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ABSTRACT

The entry mechanism of murine amphotropic retrovirus (A-MLV) has not been unambiguously determined. We show here that
A-MLV is internalized not by caveolae or other pinocytic mechanisms but by macropinocytosis. Thus, A-MLV infection of
mouse embryonic fibroblasts deficient for caveolin or dynamin, and NIH 3T3 cells knocked down for caveolin expression, was
unaffected. Conversely, A-MLV infection of NIH 3T3 and HeLa cells was sensitive to amiloride analogues and actin-depolymer-
izing drugs that interfere with macropinocytosis. Further manipulation of the actin cytoskeleton through conditional expression
of dominant positive or negative mutants of Rac1, PAK1, and RhoG, to increase or decrease macropinocytosis, similarly corre-
lated with an augmented or inhibited infection with A-MLV, respectively. The same experimental perturbations affected the in-
fection of viruses that use clathrin-coated-pit endocytosis or other pathways for entry only mildly or not at all. These data agree
with immunofluorescence studies and cryo-immunogold labeling for electron microscopy, which demonstrate the presence of
A-MLV in protrusion-rich areas of the cell surface and in cortical fluid phase (dextran)-filled macropinosomes, which also ac-
count for up to a half of the cellular uptake of the cell surface-binding lectin concanavalin A. We conclude that A-MLV use mac-
ropinocytosis as the predominant entry portal into cells.

IMPORTANCE

Binding and entry of virus particles into mammalian cells are the first steps of infection. Understanding how pathogens and tox-
ins exploit or divert endocytosis pathways has advanced our understanding of membrane trafficking pathways, which benefits
development of new therapeutic schemes and methods of drug delivery. We show here that amphotropic murine leukemia virus
(A-MLV) pseudotyped with the amphotropic envelope protein (which expands the host range to many mammalian cells) gains
entry into host cells by macropinocytosis. Macropinosomes form as large, fluid-filled vacuoles (up to 10 �m) following the col-
lapse of cell surface protrusions and membrane scission. We used drugs or the introduction of mutant proteins that affect the
actin cytoskeleton and cell surface dynamics to show that macropinocytosis and A-MLV infection are correlated, and we provide
both light- and electron-microscopic evidence to show the localization of A-MLV in macropinosomes. Finally, we specifically
exclude some other potential entry portals, including caveolae, previously suggested to internalize A-MLV.

The murine leukemia virus (MLV) belongs to the genus of
gamma retroviruses and produce a virion of approximately 90

nm in diameter consisting of a spherical nucleocapsid (the single-
strand-RNA [ssRNA] viral genome in complex with viral pro-
teins) surrounded by a lipid bilayer envelope derived from the
host cell membrane but studded with viral envelope proteins. The
envelope membrane of amphotropic MLV (A-MLV) contains a
viral envelope protein (called SU or A-Env), which utilizes the Pit2
sodium-dependent phosphate transporter (solute carrier family
20, member 2 [SLC20A2]) as a cell surface receptor to infect mam-
malian cells (1, 2). Although initial attachment of virions to the
cell surface might be mediated through other factors, including
glycosaminglycans (3) or fibronectin (4), Pit2 is required for entry
of the virus and infection (1, 2). Pit2 is a conserved membrane
protein with five presumed extracellular loops, of which the first
loop forms the binding site for A-Env (1). Pit2 is distributed be-
tween the cell surface and intracellular stores (5), and upon A-
MLV infection, Pit2 is downregulated from the cell surface and
localized to an uncharacterized membrane compartment. The
known ability of cells to increase their capacity for phosphate in-
flux when deprived of phosphate in the medium may reside not in
changes in Pit2 distribution but rather in posttranslational mod-
ification of surface-resident Pit2 transporters (6).

Viruses have evolved to utilize practically every known mech-

anism of endocytosis for cellular entry, including clathrin-coated-
pit endocytosis, clathrin-independent internalization pathways,
including caveolae and non-caveolin-dependent pathways, and
macropinocytosis (7–9). Caveolae are small (50- to 60-nm) ome-
ga-shaped invaginations of the plasma membrane carrying a coat
structure of caveolin-1 (and -2). They are essentially stable and
immobile microdomains on the membrane but have a propensity
for internalization when triggered by intracellular signaling
and/or virus attachment (7, 10, 11), and some of the factors re-
quired for caveola localization and trafficking at the cell surface
are becoming elucidated (12, 13). Internalized caveolae commu-
nicate with the classical endosomal pathway and the endoplasmic
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reticulum (ER)/Golgi apparatus (14, 15). A number of viruses
have been proposed to make use of caveolae as entry portal, in-
cluding the small, nonenveloped virus simian virus 40 (SV40) and
BK virus, because their cellular receptors have an affinity for cave-
olae/lipid rafts (8, 9), which may be enhanced even further by
receptor cross-linking by multivalent ligands such as virus parti-
cles. However, in some cases, scrutiny reveals that caveolae are not
the dominant mode of entry, which becomes clear only in cells
devoid of caveolae (16).

Another mode of virus entry is by constitutive or induced mac-
ropinocytosis (17–24), which can occur through several distinct
mechanisms (lamellipodial and circular ruffles as well as filopo-
dial and blebbing macropinocytosis [8, 24]). All mechanisms rely
on small GTPases of the Rho family and actin remodeling to pro-
mote formation of cell surface extrusions, which, when falling
back onto the cell, entrap a large volume of extracellular fluid to
generate a macropinosome from a few hundred nm up to 10 �m
in size (8, 24). Physiologically, this process is most pronounced in
different types of phagocytes, but other cells in the body can be
induced to perform macropinocytosis by growth factors or other
forms of stimulation (25). Macropinocytosis is independent of
clathrin or other coat proteins, relying instead (according to the
specific type of macropinocytosis) on proteins such as phospho-
inositol 3-kinase, the small GTPase Rac1 (26) and its effector p21-
activated kinase (PAK1) (27, 28), or RhoG (29), which contribute
at different time points during the process of macropinosome
formation.

It has been claimed that A-MLV binds to cholesterol-enriched
microdomains (lipid rafts) on the plasma membrane and is inter-
nalized via caveolae (30). However, preliminary morphological
observations made by us in the past called us to question this
proposition, and we show here with the use of mouse embryonic
fibroblasts (MEFs) isolated from caveolin-1 knockout animals
and other appropriate cellular models that entry of A-MLV is
independent of caveolae and takes place through a macropi-
nocytic pathway.

