune rat IgM antibody.

AMF-R Tubules Do Not Colocalize with the ER

To better define the relationship of the AMF-R tubule to
the rough endoplasmic reticulum, we performed double im-
munofluorescent labeling of AMF-R tubules with the rough
endoplasmic reticulum marker calnexin (Wada et al., 1991).
Calnexin has been localized by electron microscopy exclu-
sively to the nuclear membrane and rough endoplasmic
reticulum (Hochstenbach et al., 1992). MDCK cells pre-
treated with Ringer’s solution before fixation revealed the
distribution of calnexin to an extended reticular network
throughout the cytoplasm. Distinct tubular structures were
not observed and the distribution of AMF-R-labeled tubules
could clearly be distinguished from the more diffuse labeling
of the rough endoplasmic reticulum with calnexin (Fig. 6, a
and b). On rare occasions, AMF-R tubules could be ob-
served to coincide with calnexin labeling (Fig. 6, a and b,
arrows), consistent with the presence of AMF-R in rough en-
doplasmic reticulum observed by electron microscopy. To
ensure that the AMF-R tubule is not a transient subcompart-
ment of the endoplasmic reticulum in the biosynthetic path-
way of AMF-R, we immunolabeled cells after cycloheximide
treatment (Fig. 6, ¢ and d). The tubular label of AMF-R was
conserved even after 14 h of cycloheximide treatment. In
contrast, the reticular nature of the endoplasmic reticulum
was lost and calnexin was distributed diffusely throughout
the cytoplasm. Under these conditions less than 2% of the
protein synthesis of untreated cells could be detected. The
continued tubular expression of AMF-R after cycloheximide
treatment demonstrates that AMF-R is a stable component
of this tubular organelle and that the tubular expression of
AMF-R is not due to the presence of newly synthesized
AMEF-R in tubules of the endoplasmic reticulum. The ability

Table 1. Quantitative Analysis of Postembedding Labeling of AMF-R

Rough
Smooth tubules endoplasmic Plasma Golgi
and vesicles reticulum membrane apparatus
AMF-R
#m membrane 344.7 61.2 148.2 24.2
Gold particles/pm 1.67 + 0.20 0.58 + 0.18 0.52 + 0.13 0.17 £ 0.10
membrane

Control
pm membrane 78.7 32.0 57.6 41.5
Gold particles/pm 0.14 + 0.06 0.02 + 0.02 0.11 £ 0.07 0.27 + 0.10

membrane

Gold particles associated with the indicated membrane organelles were counted and the density per pm membrane length determined. Control labeling was deter-

mined using a nonimmune rat IgM antibody.
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Figure 5. Electron microscopic localization of AMF-R. MDCK cells were fixed with 2% paraformaldehyde and 0.2% glutaraldehyde in
Ringer’s solution, osmicated, and embedded in LR white resin before postembedding labeling with anti-AMF-R and 12-nm gold-conjugated
anti-rat IgM secondary antibodies. AMF-R is localized to smooth tubules which exhibit highly elaborate morphologies (a and ). AMF-R
labels predominantly smooth tubules (¢ and €) but also some tubules which are partially coated with ribosomes (d). AMF-R also labels
vesicular structures (f and g) as well as the plasma membrane including uncoated surface invaginations (a and f). The nucleus, plasma
membrane (PM), mitochondria (M), and rough endoplasmic reticulum (RER) are indicated. Bars, 0.2 um.



Figure 6. AMF-R tubules do not colocalize with the calnexin-labeled rough endoplasmic reticulum. MDCK cells left untreated (@ and
b) or treated with 100 ug/ml cycloheximide for 14 h (¢ and d) were double immunofluorescently labeled for AMF-R (a and c) and calnexin
(b and d). Cells were incubated with Ringer’s solution for 15 min at 37°C before cold methanol fixation. Rarely, colocalization of AMF-R
and calnexin in the same tubular structure can be observed in untreated cells (arrows). Bar, 20 um.

to clearly distinguish AME-R from calnexin-labeling dem-
onstrates that this tubular organelle is not a subcompartment
of the rough endoplasmic reticulum.

Cytoskeletal Interactions of AMF-R Tubules

The AMF-R tubule is therefore a tubular membranous com-
partment which can be distinguished from early endosomes,
lysosomes, the Golgi apparatus, and the rough endoplasmic
reticulum. Its tubular morphology, observed both by im-
munofluorescence and electron microscopy, is highly sug-
gestive of an interaction with the cellular cytoskeleton.

In polarized epithelial cells, actin fibers are oriented cir-
cumferentially around the cell periphery, compared to the
actin cytoskeleton of fibroblasts, in which actin stress fibers
are oriented the long of the cell parallel to the direction of
cell movement (Takeuchi, 1987). This is observable even in
the sparsely plated highly spread MDCK cells used in this
study in which the actin fibers exhibit a circumferential dis-
tribution around the cell periphery (Fig. 7 b). Disruption
of the actin cytoskeleton by cytochalasin D treatment of
MDCK cells did not disrupt AMF-R tubule morphology, but
rather resulted in the increased elongation and extension of
labeled tubules to the cell periphery (Fig. 7 ¢). Cytochalasin
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D treatment of MDCK cells induced the formation of cellu-
lar extensions containing individual microtubules which
coincided with tubular AMF-R labeling (Fig. 8). Similarly,
in untreated cells, AMF-R tubules codistribute and exhibit
a colinearity with microtubules, however, the dense microtu-
bule staining makes it impossible to identify the association
of AMF-R tubules with individual microtubules (see Fig. 9,
a and b). These results suggest that, while not necessary to
maintain AMF-R tubule morphology, the actin cytoskeleton
may regulate the elongation and extension of AMF-R tubules
along microtubules to the cell periphery.

To better study the effect of microtubule disruption on
AME-R tubule morphology, we treated MDCK cells with the
microtubule disrupting drug nocodazole in Ringer’s solution
(Fig. 9). Preincubation in Ringer’s solution favors the for-
mation of more elongated tubules such that the effects of
microtubule disrupting drugs were better observed. After a
15-min preincubation at 37°C in Ringer’s solution, MDCK
cells were treated with 20 uM nocodazole for 30 min at 4°C,
and then with nocodazole at 37°C to disrupt the microtubule
integrity of the cells. Loss of microtubule integrity was as-
sociated with the loss of the peripheral orientation of AMF-R
tubules and the formation of vesicies and shorter unoriented



Figure 7. Disruption of the actin cytoskeleton of MDCK cells induces the elongation of AMF-R tubules. MDCK cells were either left
untreated (a and b) or treated with 0.5 pg/ml cytochalasin D for 2 h at 37°C (¢ and d) to disrupt the actin cytoskeleton. AMF-R labeling

was revealed with FITC-conjugated anti-rat secondary antibodies (a and c) and actin with rhodamine-conjugated phalloidin (b and d).
Bar, 20 um.

tubules (Fig. 9, ¢ and d). Nocodazole treatment at 4°C fol-
lowed by warming to 37°C in the presence of the microtubule
stabilizing drug taxol induced the formation of short micro-
tubule fibers and a loss of the oriented tubular morphology
of AMF-R-labeled tubules (Fig. 9, e and f). Interestingly,
microtubule disruption is associated with the loss of the lin-
ear morphology of AMF-R tubules and the formation of
“curly” tubules. This is far more evident in the taxol-treated
cells in which tubule length was maintained, although not
linearly. The results obtained with nocodazole and taxol
clearly indicate that the linear extension and peripheral
cellular orientation of AMF-R tubules is microtubule de-
pendent and identifies the AMF-R tubule as a microtubule-
associated organelle. The actin and microtubule cyto-
skeletons may coordinately interact to regulate AMF-R
tubule morphology and extension to the cell periphery.

Discussion

The autocrine motility factor receptor, AMF-R, is expressed
on the cell surface, where it functions as a motility factor
receptor, as well as intracellularly within elongated tubules
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(Nabi et al., 1992). We show here that AMF-R tubules are
Triton X-100 extractable and after cell homogenization
AME-R is localized to a 100,000-g membrane fraction. By
immunoelectron microscopy, AMF-R is localized predomi-
nantly to smooth membrane tubules and vesicles with an
outer diameter which varies from 50-250 nm. To a lesser ex-
tent, AMF-R is localized to the plasma membrane and the
rough endoplasmic reticulum. These results are consistent
with the plasma membrane localization of AMF-R as well
as its localization to an intracellular membranous tubular or-
ganelle. After disruption of the actin cytoskeleton of MDCK
cells, AMF-R tubules extended into peripheral cellular ex-
tensions where they exhibited a highly elongated morphol-
ogy and can be observed to coalign with microtubules. Dis-
ruption of the microtubule cytoskeleton by nocodazole
treatment or its modulation by sequential nocodazole and
taxol treatment results in the loss of the extended linear
morphology and peripheral orientation of AMF-R tubules.
AMF-R is therefore a marker for a membranous tubular
compartment whose morphology can be regulated by modu-
lation of the microtubule and actin cytoskeletons.