MATERIALS AND METHODS
Chemicals, antibodies, and cells. Amiloride, N-(ethyl-N-isopropyl)-
amiloride (EIPA), okadaic acid, latrunculin A, and cytochalasin D (Sig-
ma-Aldrich) were prepared in stock solutions in dimethyl sulfoxide
(DMSO) and frozen at �80°C. Aliquots were used only a few times before
replacement. HeLa cells and NIH 3T3 cells obtained from The Danish
Cancer Society were cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal calf serum (FCS) and penicillin-strepto-
mycin. Mouse embryonic fibroblasts (MEFs) generated from wild-type or
caveolin-1 knockout mice (31) were obtained from the European Collec-
tion of Cell Cultures and cultured in DMEM with 10% FCS, sodium
pyruvate, and penicillin-streptomycin. MEFs derived from dynamin-1
knockout mice were obtained from Biotech Research and Innovation
Centre (BRIC), and similarly cultured. HeLa cells with conditional ex-
pression (tet-off) of dynamin-1-K44A were also obtained from BRIC and
were cultured in DMEM containing tetracycline-free 10% FCS and peni-
cillin-streptomycin for 5 days before experimentation. Primary antibod-
ies included rabbit anti-Pit2 antibodies (anti-SLC20A2; Sigma), and rab-
bit-anti Pit2 antibodies (generously provided by Wayne Anderson,
Laboratory of Cellular Oncology, National Cancer Institute, NIH, USA),
mouse anti-low-density-lipoprotein receptor (LDL-R) MAb (Santa Cruz
Biotechnologies), mouse anti-green fluorescent protein (GFP) MAbs
(Roche Biochemicals), rabbit anti-GFP antibodies (Molecular Probes),
mouse anti-Myc MAb (9E10; Santa Cruz Biotechnologies), rabbit anti-
caveolin-1 antibodies (Cell Transduction Laboratories), mouse anti-

lamin A antibodies (Santa Cruz Biotechnologies), mouse anti-human
Rac1 MAb (Abcam), mouse anti-RhoA MAb (Upstate Biotechnology),
and mouse anti-Cdc42 MAb (Santa Cruz Biotechnologies). All fluoro-
phore-conjugated secondary antibodies, dextrans, cholera toxin B sub-
unit (CTB), concanavalin A (ConA), and phalloidin were from Molecular
Probes.

Virus production and cell transduction. In all cases, HEK293T pro-
ducer cells were Ca2PO4 transfected in 10-cm dishes with vector and
helper plasmids followed by a medium change the next day. Conditioned
medium was collected after 48 h, filtered through a 0.45-�m syringe filter,
and then concentrated 20-fold by centrifugation in a Sartorius Vivaspin
column.

To produce A-MLV, we used vector plasmids pCNGC expressing GFP
or pLacZ in combination with helper plasmids containing wild-type Gag-
Pol and the amphotropic envelope protein. For microscopy, we also made
use of A-MLV prepared from plasmids encoding a Gag-yellow fluorescent
protein (YFP) fusion construct, used together with a myristoylation-de-
ficient version of Gag (to obtain high-titer production of virus) (32). The
resulting A-MLV Gag-�Myr-YFP virus particles carry the YFP moiety in
the nucleocapsid; they are fusion competent and disassemble upon entry
into the cytosol (thus diluting the YFP fluorescence). As controls of spec-
ificity, MLV was also produced with the ecotropic envelope protein (E-
Env). All MLV-related plasmids were most generously provided by Mary
Collins, MRC Medical Molecular Virology Centre, University College
London, London, United Kingdom. Additionally, we made use of adeno-
virus 5 (Ad5) expressing GFP (kindly provided by Peter Holst, Depart-
ment of International Health, Immunology, and Microbiology, Copen-
hagen University, Copenhagen, Denmark) and lentivectors pseudotyped
with vesicular stomatitis virus antigen G (VSV-G).

For conditional expression of Rac1, Cdc42, PAK1, RhoA, or RhoG
mutants in NIH 3T3 or HeLa cells, we used helper plasmid 8.91 and
lentivector pLOX TW, which express transgenes under a tetracycline
(rtTA)-responsive promoter. All constructs have been described previ-
ously (33), except for RhoG and RhoG-Q61L (cDNA kindly provided by
S. M. Ellerbroek and K. Burridge, Department of Cell and Developmental
Biology, Lineberger Comprehensive Cancer Center, University of North
Carolina, Chapel Hill, NC, USA), which were PCR amplified with sticky
primers and inserted into BamHI/SalI-restricted pLOX TW. For trans-
gene delivery, virus particles were pseudotyped with either E-Env for
transduction of NIH 3T3 cells or with VSV-G for transduction of HeLa
cells. These virus particles were then used for superinfection of established
rtTA-expressing NIH 3T3 or HeLa cell lines previously transduced with
pLOX TW rtTA, and tested by saturating superinfection with pLOX TW
GFP and flow cytometric analysis to obtain populations with little runoff
transcription and high levels of induction. For infection assays, cells were
induced overnight with 0.1 �g/ml doxycycline before virus challenge, and
doxycycline was maintained until virus was washed away after incubation.
Transgene expression ranged between 70 and 90% for the different con-
structs in NIH 3T3 and HeLa cells, being higher in the latter cell type, as
determined by immunofluorescence. Expression of Rac1-N17A was dif-
ficult to maintain in the populations (about 60 to 70% transduced cells),
perhaps because of negative selection during culture in response to low
levels of runoff transcription from this vector. For stable knockdown of
caveolin-1, we made use of the E-Env-pseudotyped short-hairpin RNA
(shRNA) lentivector pGIPZ Cav1 9666 and a nonsilencing control (target
sequence for caveolin silencing, TATAGTCTCCAATTGATG; control
nonsilencing sequence, ATCTCGCTTGGGCGAGAGTAAG; Open Bio-
systems) which coexpresses GFP as a marker to transduce NIH 3T3 cells.
GFP-expressing cells were enriched further to above 85% purity by flow-
assisted cell sorting on a Becton Dickinson Aria flow cytometer for exper-
imentation.

Infection assays. NIH 3T3 cells, HeLa cells, or MEFs in 48-well culture
dishes were infected with MLV expressing GFP and pseudotyped with
amphotropic or ecotropic envelope proteins, Ad5 expressing GFP, or len-
tivectors expressing GFP and pseudotyped with VSV-G. Most assays were
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carried out with duplicate wells. Unless otherwise specified, no Polybrene
was added during virus incubations. Cells were incubated either for 2 h or
overnight with virus, as specified, concurrent with drug treatment or
transgene induction, before two 1-min washes in 40 mM calcium citrate,
10 mM KCl, 135 mM NaCl (pH 3.0) at room temperature to dissociate
surface-bound virus particles. The cells were washed in medium and re-
turned to 24 h of further culture before analysis of GFP expression by flow
cytometry on a Becton Dickinson Accuri C6 flow cytometer. In all in-
stances, we chose drug concentrations so that only minimal toxicity with
no cell death (visual inspection) was achieved. The titers of A-MLV deter-
mined on the different cell types used in this study were 6.9 � 105 � 0.3 �
105 for wild-type (wt) MEFs, 1.1 � 106 � 0.1 � 106 for NIH 3T3 cells, and
2.6 � 106 � 0.9 � 105 for HeLa cells (means and standard errors of the
means [SEM]; n � 6). For suspension-mediated caveola internalization in
HeLa cells, A-MLV containing Gag-YFP together with Alexa 647-conju-
gated ConA (2.5 �g/ml) was bound to attached HeLa cells at 4°C for 1 h in

the presence of Polybrene (8 �g/ml) before cells were dislodged into cold
phosphate-buffered saline (PBS) by pipetting and scraping. Cells were
transferred to Eppendorf tubes and then incubated for 15 min with rota-
tion at 4°C or 37°C before being washed. Cells were then centrifuged onto
microscope slides (1,500 � g, 2 min, 4°C) and processed for immunofluores-
cence to visualize caveolin-1 in relation to Gag-YFP and ConA-Alexa 647.

Morphological analysis. Immunofluorescence was performed essen-
tially as described previously (34). Briefly, cells cultured in 8-chamber
slides were fixed in 2% paraformaldehyde in phosphate buffer, pH 7.2, for
a minimum of 30 min followed by rinsing in PBS. Blocking and antibody
buffer consisted of PBS with 5% normal goat serum and 0.2% saponin,
and primary antibodies were detected by Alexa-conjugated secondary
goat-anti mouse or rabbit IgG antibodies (Molecular Probes), sometimes
with Alexa 633-conjugated phalloidin to reveal cell shape.