By immunofluorescence microscopy, AMF-R tubules do
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Figure 8. AMF-R tubules are associated with individual microtu-
bules. MDCK cells treated with 0.5 ug/ml cytochalasin D were la-
beled for AMF-R (a) and tubulin (b) and a peripheral region con-
taining cellular extensions was enlarged to show the association of
AMF-R vesicles with individual microtubules. The arrowheads re-
veal a distinctive motif in which AMF-R tubules can be seen to
directly coincide with single microtubules. Bar, 10 pm.

not colocalize with transferrin receptor-labeled early endo-
somes nor with BFA-induced tubules connecting the TGN
and early endosomes. The diameter of AMF-R tubules is
larger (50-250 nm) than tubular endosomes labeled by fluid
phase or transferrin endocytosis (30-60 nm) (Tooze and
Hollinshead, 1991; Hopkins et al., 1994). We also do not
observe colocalization of perinuclear AMF-R label with
the Golgi apparatus labeled with an antibody to §-COP
(Donaldson et al., 1990). Tubular lysosomes have been
defined as lysosomal based on the presence of lysosomal acid
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phosphatase and the lysosomal membrane glycoprotein,
lgp120 (Swanson et al., 1987; Luo and Robinson, 1992;
Racoosin and Swanson, 1993). However, AMF-R tubules
are clearly distinguished from lysosomes labeled with the
lysosomal membrane glycoprotein LAMP-2 (Nabi and Rod-
riguez-Boulan, 1993) by double immunofluorescent labeling
as well as by the ability to separate AMF-R from LAMP-2-
containing lysosomes by differential centrifugation. The
variable size of AMF-R tubules (50-250 nm in diameter) is
similar but not equivalent to that observed for the tubular
lysosome (70-100 nm) (Phaire-Washington et al., 1980;
Swanson et al., 1987; Araki et al., 1993). A tubular mor-
phology similar to that described for the AMF-R tubule has
been described for the basal lysosome in exocrine acinar
cells (Oliver, 1983) and for the snake-like tubule in the exo-
crine pancreas (Beaudoin et al., 1985). Interestingly, these
similar tubular organelles are labeled cytochemically by tri-
metaphosphatase and 3-NADPase reactions but not by acid
phosphatase reactions. As we observe for the AMF-R tubule,
the basal lysosome appears to be closely related to the endo-
plasmic reticulum (Oliver, 1983). The absence of an acid
phosphatase reaction for these tubules of exocrine cells sup-
ports their identity with the AMF-R tubule as a similar non-
lysosomal tubular organelle.

The smooth AMF-R-labeled tubules can be distinguished
morphologically from ribosome-studded tubules of the rough
endoplasmic reticulum by their more elaborate morphology
with evident membrane infoldings (Fig. 5, a and b). How-
ever, AMF-R does label rough tubules and AMF-R tubules
can be detected which contain both smooth and rough mem-
branes (Table I; Fig. 5 d). The endoplasmic reticulum la-
beled in living cells reveals a highly interconnected tubular
network consisting of linear tubules, a polygonal reticulum
and triple junctions (Terasaki et al., 1986; Lee and Chen,
1988; Lee et al., 1989). While isolated tubules of the endo-
plasmic reticulum labeled fluorescently with DiOC6 resem-
ble AMF-R tubules (Terasaki et al., 1986), we do not
observe an interconnected tubular network labeled by anti-
bodies to AMF-R. The AMF-R tubule is clearly not a sub-
compartment of the rough endoplasmic reticulum as AMF-R
tubular labeling can be distinguished from that of calnexin.
Furthermore, AMF-R tubule distribution is resistant to cy-
cloheximide treatment indicating that AMF-R is a stable
constituent of this tubule which should not be considered a
biosynthetic organelle. It is possible that the AMF-R tubule
is related to smooth endoplasmic reticulum, an organelle as-
sociated with lipid metabolizing cells that has been identified
morphologically in liver and other tissues (Fawcett, 1981).
Further definition of the relationship of the AMF-R tubule
and the endoplasmic reticulum should prove interesting.

Extension to the cell periphery of the endoplasmic reticu-
lum and tubular lysosome is microtubule dependent (Ter-
asaki et al., 1986; Swanson et al., 1987; Lee et al., 1989;
Hollenbeck and Swanson, 1990). Similar to these two tubu-
lar organelles, after nocodazole treatment and loss of mi-
crotubule integrity, AMF-R tubules are shorter and show
a distinct loss of orientation towards the periphery of the
cell. As described for the endoplasmic reticulum (Lee et al.,
1989), the linear extension and peripheral orientation of
AME-R tubules was not supported by short taxol-stabilized
microtubules and AMFE-R tubule morphology was main-
tained, even enhanced, after actin cytoskeleton disruption.
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Figure 9. Linear extension and peripheral orientation of AMF-R tubules is microtubule dependent. MDCK cells were preincubated in
Ringer’s solution for 15 min (g and b) or incubated with 20 uM nocodazole at 4°C before warming to 37°C in the continued presence
of nocodazole (c and d) or in the presence of 10 uM taxol (e and f). Loss of microtubule integrity due to nocodazole treatment and the
formation of short taxol stabilized microtubule fibers are both associated with a similar loss of the linear extension and peripheral orientation
of AMF-R tubules. Bar, 20 um.