To visualize A-MLV internalization HeLa cells expressing Rac1-
V12G were incubated at 4°C with A-MLV virions containing Gag-YFP

FIG 1 Pit2 is predominantly soluble in ice-cold TX-100. (A) NIH 3T3 cells overexpressing human Pit2 were fixed and stained with anti-LDL-R MAb and
polyclonal rabbit anti-Pit2 antibodies followed by secondary fluorophore-conjugated antibodies. Pit2 can be localized in vesicular profiles scattered in the
cytoplasm but concentrated around the nucleus, where LDL-R also resides in the recycling endosome compartment. (B to D) NIH 3T3 cells were treated for 15
min without agitation on ice without (control) or with 1% TX-100 before fixation and processing for immunofluorescence as described in Materials and Methods
to visualize Pit2, LDL receptor, caveolin-1, or lamin A. Note that the majority of both LDL receptor and Pit2 is extracted by TX-100 (C), while caveolin-1 and
lamin A are not (D). Bars, 10 �m.
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and either Alexa 633-conjugated cholera toxin B subunit (CTB) or
concanavalin A. After being washed, cells were chased at 37°C together
with 250 �g/ml tetramethyl rhodamine (TMR)-conjugated dextran
(70,000 kDa) for 15 to 60 min followed by a washing before live imag-

ing of cells for up to 15 min at room temperature. Imaging of live cells
or fixed slides was performed with a Zeiss LSM510 confocal laser scan-
ning microscope with a C-Apochromat X63, NA 1.2 oil immersion
objective, using the argon 488 nm, and helium-neon 543- and 594-nm

FIG 2 Infection of MEF or NIH 3T3 cells by A-MLV does not require caveolae and is pH independent. (A and B) MEFs derived from wild-type or caveolin-1
knockout mice (KO) were challenged with GFP-expressing A-MLV in the absence or presence of 8 �g/ml Polybrene overnight and then incubated for a further
24 h before flow-cytometric analysis of GFP-expressing cells. Results are the percent GFP-positive cells in the total viable cell population. Panel A shows
representative results from a single experiment, while panel B shows means and SEM from three individual experiments with Polybrene added. (C) NIH 3T3 cells
coexpressing caveolin-1 shRNA (cav9666) and GFP as a marker were processed for immunofluorescence using anti-caveolin-1 MAb and Alexa 633-conjugated
phalloidin. Cells expressing caveolin-1 shRNA (outlined), identified by concurrent GFP expression, were depleted of caveolin-1 protein. Bar, 10 �m. (D)
Knockdown of caveolin-1 in NIH 3T3 cells expressing control shRNA or caveolin-1 shRNA was assessed by flow cytometry of the GFP� gated population using
anti-caveolin MAb followed by goat anti-mouse Alexa 633-conjugated antibodies. Results are expressed as normalized fluorescence intensity (MFI) (mean and
SEM) of caveolin staining from three independent experiments. (E) NIH 3T3 cell populations transduced with control or caveolin shRNA-expressing vectors
were FACS enriched for GFP expression (�85%) and then challenged overnight with A-MLV expressing the LacZ gene as the reporter gene. After 24 h of further
incubation, cultures were processed for X-Gal cytochemistry, and blue cells were counted. The graph shows the number of blue cells per field normalized to cells
expressing control shRNA (means and SEM; n 	 3). (F) Wt and Cav1�/� MEFs were preincubated with 50 mM ammonium chloride and then challenged with
GFP-expressing A-MLV for 1 h before an acid wash. Cells were cultured for a further 24 h before flow-cytometric analysis of GFP expression. Results are levels
of A-MLV infection normalized to values for untreated control cells (means and SEM; n 	 3). *, significantly different from the control.
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laser lines for excitation of Alexa 488 and of Alexa 568 and 633, respec-
tively. Optical sections (1.0 to 1.5 �m) were collected and saved as
1,024- by 1,024-pixel images at an 8-bit resolution before import into
Adobe Photoshop for compilation.

To gauge the Triton X-100 (TX-100) solubility of Pit-2, 3T3 cells
transfected with human Pit2 were cultured in 8-chamber slides and
extracted in 0.5 to 1% TX-100 in Hanks balanced salt solution (HBSS)
for 15 min on ice before gentle aspiration and fixation for immuno-
fluorescence with rabbit anti-pit2 and rabbit anti-caveolin polyclonal

antibodies, together with mouse anti-LDL-R or anti-lamin A MAbs as
described above.

For cryo-immunogold labeling, mouse (Mus dunni) fibroblasts were
challenged with Gag-YFP-containing A-MLV particles for 4 h before fix-
ation in 2% paraformaldehyde (PFA) and 0.1% glutaraldehyde in phos-
phate buffer (pH 7.2) (a kind contribution from L. Pedersen, Department
of Molecular Biology and Genetics, Molecular Cell and Developmental
Biology, Aarhus University, Aarhus, Denmark). Subsequent gelatin em-
bedding, ultracryosectioning, and cryo-immunogold labeling were per-

FIG 3 Effect of stimulated caveolae internalization on A-MLV uptake and infection. (A and B) Wt MEFs were treated with vehicle (control) or 0.1 �M okadaic
acid for 30 min in the presence of Alexa 647-conjugated CTB (pseudocolored red) before processing for immunofluorescence with anti-caveolin-1 antibody
(green). Note that surface-localized caveolin and caveolae (B, arrows) disappear upon okadaic acid treatment, and perinuclear accumulation of CTB is increased
(A, arrowheads). (A= and B=) Boxed areas in panels A and B at a higher magnification. Bars, 10 �m. (C) Wt and caveolin-1-null MEFs were treated with vehicle
or increasing concentrations (�M) of okadaic acid (OA) as indicated, either as a 30-min preincubation (white bars) or added simultaneously with A-MLV (black
bars). Cells were incubated with A-MLV expressing GFP for 1 h and were then acid washed and returned to culture overnight before flow-cytometric analysis of
GFP-expressing cells. Results are expressed as levels of A-MLV infection normalized to those of untreated control cells (means and SEM; n 	 3). *, significantly
different from the control. (D and E) HeLa cells were incubated with A-MLV-GAG-YFP together with 2.5 �g/ml Alexa 647-conjugated ConA in the cold, washed,
and then brought into suspension and incubated for 15 min at 4°C or 37°C, before cells were spun down onto slides at 4°C. Immunofluorescence was then
performed to visualize caveolin-1 distribution (red) in relation to A-MLV and ConA. Note that surface-localized caveolin-1/caveolae in cells kept at 4°C (D=,
arrowheads) are internalized upon incubation at 37°C but that internalized A-MLV–Gag-YFP preferentially colocalizes with internalized ConA (E=, arrows) or
is present in unlabeled structures. (D= and E=) Boxed areas in panels D and E at a higher magnification. Bars, 10 �m (D and E) and 1 �m (D= and E=). Images are
representative of two independent experiments.
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formed as described previously (34) with anti-GFP MAb followed by
treatment with secondary 10-nm-gold-conjugated goat-anti mouse anti-
bodies. Sections were examined in a Philips CM100(a) TWIN electron
microscope (Philips, Eindhoven, The Netherlands).

Statistical analysis. Data were analyzed with Student’s t test, and sig-
nificance levels were defined as P values less than 0.05.

RESULTS
The Pit-2 receptor is predominantly TX-100 soluble, and
A-MLV infection does not require caveolae. It has been reported
that A-MLV is internalized through caveolae, and correspond-
ingly that the A-Env cell surface receptor Pit2 is a lipid raft-asso-
ciated protein (30). Proteins contained in caveolae and lipid rafts
are insoluble in cold nonionic detergents such as TX-100, and
therefore we first investigated the sensitivity of Pit-2 in NIH 3T3
cells on ice to extraction with 1% TX-100. By immunofluores-
cence, overexpressed human Pit-2 was mainly intracellularly and
partially colocalized with the recycling receptor LDL-R in perinu-
clear endosomes (Fig. 1A and B). Extraction of cells with TX-100
greatly reduced immunoreactivity for both Pit-2 and the nonraft
protein LDL-R (compare Fig. 1B with C), whereas, as expected, it
failed to remove either caveolin-1 itself or the insoluble interme-
diary filament lamin A (Fig. 1D). We therefore conclude that Pit-2
in the absence of ligation predominantly resides outside lipid rafts.
Caveolin-1 is essential for the formation of caveolae (35), and to
specifically address the role of caveolae in A-MLV infection (30),
we made use of murine embryonic fibroblasts (MEFs) from char-
acterized caveolin-1 knockout mice (31) as target cells. A-MLV
expressing GFP was incubated with MEFs overnight with or with-

out Polybrene (a polycation which increases virus binding to the
cell surface) and incubated for a further 24 h before flow-cytomet-
ric analysis of GFP expression. As seen in Fig. 2A and B, the ab-
sence of caveolae did not inhibit A-MLV infection, and in the
presence of Polybrene, infection was even moderately increased in
caveolin-null MEFs. To exclude potential cell type-specific effects,
we knocked down caveolin-1 expression in NIH 3T3 cells, also
used in the original study (30), by transduction with caveolin-1
shRNA retroviral particles pseudotyped with E-Env (Fig. 2C to E).
Following a cell sorting step by FACS to enrich the population
expressing the shRNA construct (gating of GFP coexpression to
ca. 85% purity), NIH 3T3 cells were then challenged with A-MLV
expressing the LacZ gene as a reporter gene overnight and after 24
h of culture subsequently processed for X-Gal (5-bromo-4-
chloro-3-indolyl-
-D-galactopyranoside) staining of infected
cells. Despite a 70% reduction in caveolin expression by Cav1-
9666 shRNA, infection of A-MLV was not affected in NIH 3T3
cells (Fig. 2E). We also tested the pH dependence of A-MLV in-
fection by alkalizing the endosomal compartment with ammo-
nium chloride. We find that A-MLV infection in neither MEFs
(Fig. 2F) nor NIH 3T3 cells (data not shown) is affected by endo-
somal alkalization as performed in the original study (30).

A-MLV uptake and infection does not correlate with stimu-
lated internalization of caveolae. To exclude the possibility that
A-MLV in the absence of caveolae changed its normal uptake
route to other portals of entry, we also performed experiments to
separate caveolae from A-MLV internalization and infection. In
the original study (30), the drug okadaic acid was used to induce

FIG 4 A-MLV uptake and infection does not require dynamin. (A) Cell lysates of control or HeLa cells expressing dominant negative dynamin-1-K44A were
Western blotted with mouse anti-dynamin-1 MAb. WT, wild type; WB, Western blot. (B) Cell surface binding of Alexa 633-conjugated transferrin (Tfn-Alexa
633) in control or dynamin-1-K44A-expressing cells was determined by flow cytometry. (C) HeLa control or dynamin-1-K44A-expressing cells were challenged
with A-MLV, VSV-G-pseudotyped lentivector, or Ad5, all expressing GFP. Results are percent GFP-positive cells normalized to control cells (means and SEM
from three independent experiments). *, significantly different from the control. (D) Dynamin-1-null MEFs were incubated with A-MLV, containing Gag-YFP
for visualization, together with TMR-conjugated dextran as a fluid phase tracer of endocytosis for 30 min before processing for immunofluorescence with Alexa
647-conjugated phalloidin to visualize F-actin. Note that virus particles can be seen in large fluid-filled endocytic compartments (arrows), often near areas of
F-actin ruffling (arrowheads). Bar, 10 �m.
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internalization of caveolae to either block (drug preincubation) or
promote (concurrent drug and virus incubation) A-MLV inter-
nalization. Okadaic acid is an inhibitor of protein Ser/Thr phos-
phatases PP1 and PP2A and is known to cause internalization of
caveolae and their aggregation into larger unphysiological struc-
tures (36) in addition to many other effects. First, we verified in
MEFs that 30 min of okadaic acid treatment caused the disappear-
ance of caveolae from the cell surface (Fig. 3A and B). This was
paralleled by an increased internalization and perinuclear accu-
mulation of CTB, which in part is internalized by caveolae (37).
Then, wt and caveolin-1-null MEFs were incubated with okadaic
acid starting either 30 min before or concurrent with a 1-h chal-
lenge with A-MLV. As seen in Fig. 3C, okadaic acid, irrespective of
pretreatment, caused a dose-dependent decrease in A-MLV infec-
tion, and importantly, this inhibitory effect was present in both wt
and caveolin-deficient cells and therefore independent of cave-
olae. We sought to obtain a more physiological correlate of
caveola internalization and made use of the fact that bringing
adherent cells into suspension causes the internalization of cave-
olae and lipid rafts (38). We used HeLa cells for this purpose
because of their higher infection rate with A-MLV. Adherent cells
were exposed to A-MLV virions with Gag-YFP incorporated into

the nucleocapsid (32) for visualization and then brought into sus-
pension at 4°C. In addition, we used fluorophore-conjugated ver-
sions of the lectin concanavalin A (ConA), which binds terminal
�-D-mannosyl and �-D-glucosyl groups in glycoproteins and gly-
colipids as a general marker of the cell surface. After a washing,
cells were retained at 4°C or shifted to 37°C under rotation for 15
min before being gently centrifuged onto microscopic slides and
fixed. Cells were stained with anti-caveolin-1 antibodies, and me-
dial confocal planes of the cells were obtained in the microscope.
Figure 3D and E show that caveolae are present on the surfaces of
cells suspended and retained at 4°C, while cells suspended at 37°C
showed accumulation of caveolin-1 staining in intracellular struc-
tures. Notably, despite internalization of caveolae, the majority of
internalized A-MLV, identified by Gag-YFP expression, localized
with ConA-labeled structures or structures of unknown identity
(no label). We conclude that A-MLV infection does not require
and is independent of caveolae.