After cytoplasmic acidification, both the AMF-R tubule and
tubular lysosome lose their tubular morphology and form
vesicles which move to the periphery of the cell (Heuser,
1989; Nabi et al., 1992). These observations suggest that the
AMF-R tubule is related to this endocytic organelle and that
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the rapid intracellular movement of these organelles occurs
along microtubules (Heuser, 1989). The role of kinesin in
tubular lysosome extension to the cell periphery was demon-
strated by the inhibitory effect of microinjected anti-kinesin
antibodies, similar to that of nocodazole treatment (Hollen-
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beck and Swanson, 1990). Our results suggest, as described
for the endoplasmic reticulum and the tubular lysosome, that
the extension of the AMF-R tubule to the cell periphery is
mediated by the microtubule cytoskeleton.

‘We propose that the AME-R tubule constitutes, along with
the tubular lysosome and endoplasmic reticulum, a member
of a family of microtubule-associated tubular organelles.
These organelles may act in various cellular functions to tar-
get cellular components to peripheral regions of the cell.
Differential morphology and extension throughout the cyto-
plasm of the endoplasmic reticulum may enhance its sur-
face area and increase the efficiency of protein synthesis
(Rajasekaran et al., 1993). The tubular lysosome or tubular
compartment of the macrophage may serve to deliver lyso-
somal components to newly internalized phagosomes or
pinosomes (Knapp and Swanson, 1990; Rabinowitz et al.,
1992; Racoosin and Swanson, 1993). The identity of AMF-R
as a receptor for a motility factor with a defined role in cell
motility and tumor metastasis implicates the AMF-R tubule
in the motile process.

Forward cell locomotion is associated with cytoskeletal
force-generating mechanisms, insertion of membrane at the
leading edge, and the coordinate establishment and disrup-
tion of cell-substrate adhesive contacts (Singer and Kupfer,
1986). Disruption of microtubules by specific drugs has long
been known to inhibit cell movement (Vasiliev et al., 1970;
Gail and Boone, 1971; Goldman, 1971). Newly synthesized
VSV G protein has been shown to be targeted to the leading
edge of motile fibroblasts (Bergmann et al., 1983). Nocoda-
zole treatment disrupts the polarity of G protein insertion
into the plasma membrane implicating microtubules in the
determination of the directionality of pseudopodial extension
(Rogalski et al., 1984). Extension of microtubules into neu-
ronal growth cones after cytochalasin D treatment suggests
that the actin cytoskeleton network can restrict microtubule
extension into peripheral lamella (Forscher and Smith,
1988). Directed microtubule extension towards growth cone
target interactions are apparently guided by localized F-actin
assembly (Lin and Forscher, 1993). The increased elonga-
tion and extension of AMF-R tubules to the cell periphery
after cytochalasin D treatment of MDCK cells may reflect
a restrictive role for the actin cytoskeleton on the extension
of microtubules and AMF-R tubules to the cell periphery.
The AMF-R tubule is a candidate for a motility specific com-
partment targeted along microtubules to the leading edge of
motile cells. AMF-R endocytosis and intracellular targeting
to this tubular organelle might thus be involved in the func-
tion of AMF-R as a motility factor receptor. However, the
AMF-R tubule is apparently not equivalent to the transferrin
receptor labeled tubular endosome targeted to the leading
edge of migrating fibroblasts (Hopkins et al., 1994).

Autocrine motility factor receptor is described here as a
marker for a distinct microtubule-associated tubular mem-
branous organelle. The AMF-R tubule can be distinguished
from early endosomes, lysosomes, the endoplasmic reticu-
lum, and the Golgi apparatus identified by specific markers.
The AME-R tubule is a smooth membranous structure which
can form extended tubular networks. The availability of a
marker for this tubular organelle will allow the further char-
acterization of the nature of this organelle as well as the de-
termination of its role in cell motility.

The Journal of Cell Biology, Volume 129, 1995

We are particularly grateful to Dr. Jacques Paiement for his assistance
throughout the course of this project. We would also like to thank Dr. Paie-
ment, Dr. John Bergeron, Dr. Dale Laird, and Dr. Moise Bendayan for criti-
cal reading of the text and Dr. John Bergeron and Dr. Jennifer Lippincott-
Schwartz for kindly providing antibodies. The excellent photographic
reproductions were the work of Gaston Lambert and Denis Dicaire.

This work was supported by the Medical Research Council of Canada,
a “Subvention d'établissement de jeune chercheur” from the Fonds de la re-
cherche en santé du Québec and salary support from CAFIR (N. Benli-
mame) and FCAR (D. Simard).

Received for publication 22 February 1994 and in revised form 17 January
1995.

References

Alcalde, J., G. Egea, and . V. Sandoval. 1994, Gp74 a membrane glycoprotein
of the cis-Golgi network that cycles through the endoplasmic reticulum and
intermediate compartment. J. Cell Biol. 124:649-665.

Amigorena, S., J. R. Drake, P. Webster, and I. Mellman. 1994. Transient ac-
cumulation of new class I MHC molecules in a novel endocytic compart-
ment in B lymphocytes. Nature (Lond.). 369:113-119.

Araki, N., J. Ohno, T. Lee, Y. Takashima, and K, Ogawa. 1993. Nematolyso-
somes (elongate lysosomes) in rat hepatocytes: their distribution, microtu-
bule dependence, and role in endocytic transport pathway. Exp. Cell Res.
204:181-191.

Beaudoin, A. R., G. Grondin, A. Lord, and M. Pelletier. 1985. 8-NADPHase
and TMPase positive “snake-like tubules” in the exocrine pancreas. J.
Histochem. Cytochem. 33:569-575.

Bergmann, J. E., A. Kupfer, and S. J. Singer. 1983. Membrane insertion at
the leading edge of motile fibroblasts. Proc. Natl. Acad. Sci. USA. 80:
1367-1371.

Bole, D. G., L. M. Hendershot, and J. F. Kearney. 1986. Posttranslational as-
sociation of immunoglobulin heavy-chain binding protein with nascent heavy
chains in non-secreting and secreting hybridomas. J. Cell Biol. 102:1558-
1566.

Buckley, 1. K. 1973. The lysosomes of cultured chick embryo cells. A cor-
related light and electron microscopic study. Lab. Invest. 29:411-421.
Cluett, E. B., S. A. Wood, M. Banta, and W. J. Brown. 1993. Tubulation of
Golgi membranes in vivo and in vitro in the absence of brefeldin A. J. Cell

Biol. 120:15-24.

Cooper, M. S., A, H. Comell-Bell, A. Chenjavsky, J. W. Dani, and S. J.
Smith. 1990. Tubulovesicular processes emerge from trans-Golgi cisternae,
extend along microtubules, and interlink adjacent trans-Golgi elements into
a reticulum. Cell. 61:135-145.

Dabora, S. L., and M. P. Sheetz. 1988a. Cultured cell extracts support or-
ganelle movement on microtubules in vitro. Cell Motil. Cytoskeleton. 10:
482-495.

Dabora, S. L., and M. P. Sheetz. 19885. The microtubule-dependent formation
of a tubulovesicular network with characteristics of the ER from cultured cell
extracts. Cell. 54:27-35.

Degen, E., and D. B. Williams. 1991. Participation of a novel 88-kD protein
in the biogenesis of murine class I histocompatibility molecules. J. Cell Biol.
112:1099-1115.

Donaldson, J. G., J. Lippincott-Schwartz, G. S. Bloom, T. E. Kreis, and R. D.
Klausner. 1990. Dissociation of a 110-kD peripheral membrane protein from
the Golgi apparatus is an early event in brefeldin A action. J. Cell Biol.
111:2295-2306.

Duden, R., G. Griffiths, R. Frank, P. Argos, and T. Kreis. 1991. 8-COP, a
110-kD protein associated with non-clathrin-coated vesicles and the Golgi
complex, shows homology to 8-adaptin. Cell. 64:649-665.

Dunn, K. W., and F. R. Maxfield. 1992. Delivery of ligands from sorting endo-
somes to late endosomes occurs by maturation of sorting endosomes. J. Cell
Biol. 117:301-310.

Fawcett, D. W. 1981. The Cell. 2nd Edition. W. B. Saunders, Philadelphia,
PA. 303-351.

Forscher, P., and S. J. Smith. 1988. Actions of cytochalasins on the organiza-
tion of actin filaments and microtubules in a neuronal growth cone. J. Cell
Biol. 107:1505-1516.

Gail, M. H., and C. W. Boone. 1971, Effect of colcemid on fibroblast motility.
Exp. Cell Res. 65:221-227.

Geuze, H.J.,J. W. Slot, G. J. Strous, H. F. Lodish, and A. L. Schwartz. 1983.
Intracellular site of asialoglycoprotein receptor-ligand uncoupling: double
label immunoelectron microscopy during receptor mediated endocytosis.
Cell. 32:277-287.

Geuze, H. J., W. Stoorvogel, G. J. Strous, J. W, Slot, J. E. Bleekemolen, and
1. Mellman. 1988. Sorting of mannose-6-phosphate receptors and lysosomal
membrane proteins in endocytic vesicles. J. Cell Biol. 107:2491-2501.