Uptake and infection of A-MLV is independent of dynamin.
Clathrin-coated pits share with caveolae and RhoA-regulated
clathrin- and caveolin-independent carriers the requirement for
dynamin function to pinch off the budding vesicles from the
plasma membrane (7, 39, 40). We therefore tested the effect of

FIG 5 A-MLV particles are present in areas of cell surface ruffling and macropinosome profiles. M. dunni tail fibroblasts were incubated with A-MLV particles
containing Gag-YFP for 4 h before washing, fixation, and processing for cryo-immunogold labeling with rabbit anti-GFP antibodies. (A to C) On the plasma
membrane, A-MLV particles (small arrowheads) were localized in cell surface areas with extensive membrane ruffling and formation of enclosed volumes that
could potentially proceed to macropinosome formation (A and C, large arrowheads). Inside the cells, virus particles could be identified in large surface-proximal
vacuoles (small arrows) devoid of cellular surface processes indicative of macropinosomes. Ex, extracellular space. Bars, 250 nm.
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FIG 6 A-MLV infection is specifically affected by drugs that inhibit macropinocytosis. (A) NIH 3T3 cells were incubated with TMR-conjugated dextran (70
kDa; red) at a concentration of 250 �g/ml with or without 50 �M EIPA or 500 �M amiloride for 1 h before fixation and visualization using Alexa 488-conjugated
phalloidin (green) as a counterstain. Bars, 10 �m. (B) NIH 3T3 cells were treated with EIPA or amiloride at the indicated concentrations concurrent with A-MLV
incubation overnight and then analyzed for GFP expression by flow cytometry 24 h later. Data are percent GFP-expressing cells (mean and SEM compiled from
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conditional expression (tet-off) of dominant negative dynamin-
1-K44A in HeLa cells. Expression and function of dynamin-1-
K44A was first confirmed by Western blotting and surface binding
of Alexa 633-conjugated transferrin, which increased more than
3-fold due to trapping of transferrin receptor, a classical clathrin-
coated-pit receptor, on the surface (Fig. 4A and B). Control cells
and cells expressing dynamin-1-K44A were then challenged with
GFP-expressing A-MLV. To address specificity, we also infected
cells with lentivector pseudotyped with vesicular stomatitis virus
G antigen (VSV-G) and adenovirus 5 (Ad5), which are both in-
ternalized through clathrin-coated pits by different known recep-
tors (41, 42). As shown in Fig. 4C, dynamin-1-K44A expression
caused a moderate (30%) drop in A-MLV infection but markedly
inhibited lentivector and Ad5 infection, by 60% and 65%, respec-
tively. Finally, in MEF dynamin-1-negative cells we examined up-
take of A-MLV particles containing a Gag-YFP fusion construct
for visualization. Cells were incubated with A-MLV–Gag-YFP in
the cold, washed, and then chased with tetramethylrhodamine
(TMR)-conjugated dextran as a fluid-phase marker for half an
hour before fixation and phalloidin staining to reveal F-actin and
cell shape. Internalized Gag-YFP-labeled particles could be ob-
served in surface-proximal vesicles and vacuoles, which were of-
ten quite large and often near areas with intense cell surface ruf-
fling, as indicated by F-actin staining (Fig. 4D). We conclude that
A-MLV uptake and infection can take place without dynamin
function.

Ultrastructural analysis shows A-MLV associated with ruf-
fles and vacuoles. Our morphological observations above indi-
cated that A-MLV particles were associated with ruffled surface
areas and large endocytic elements. We therefore subjected mouse
(M. dunni) tail fibroblasts, which are readily infected by A-MLV,
to ultrastructural analysis by cryo-immunogold labeling after 4 h
of incubation with A-MLV containing Gag-YFP. Figure 5A and C
(arrowheads) show attachment of A-MLV particles to highly ruf-
fled areas of the plasma membrane and in convoluting and invag-
inating profiles of the cell surface. Inside the cells, virus particles
localized to large vacuolar elements, macropinosomes, near the
cell surface (Fig. 5A to C, arrows), although in the absence of cell
surface staining, we cannot rule out the possibility that some of
these profiles are connected with the cell surface. We did not ob-
serve virus particles in caveolae or clathrin-coated pits (data not
shown).

Drugs that inhibit macropinocytosis also block A-MLV in-
fection. These observations suggested to us that A-MLV gained
entry into host cells through macropinocytosis, similar to a num-
ber of other pathogens of both bacterial and viral origin (8).
Amiloride, a clinical inhibitor of the Na�/H� exchanger situated

in the plasma membrane, and its analogue N-(ethyl-N-isopro-
pyl)-amiloride (EIPA) are commonly used inhibitors of macropi-
nocytosis (26). First, we tested the proficiency of amiloride treat-
ment to block macropinocytosis in NIH 3T3 cells allowed to take
up fluorophore-conjugated 70-kDa dextran. This probe is too
large to undergo pinocytosis and is a commonly used marker of
macropinocytosis. As seen in Fig. 6A, both amiloride and EIPA
inhibited the uptake of dextran in NIH 3T3 cells. We then tested
the effect on A-MLV infection. Figure 6B shows that both EIPA
and amiloride inhibited infection with A-MLV in a dose-depen-
dent fashion. The inhibitory effect of EIPA noted above was spe-
cific for A-MLV, as infection of MLV pseudotyped with the eco-
tropic envelope protein (E-MLV), which utilizes trafficking of
cationic amino acid transporter 1 (CAT-1) through an unknown
clathrin-independent pathway for entry (43), was affected to a
much smaller extent (Fig. 6C). To expand our observations to cell
types other than murine fibroblasts, we also studied effects in
HeLa cells. As seen in Fig. 6E and F, A-MLV infection in HeLa cells
was also susceptible to EIPA and amiloride inhibition, and again
the effect was specific for A-MLV, as adenovirus 5 (Ad5)- and
VSV-pseudotyped lentivectors, which are both internalized
through clathrin-coated pits, were not inhibited. In fact, A-MLV
infection was moderately increased by amiloride (Fig. 6F). Mac-
ropinocytosis also depends on actin dynamics. We therefore also
compared the effect of F-actin depolymerization with low concen-
trations of either latrunculin A (200 nM) or cytochalasin D (250
�M) on infectivity of A-MLV or control virus in NIH 3T3 cells
and HeLa cells. As shown in Fig. 6D and G, both drugs decreased
A-MLV infection by roughly 60%, while E-MLV infection in NIH
3T3 cells was only marginally decreased, and infection with VSV-
pseudotyped lentivectors decreased only by ca. 20% in HeLa cells.

F-actin and small GTPases are required for A-MLV infection.
Amiloride and EIPA work through inhibition of the Na�/H� ex-
changer, which provides a slightly alkaline submembranous pH
essential for Rac1 and Cdc42 localization to the membrane (26).
These small GTPases, in particular Rac1, are required to orches-
trate the actin rearrangement necessary for membrane ruffling
and macropinocytosis to occur (8, 27, 44). One of the downstream
targets of Rac1 is p21-activated kinase 1 (PAK1), which is required
at several steps of macropinocytosis, including closure of mac-
ropinocytic vacuoles formed from lamellipodial ruffles (24, 28).
We therefore tested the effect of conditional (doxycycline-induc-
ible) expression of dominant negative Rac1-N17A or PAK1-
K299A or dominant positive Rac1-V12G mutants on A-MLV in-
fection in NIH 3T3 cells. We also included expression of the
irrelevant protein 
-synuclein (
SNC) as a vector control of
transduction and additionally dominant negative RhoA-N19A as

three independent experiments). (C) NIH 3T3 cells were incubated with 35 �M EIPA concurrent with overnight challenge with MLV pseudotyped with either
A-Env (A-MLV) or E-Env (E-MLV) and analyzed by flow cytometry. Results are the percent GFP-positive cells, normalized to controls, and are representative
of two independent experiments. (D) NIH 3T3 cells were treated with 200 nM latrunculin A (Lat) or 250 �M cytochalasin D (Cyt) concurrent with E-MLV or
A-MLV challenge overnight and analyzed as described above. Results are expressed as the percent GFP-positive cells, normalized to controls (infection without
drugs), and are means and SEM from three independent experiments. (E) HeLa cells were incubated with GFP-expressing A-MLV or adenovirus 5 (Ad5) in the
presence of 50 �M EIPA for 2 h, acid washed, and then incubated overnight before flow-cytometric analysis of GFP-positive cells. Results are the percent infected
cells, normalized to values for untreated control cells (mean and SEM; n 	 3). (F) HeLa cells were challenged with GFP-expressing A-MLV, Ad5, or VSV-
pseudotyped lentivector for 2 h in the presence of 500 �M amiloride and treated as described above. Results are means and SEM (n 	 3) and were normalized
to values for untreated control cells. (G) HeLa cells were challenged overnight with GFP-expressing A-MLV or VSV-pseudotyped lentivector in the presence of
latrunculin (200 nM) or 250 �M cytochalasin D as indicated. Data are the percent GFP-positive cells normalized to controls (means and SEM from three
independent experiments). *, significantly different from the control. In panels D to F, the pound sign indicates that the effect of drug treatment was significantly
different at a P value of �0.05 between A-MLV and control virus.