Goldman, R. D. 1971. The role of three cytoplasmic fibers in BHK-21 cell mo-
tility. J. Cell Biol. 51:752-762.

Griffiths, G., R. Back, and M. Marsh. 1989. A quantitative analysis of the endo-
cytic pathway in baby hamster kidney cells. J. Cell Biol. 109:2703-2720.

470



Griffiths, G., B. Hoflack, K. Simons, I. Mellman, and S. Kornfeld. 1988. The
mannose-6-phosphate receptor and the biogenesis of lysosomes. Cell. 52:
329-341.

Gruenberg, J., G. Griffiths, and K. E. Howell. 1989. Characterization of the
early endosome and putative endocytic carrier vesicles in vivo and with an
assay of vesicle fusion in vitro. J. Cell Biol. 108:1301-1316.

Heuser, J. 1989. Changes in lysosome shape and distribution correlated with
changes in cytoplasmic pH . J. Cell Biol. 108:855-864.

Hochstenbach, F., V. David, S. Watkins, and M. B. Brenner. 1992. Endoplas-
mic reticulum resident protein of 90 kilodaltons associates with the T- and
B-cell antigen receptors and major histocompatibility complex antigens dur-
ing their assembly. Proc. Natl. Acad. Sci. USA. 89:4734-4738.

Hollenbeck, P. J., and J. A. Swanson. 1990. Radial extension of macrophage
tubular lysosomes supported by kinesin. Nature (Lond.). 346:864-866.

Hopkins, C. R., A. Gibson, M. Shipman, and K. Miller. 1990. Movement of
internalized ligand receptor complexes along a continuous endosomal reticu-
lum. Nature (Lond.). 346:335-339.

Hopkins, C. R., A. Gibson, M. Shipman, D. K. Strickland, and 1. S. Trow-
bridge. 1994. In migrating fibroblasts, recycling receptors are concentrated
in narrow tubules in the pericentriolar area, and then routed to the plasma
membrane of the leading lamella. J. Cell Biol. 125:1265-1274.

Hopkins, C. R., and L. S. Trowbridge. 1983. Internalization and processing of
transferrin and the transferrin receptor in human carcinoma A431 cells. J.
Cell Biol. 97:508-521.

Knapp, P. E., and I. A. Swanson. 1990. Plasticity of the tubular lysosomal
compartment in macrophages. J. Cell Sci. 95:433-439.

Kohn, E. C., L. A. Liotta, and E. Schiffman. 1990. Autocrine motility factor
stimulates a three-fold increase in inositol phosphate in human melanoma
cells. Biochem. Biophys. Res. Commun. 166:757-764.

Lee, C., and L. B. Chen. 1988. Dynamic behavior of endoplasmic reticulum
in living cells. Cell. 54:37-46.

Lee, C., M. Ferguson, and L. B. Chen. 1989. Construction of the endoplasmic
reticulum. J. Cell Biol. 109:2045-2055.

Lin, C.-H., and P. Forscher. 1993. Cytoskeletal remodeling during growth
cone-target interactions. J. Cell Biol. 121:1369-1383.

Liotta, L. A., R. Mandler, G. Murano, D. A. Katz, R. K. Gordon, P. K.
Chiang, and E. Schiffman. 1986. Tumor cell autocrine motility factor. Proc.
Natl. Acad. Sci. USA. 83:3302-3306.

Lippincott-Schwartz, J., L. Yuan, C. Tipper, M. Amherdt, L. Orci, and R. D.
Klausner. 1991. Brefeldin A’s effects on endosomes, lysosomes, and TGN
suggest a general mechanism for regulating organelle structure and mem-
brane traffic. Cell. 67:601-616.

Luo, Z., and J. M. Robinson. 1992. Co-localization of an endocytic marker and
acid phosphatase in a tubular/reticular compartment in macrophages. J.
Histochem. Cytochem., 40:93-103.

Luzio, J. P., B. Brake, G. Banting, K. E. Howell, P. Braghetta, and K. K. Stan-
ley. 1990. Identification, sequencing and expression of an integral membrane
protein of the rrans-Golgi network (TGN38). Biochem. J. 270:97-102.

Marsh, M., G. Griffiths, G. E. Dean, 1. Mellman, and A. Helenius. 1986.
Three-dimensional structure of endosomes in BHK-21 cells. Proc. Natl.
Acad. Sci. USA. 83:2899-2903.

Moreman, K., and O. Touster. 1985. Biosynthesis and modification of Golgi
mannosidase II in HeLa and 3T3 ceils. J. Biol. Chem. 260:6654-6662.
Myers, J. N., 1. Tabas, N. L. Jones, and F. R. Maxfield. 1993. 8-Very low
density lipoprotein is sequestered in surface connected tubules in mouse peri-

toneal macrophages. J. Cell Biol. 123:1389-1402.