Macropinocytic Uptake of A-MLV

February 2015 Volume 89 Number 3 jvi.asm.org 1859Journal of Virology

http://jvi.asm.org


a form of control for small GTPase specificity, as RhoA is not
known to be associated with macropinocytic processes (but, as
noted above, it regulates a clathrin- and caveolin-independent
endocytosis pathway). Transduction efficiency of NIH 3T3 cells
following a single round of infection using E-Env pseudotyped

lentivectors ranged from 60 to 80% (see Materials and Methods),
and care was taken to maintain this level of expression for exper-
iments.

First, we analyzed the cell lines for altered macropinocytic ac-
tivity by 70-kDa dextran uptake. Shown in Fig. 7A are Rac1-N17A

FIG 7 A-MLV infection in NIH 3T3 cells can be modulated by expressing F-actin regulatory proteins involved in macropinocytosis. (A) NIH 3T3 cells
transduced with Rac1-N17A, Rac1-V12G, or (as a control) only the rtTA protein were incubated with 70-kDa TMR-conjugated dextran (red) for 1 h and then
processed for immunofluorescence to visualize transgene expression (mouse anti-myc MAb; green) and effect on F-actin (Alexa 647-conjugated phalloidin;
blue). Note that expression of Rac1-N17A (cells outlined in white) diminishes uptake of dextran, while Rac1-V12G causes cell flattening with lamellipodium
extension, surface ruffling, and increased uptake of dextran. Bars, 10 �m. (B) NIH 3T3 cell lines conditionally expressing either 
-synuclein (additional control)
or Rac1 or PAK1 mutant transgenes as indicated were incubated with A-MLV overnight and analyzed by flow cytometry for GFP expression. Results are the
percent GFP-positive cells normalized to values for rtTA control cells (mean and SEM; n 	 3). (C) NIH 3T3 cells expressing Rac1-V12G were incubated with
A-MLV in the presence of EIPA or amiloride at the indicated concentrations overnight and analyzed by cytometry as described above. The results are absolute
percentages of GFP-positive cells (means and SEM from three independent experiments). *, significantly different from the control.
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cells, which exhibited a rounded or blunted shape with cortical
F-actin deposition and a greatly diminished uptake of dextran,
and Rac1-V12G cells, which assumed flattened cell profiles with
broad peripheral lamellipodia and surface ruffles and were char-
acterized by increased dextran uptake into a correspondingly in-
creased number of macropinosomes per cell.

The effect of transgene expression on A-MLV infection was
then analyzed by flow cytometry of GFP expression as described
above. As seen in Fig. 7B, expression of Rac1-N17A inhibited
while Rac1-V12G stimulated infection with A-MLV, while control
cells expressing 
SNC were not more or less susceptible to infec-
tion than NIH 3T3 rtTA control cells. RhoA marginally increased
infection. Introduction of PAK1-K299A, the direct target of Rac1,
inhibited A-MLV even more than Rac1-N17A itself, most likely
due to differences in transgene expression levels (see Materials and
Methods). As a control of presumed Rac1-V12G function specif-
ically at the membrane, namely, recruitment to the subplasma-
lemma for actin modulation, we also confirmed that the effect of
Rac1-V12G on A-MLV infection could be inhibited by EIPA and
amiloride, but the 50 inhibitory concentration (IC50) was in-
creased (by a factor of 1.4) for both inhibitors in Rac1-V12G cells
compared to control cells (Fig. 7C).

RhoG greatly increases macropinocytosis and A-MLV infec-
tivity in HeLa cells. Human HeLa cells (cervical carcinoma de-
rived) are efficiently transduced by VSV-pseudotyped lentivectors
(reaching up to 90% of the total cell population), allowing more
pure transgene-expressing cell populations to be obtained. To
take advantage of this, and to expand our observations to other
cell types than murine fibroblasts, we therefore also transduced
HeLa rtTA cells with a panel of small GTPase mutants, including
dominant negative RhoA-N19A, Rac1-N17A, and Cdc42-N17A,
in addition to wild-type RhoG and dominant positive RhoG-
Q61L and Rac1-V12G. Dominant active RhoG mutants have been
described to increase macropinocytosis to an even higher degree
than constitutively active Rac1 mutants (29). Because EIPA and
amiloride exert their effect by preventing small-GTPase localiza-
tion to the submembranous space, we considered that these drugs
could potentially affect other small GTPases, such as RhoA and
Cdc42, which regulate endocytosis through different clathrin- and
caveolin-independent pathways (7).Therefore, we also included
the dominant negative mutants RhoA-N19A and Cdc42-N17A.

All transgenes were expressed as proteins of the expected mo-
lecular weight (Fig. 8A). We next tested the effect of transgene
expression on macropinocytosis of 70-kDa dextran in the HeLa
cells (Fig. 8B). As expected, Rac1-V12G and RhoG both consis-
tently increased macropinocytic uptake of dextran over the levels
of HeLa rtTA control cells. However, surprisingly, Rac1-N17,
which in NIH 3T3 efficiently blocked macropinocytosis, did not
significantly affect macropinocytosis in HeLa cells for unknown
reasons. Expression of RhoA-N19A and Cdc42-N17A did not
cause altered macropinocytosis. We then examined the effect of
transgene expression on A-MLV infection using lentivector pseu-
dotyped with VSV-G as a control. While Rac1-V12G doubled the
percentage of A-MLV-infected HeLa cells, we observed, in accor-

FIG 8 A-MLV infection in HeLa cells is regulated differentially by small
GTPases that control endocytosis and actin dynamics. (A) HeLa cells expressing
rtTA (control) were transduced with lentivectors for conditional expression of
mutant transgenes as indicated and then analyzed by Western blotting after 24
h of doxycycline induction using anti-myc MAb, anti-Rac1 MAb, and anti-
Cdc42 MAb. (B) HeLa cells expressing transgenes as indicated were allowed to
internalize Oregon green 418-conjugated 70-kDa dextran (green) for 1 h be-
fore fixation and staining with Alexa 647-conjugated phalloidin (pseudocol-
ored red) to reveal F-actin. Bars, 10 �m. (C) HeLa cells expressing Rac1, PAK1,
Cdc42, RhoA, or RhoG mutants were incubated with GFP-expressing A-MLV
or VSV-pseudotyped lentivector overnight, washed, cultured for a further 24
h, and then analyzed by flow cytometry for GFP� cells. The data are the percent
infected cells normalized to values for control (rtTA) cells (means and SEM;
n 	 3 to 5). (D) HeLa cells expressing rtTA (control) or Rac1-V12G/Y40C
were analyzed by Western blotting as described above with anti-Rac1 MAb.
Molecular weight markers are indicated on the right. (E) HeLa cells expressing

rtTA (control) or Rac1-V12G/Y40C were incubated with GFP-expressing
A-MLV, Ad5, or VSV-pseudotyped lentivector overnight and analyzed as de-
scribed above. Results are the percent infected cells normalized to values for rtTA
control cells (means and SEM; n 	 3). *, significantly different from the control.