Nabi, I. R., and A. Raz. 1987. Cell shape modulation alters glycosylation of
a metastatic melanoma cell surface antigen. Int. J. Cancer. 40:396-401.
Nabi, I. R., and A. Raz. 1988. Loss of metastatic responsiveness to cell shape
modulation in a newly characterized B16 melanoma adhesive variant. Can-

cer Res. 48:1258-1264.

Nabi, I. R., and E. Rodriguez-Boulan. 1993. Increased LAMP-2 polylactosa-
mine glycosylation is associated with its slower Golgi transit during estab-
lishment of a polarized MDCK epithelial monolayer. Mol. Biol. Cell.
4:627-635.

Nabi, I. R., H. Watanabe, and A. Raz. 1990. Identification of B16-F1 mela-
noma autocrine motility-like factor receptor. Cancer Res. 50:409—414.
Nabi, I. R., A. Le Bivic, D. Fambrough, and E. Rodriguez-Boulan. 1991. An
endogenous MDCK lysosomal membrane glycoprotein is targeted basolater-

ally before delivery to lysosomes. J. Cell Biol. 115:1573-1584.

Nabi, I. R., H. Watanabe, and A. Raz. 1992. Autocrine motility factor and its
receptor: Role in cell locomotion and metastasis. Cancer Met. Rev. 11:5-20.

Nakamori, S., W. Watanabe, M. Kameyama, S. Imaoka, H. Furukawa, O.
Ishikawa, Y. Sasaki, T. Kabuto, and A. Raz. 1994, Expression of autocrine
motility factor receptor in colorectal cancer as a predictor for disease recur-
rence. Cancer. 74:1855-1862.

Oliver, C. 1983. Characterization of basal lysosomes in exocrine acinar cells.
J. Histochem. Cytochem. 31:1209-1216.

Otto, T., W. Birchmeier, U. Schmidt, A. Hinke, J. Schipper, H. Riibben, and
A. Raz. 1994. Inverse relation of E-cadherin and autocrine motility factor
receptor expression as a prognostic factor in patients with bladder carci-
nomas. Cancer Res. 54:3120-3123.

Peters, P. 1., J. J. Neefjes, V. Qorschot, H. L. Ploegh, and H. J. Geuze. 1991,
Segregation of MHC class II molecules from MHC class I molecules in the
Golgi complex for transport to lysosomal compartments. Nature (Lond.).
349:669-676.

Phaire-Washington, L., S. C. Silverstein, and E. Wang. 1980. Phorbol myr-

Benlimame et al. Tubular Localization of AMF-R

istate acetate stimulates microtubule and 10-nm filament extension and
lysosomal redistribution in mouse macrophages. J. Cell Biol. 86:641-655.

Rabinowitz, S., H. Horstmann, S. Gordon, and G. Griffiths. 1992. Immunocy-
tochemical characterization of the endocytic and phagolysosomal compart-
ments in peritoneal macrophages. J. Cell Biol. 116:95-112.

Racoosin, E. L., and J. A. Swanson. 1993. Macropinosome maturation and fu-
sion with tubular lysosomes in macrophages. J. Cell Biol. 121:1011-1020.

Rajasekaran, A. K., T. Morimoto, D. K. Hanzel, E. Rodriguez-Boulan, and
G. Kreibich. 1993. Structural reorganization of the rough endoplasmic retic-
ulum without size expansion accounts for dexamethasone-induced secretory
activity in AR42J cells. J. Cell Sci. 105:333-345.

Robinson, J. M., T. Okada, J. J. Castellot, Jr, and M. J. Karnovsky, 1986.
Unusual lysosomes in aortic smooth muscle cells: presence in living and rap-
idly frozen cells. J. Cell Biol. 102:1615-1622.

Rogalski, A. A., J. E. Bergmann, and S. J. Singer. 1984. Effect of microtubule
assembly status on the intracellular processing and surface expression of an
integral protein of the plasma membrane. J. Cell Biol. 99:1101-1109.

Saraste, J., G. E. Palade, and M. G. Farquhar. 1987. Antibodies to rat pancreas
Golgi fractions: identification of a 58 kD cis-Golgi protein. J. Cell Biol.
105:2021-2030.

Schweizer, A., J. A. M. Fransen, T. Bachi, L. Ginsel, and H.-P, Hauri, 1988,
Identification, by a monoclonal antibody, of a 53 kD protein associated with
a tubulovesicular compartment at the cis-side of the Golgi apparatus. J. Cell
Biol. 107:1643-1653.

Serafini, T., G. Stenbeck, A. Brecht, F. Loftspeich, L. Orci, J. E. Rothman,
and F. T. Wieland. 1991. A coat subunit of Golgi-derived non-clathrin-
coated vesicles with homology to the clathrin-coated vesicle coat protein
B-adaptin. Nature (Lond.). 349:215-220.