Macropinocytic Uptake of A-MLV

February 2015 Volume 89 Number 3 jvi.asm.org 1861Journal of Virology

http://jvi.asm.org


FIG 9 Internalized A-MLV is preferentially associated with macropinosomes and perinuclear vesicles following short internalization times. (A and B) HeLa
cells expressing Rac1-V12G were incubated with A-MLV particles containing Gag-YFP and either Alexa 647-conjugated cholera toxin B subunit (CToxB) (A) or
Alexa 647-conjugated ConA (B), both at 2.5 �g/ml at 4°C, before chase in the presence of TMR-conjugated 70-kDa dextran for 40 min at 37°C. Cells were
subsequently imaged live at 20°C for up to 15 min by confocal microscopy. Note colocalization of Gag-YFP with dextran (A and B; arrows in first inset on right)
and marked colocalization of these two markers with ConA (B; arrows in second inset) and to a lesser degree with CTB (A; second inset). Bars (A and B), 10 �m.
(C) HeLa or NIH 3T3 cells were incubated with Alexa 647-conjugated ConA together with GFP-expressing A-MLV for 3 h at 37°C, washed, and then chased
overnight. The next day, cells were analyzed for infection (GFP expression) and uptake of ConA by flow cytometry. The scatter diagram was divided into three
gates corresponding to low, medium, and high levels of ConA uptake and correlated with the percentage of GFP-positive cells in each gate. The graph is
representative of two independent experiments. (D) HeLa cells were incubated with Alexa 633-conjugated ConA for 2 h in the presence of EIPA before stringent
washing and immediate flow-cytometric analysis of ConA uptake. Results are MFI of Alexa 633-conjugated ConA normalized to values for control untreated cells
(means and SEM; n 	 3). *, significantly different from the control. (E) HeLa cells were challenged with Gag-YFP-containing A-MLV (green) in the presence of
Alexa 647-conjugated ConA (blue) for 1 h at 37°C and then processed for immunofluorescence with rabbit polyclonal anti-Pit2 antibodies (red). A single
confocal plane from a z stack is shown to visualize individual A-MLV particles colocalizing with ConA in vacuoles also containing (arrows) or not (arrowhead)
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dance with the lack of macropinocytic block, an insignificant ef-
fect of Rac1-N17A expression (Fig. 8C). Expression of dominant
negative RhoA-N19A, as in NIH 3T3 cells, slightly stimulated in-
fection of A-MLV, while Cdc42-N17A inhibited both A-MLV and
lentivector infection by ca. 30%, perhaps reflecting a nonspecific
effect on membrane trafficking. Notably, expression of both wild-
type and dominant active RhoG-Q61L specifically increased A-
MLV infection to levels of Rac1-V12G-expressing cells. Curious
about the lack of effect of Rac1-N17A, we also tried expressing
dominant positive PAK1-T423E (Fig. 8C). However, this mutant
also did not significantly alter A-MLV infection. Despite this, in-
troduction of the double mutant Rac1-V12G/Y40C, which has
lost the ability to interact with and thereby activate PAK1, failed to
replicate the increased A-MLV infection following Rac1-V12G ex-
pression (compare Fig. 8C with 8E), indicating that PAK1 inter-
action somehow is important for Rac1 function with respect to
macropinocytosis and/or A-MLV infection.

A-MLV localizes to vacuolar structures enriched in conca-
navalin A binding sites. Finally, we sought to obtain a light-mi-
croscopic correlate of our observations. HeLa cells expressing
Rac1-V12G (to increase the number of virions internalized) were
incubated at 4°C with A-MLV and Alexa 647-conjugated CTB,
which binds ganglioside GM1 in lipid rafts and caveolae, or Alexa
647-conjugated ConA. We conducted initial immunofluores-
cence studies to ensure that the concentrations of ConA used did
not induce any clustering of cell surface proteins or domains (�8
�g/ml). After being washed, cells were chased at 37°C in the pres-
ence of TMR-conjugated 70-kDa dextran for 30 min followed by a
washing before live observation at room temperature. As seen in
Fig. 9A and B, A-MLV particles can be identified in vacuoles con-
taining internalized 70-kDa dextran. A-MLV colocalization with
CTB was present at low levels, but the colocalization with inter-
nalized ConA was pronounced (compare insets on the right in Fig.
9A and B), and many of these double-positive vacuoles contained
70-kDa dextran, indicating their macropinocytic origin. Although
wheat germ agglutinin, another lectin, also showed colocalization
with A-MLV, by far the best colocalization of all probes tested
during the study was obtained for ConA. We therefore deter-
mined to what extent ConA uptake correlated with A-MLV up-
take and macropinocytosis. As shown in Fig. 9F, there was a linear
correlation between A-MLV infection and ConA uptake in indi-
vidual cells, and further, cellular uptake of ConA in HeLa cells
could be reduced to ca. 30% using 75 �M EIPA, indicating that a
major fraction of internalized ConA derives from macropinocy-
tosis. In fact, in many cell profiles, internalized A-MLV particles
were found specifically concentrated in areas of cytosol with many
ConA-positive macropinocytic vacuoles (Fig. 9F), and A-MLV
virions were either contained within the vacuoles or closely juxta-
posed, perhaps indicative of membrane fusion and escape of the
capsid (containing the Gag-YFP moiety) into the cytosol. In a
small subset of ConA-positive vacuoles containing A-MLV, it was
also possible to see colocalization of Pit2 (Fig. 9E). A small, but
consistent, fraction of A-MLV particles colocalized with caveolae
on the cell surface (Fig. 9F, inset).

DISCUSSION

We show here that in contrast to previous claims (30) A-MLV
does not depend on caveolae for endocytosis and infection. In-
stead, A-MLV enters via a macropinocytic mechanism requiring
Na�/H� exchange activity, actin dynamics, and the small GTPase
Rac1 (or RhoG).

A-MLV does not depend on caveolae for entry. Caveolae are
lipid raft-enriched flask-shaped invaginations of the plasma
membrane (60 to 80 nm) which nicely accommodate a small na-
ked or enveloped virus particle. Virus particles together with other
multivalent ligands such as cholera toxin, which induce protein
and/or lipid aggregation and stabilize the liquid-ordered phase of
cell surface lipids, can indeed be localized to caveolae in some
instances (45). This fact has misled several groups in the past to
conclude that caveolae also constitute the main portal of entry for
viruses such as SV40 (45) and toxins such as cholera toxin. How-
ever, when essentially the same experiments were carried out in
caveolin-null MEFs, it could be concluded that caveolae played an
insignificant or even slightly inhibitory role in the endocytosis of
these ligands (16, 37). Rather, both SV40 and cholera toxin, which
share the cellular GM1 receptor, are internalized by (different)
clathrin- and caveolin-independent endocytosis mechanisms (16,
37). The authors of the original study (30) based their assumption
of caveolar entry on nonspecific methods of manipulation of cave-
olae and a failure to consider and experimentally exclude other
potential pathways of internalization. In addition, we find that the
great majority of Pit2 is TX-100 soluble and therefore not present
in lipid rafts.