Silletti, S., H. Watanabe, V. Hogan, I. R. Nabi, and A. Raz. 1991. Purification
of B16-F1 melanoma autocrine motility factor and its receptor. Cancer Res.
51:3301-3311.

Singer, S. J., and A. Kupfer. 1986. The directed migration of eukaryotic cells.
Annu. Rev. Cell Biol. 2:337-365.

Stracke, M. L., R. Guirguis, L. A. Liotta, and E. Schiffman. 1987. Pertussis
toxin inhibits stimulated motility independently of the adenylate cyclase path-
way in human melanoma cells. Biochem. Biophys. Res. Commun. 146:
339-345.

Swanson, J., A. Bushnell, and S. C. Silverstein. 1987. Tubular lysosome mor-
phology and distribution within macrophages depends on the integrity of cy-
toplasmic microtubules. Proc. Natl. Acad. Sci. USA. 84:1921-1925.

Takeuchi, S. 1987. The rearrangement of cytoskeletal systems in epithelial cells
accompanying the transition from a stationary to a motile state at the start
of epithelial spreading. J. Cell Sci. 88:109-119.

Tamaki, H., and S, Yamashina. 1994, Improved method for post-embedding
cytochemistry using reduced osmium and LR white resin. J. Histochem.
Cytochem. 42:1285-1293,

Terasaki, M., L. B. Chen, and K. Fujiwara. 1986. Microtubules and the en-
doplasmic reticulum are highly interdependent structures. J. Cell Biol.
103:1557-1568.

Timar, J., S. Silletti, R. Bazaz, A. Raz, and K. V. Honn. 1993. Regulation of
melanoma cell motility by the lipoxygenase metabolite 12(S)-HETE!. /nr.
J. Cancer. 55:1003-1010.

Tooze, J., and M. Hollinshead. 1991. Tubular early endosomal networks in
AtT20 and other cells. J. Cell Biol. 115:635-653.

Tulp, A., D. Verwoerd, B. Dobberstein, H. L. Ploegh, and J. Pieters. 1994,
Isolation and characterization of the intracellular MHC class Il compartment.
Nature (Lond.). 369:120-126.

Vale, R. D., and H. Hotani. 1988. Formation of membrane networks in vitro
by kinesin-driven microtubule movement. J. Cell Biol. 107:2233-2241.
van der Sluijs, P., M. Hull, P. Webster, P. Mile, B. Goud, and I. Mellman.
1992. The small GTP-binding protein rab4 controls an early sorting event

on the endocytic pathway. Cell. 70:729-740.

Vasiliev, J. M., I. M. Gelfand, L. V. Domnina, O. Y. Ivanova, S. G. Komm,
and L. V. Olshevskaja. 1970. Effect of colcemid on the locomotory behaviour
of fibroblasts. J. Embryol. Exp. Morph. 24:625-640.

Wada, I., D. Rindress, P. H. Cameron, W.-J. Ou, J. J. Doherty II, D. Louvard,
A. W. Bell, D. Dignard, D. Y. Thomas, and J. J. M. Bergeron. 1991. SSR-
alpha and associated calnexin are major calcium binding proteins of the en-
doplasmic reticulum. J. Biol. Chem. 226:19599-19610.

Wall, D. A., G. Wilson, and A. L. Hubbard. 1980. The galactose-specific rec-
ognition system of mammalian liver: the route of ligand internalization in
rat hepatocytes. Cell. 21:79-93.

Watanabe, H., 1. R. Nabi, and A. Raz. 1991a. The relationship between motil-
ity factor receptor internalization and the lung colonizing capacity of murine
melanoma cells. Cancer Res. 51:2699-2705.

Watanabe, H., P. Carmi, V. Hogan, T. Raz, S. Silletti, I. R. Nabi, and A. Raz.
1991b. Homology of a human 78 kD cell surface motility factor receptor to
the human p53 polypeptide. J. Biol. Chem. 266:13442-13448.

Wilson, J. M., J. A. Whitney, and M. R. Neutra. 1987. Identification of an
endosomal antigen specific to absorptive cells of suckling rat ileum. J. Celf
Biol. 105:691-703.

Wood, S. A., J. E. Park, and W. J. Brown. 1991. Brefeldin A causes a
microtubule-mediated fusion of the trans-Golgi network and early endo-
somes. Cell. 67:591-600.

Yamashiro, D. J., B. Tycko, S. R. Fluss, and F. R. Maxfield. 1984. Segrega-
tion of transferrin to a mildly acidic (pH 6.5) para-Golgi compartment in the
recycling pathway. Cell. 37:789-800.

471