In the present study, we used caveolin-1-null MEFs and
shRNA knockdown NIH 3T3 cells to show that absence of cave-
olae does not interfere with A-MLV internalization and infection.
Along these lines, a deficiency of dynamin, which is required for
caveolar budding from the membrane, in knockout MEFs did not
impede virus uptake, and more importantly, overexpression of
dominant negative dynamin in HeLa cells only moderately de-
creased A-MLV infection while markedly inhibiting Ad5 infec-
tion, which served as a control. In fact, in the presence of Poly-
brene, which increases virus particle binding to the cell surface, we
observed caveolae to be an impeding factor for A-MLV infection
in wild-type MEFs. This is in agreement with previous findings
showing that the presence of caveolae restrains SV40 endocytosis
and infection in wild-type compared to caveolin-1-null MEFs
(16), likely due to the relative inertness of caveolae with regard to
endocytosis (10). Consistent with such an interpretation, we did
observe a low degree of colocalization between caveolae and A-
MLV on the cell surface by immunofluorescence.

A-MLV entry via macropinocytosis. A small number of vi-
ruses (�10) are known to become internalized by different forms
of macropinocytosis (8, 24), and the data presented here indicate
that A-MLV should be added to this list. First, our electron-mi-
croscopic (EM) and light-microscopic observations show that A-
MLV virions are present in cell surface areas engaged in extensive
ruffling and vacuole formation, and A-MLV particles could be

containing Pit2. Bar, 10 �m. (F) HeLa cells were incubated with Gag-YFP-containing A-MLV (green) in the presence of Alexa 647-conjugated ConA (blue) at
4°C and then chased for 1 h at 37°C before fixation for immunofluorescence with rabbit polyclonal anti-caveolin-1 antibodies (red). Note that the great majority
of internalized A-MLV is present in cortical areas close to segments of plasma membrane with high macropinocytic activity (white outline on right) where virus
particles are found in or next to ConA-labeled macropinosomes (arrows). In contrast, A-MLV colocalization with caveolin-1 is observable only at low frequency
on the cell surface (boxed area; arrows in insets at far right). Bars, 10 �m and 2 �m (insets).
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localized to the lumen of 70-kDa-dextran-containing vacuoles,
indicative of macropinosomes. Second, inhibition of Na�/H� ex-
change activity with low concentrations of EIPA or amiloride spe-
cifically blocked infection by A-MLV but not other virus types
internalized by clathrin-coated-pit endocytosis. The same specific
inhibition of A-MLV infection was also true of F-actin depolymer-
ization with latrunculin or cytochalasin D. Third, we show that
introduction of dominant positive mutants of the small GTPases
Rac1 and RhoG, which increase macropinocytosis, also cause a
corresponding increase in A-MLV infection. Finally, we show by
the introduction of dominant negative dynamin-1-K44A, RhoA,
and Cdc42 that clathrin-mediated or RhoA- or Cdc42-regulated
clathrin- and caveolin-independent pathways (39, 46), respec-
tively, that could potentially work concurrently with macropi-
nocytosis in surface areas with membrane ruffling do not contrib-
ute to A-MLV uptake and infection. Importantly, we also
demonstrate by okadaic acid- or suspension-stimulated cave-
olae endocytosis that A-MLV entry can be uncoupled from
caveolae internalization with respect to uptake and infection,
and it is therefore unlikely that A-MLV changes its normal
uptake route from caveolae to macropinocytosis in the absence
of the former.

As controls of specificity, we used E-MLV, Ad5, and VSV-G-
pseudotyped lentivirus. While the entry route of E-MLV remains
to be determined (43), both Ad5 and VSV-G (41) are internalized
through clathrin-coated pits. Ad2 and Ad5 are both internalized
via the same receptor complex of coxsackievirus and adenovirus
receptor (CAR) and integrins, which traffic through clathrin-
coated pits (42, 47). It is therefore assumed that Ad5, like Ad2,
depends on concurrent macropinocytosis to allow escape of virus
from endosomes by their lysis (47), and it has been reported that
100 �M EIPA inhibits Ad5 infection in HeLa cells (47). Note,
however, that pathogens and toxins that use the same cell surface
receptor do not necessarily traffic in an identical manner (16, 37),
and conversely, closely related vaccinia virus strains that present
the same envelope cell surface-binding antigen (phosphatidylser-
ine) internalize through different mechanisms of macropinocyto-
sis (48).

In addition, at least in our hands, such relatively high EIPA
concentrations also adversely affect clathrin-coated-pit endocyto-
sis in HeLa cells. In the present study, 35 to 50 �M EIPA inhibited
A-MLV infection by up to 85%, while entry and infection of VSV
and Ad5 were not inhibited. We speculate that if Ad5 requires
macropinosome formation for endosomal lysis and viral escape,
an incomplete block of macropinocytosis at the lower (specific)
concentrations of EIPA used here allows Ad5 escape (as a catalytic
mechanism), while A-MLV infection, which depends on macropi-
nocytosis as the direct physical entry mechanism, is severely
blocked.

Different mechanisms of macropinosome formation are ob-
served in cells under physiological conditions or following virus or
pathogen exposure, including lamellipodial ruffles and circular
ruffles (in addition to filopodial and blebbing macropinocytosis)
(24).

Lamellipodial ruffles are formed at the periphery and depend
on Rac1 and PAK1 for both ruffling and macropinosome closure
(49), whereas circular ruffles have a less stringent requirement for
PAK1 and maybe even Rac1, and macropinosome scission occurs
through dynamin activity (49–51). Activation of Rac1 is sufficient
to drive macropinocytosis (44), and we observe that introduction

of Rac1-V12G in both NIH 3T3 and HeLa cells increase macropi-
nocytosis and A-MLV infection. In contrast, whereas dominant
negative Rac1-N17A and PAK1-K299A blocked macropinocyto-
sis and A-MLV infection in NIH 3T3 cells as expected, this inhib-
itory effect was absent in HeLa cells, which also did not respond to
expression of dominant positive PAK1-T423E, reported to in-
crease macropinocytosis (27). Nevertheless, A-MLV infection in
HeLa cells expressing Rac1-V12G/Y40C, deficient in PAK binding
and activation, was not increased. The effect of Rac1-V12G there-
fore requires PAK1, but likely not in a classical manner.

Both RhoG and its GTP SH3-containing guanine nucleotide
exchange factor (SGEF) provoke the formation of circular dorsal
ruffles and macropinocytosis (29). Although RhoG can activate
Rac1 through regulation of GTP exchange factors of Rac1 (52),
cells expressing SGEF do not show an increase in active, GTP-
loaded Rac1 (29), and it is presently unknown how RhoG pro-
motes macropinocytosis. Since RhoG and dominant positive
RhoG-Q61L increased macropinocytosis and A-MLV infection to
the same extent as Rac1-V12G, our data indicate that A-MLV
infection, at least in HeLa cells, can occur through macropi-
nosomes formed from both lamellipodial and circular ruffles.
Along these lines, closely related strains of vaccinia virus can use
different forms of macropinocytosis to gain cell entry by differen-
tial activation of Rac1 and Cdc42 GTPases (48). The 30% decrease
in A-MLV infection following expression of dynamin-1-K44A
that we observed could therefore to a degree reflect A-MLV entry
through macropinosomes formed from circular ruffles, which re-
quire dynamin function.
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