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Abstract

Receptor-mediated folate uptake is initiated by binding of ligand to a
glycosyl phosphatidylinositol-anchored protein, folate receptor a (FRa).

This receptor is expressed in a limited number of normal tissues but is
overexpressed in a large number of epithelial malignancies. FRa synthe
sis, at least in part, is regulated by endogenous folate and by hormones in
some cells, but much less is known about the control of function. Recently,
we showed that phorbol 12-myristate 13-acetate increases the rate of

receptor cycling, increases the rate of folate delivery, and causes the
majority of the receptor to reside on the cell surface in nonmalignant cells
in vitro (C. M. Lewis et al., Biochim. Biophys. Acta, 1401: 157-169,1998).

However, based upon effects (or lack of effects) of specific inhibitors of
protein kinase C, the mechanism of action of phorbol 12-myristate 13-
acetate is not likely via protein kinase C. Because exo- and endocytosis are
controlled by the actin cytoskeleton, we tested cytochalasin D and latrun-
culin B, actin-disrupting agents, on FRa-mediated folate uptake. Disrup

tion of the actin cytoskeleton reversibly increases the proportion of recep
tors on the cell surface and increases the rate of 5-methyltetrahydrofolate

delivery. Disrupting microtubules with nocodazole had no effect. The
increased rate of folate delivery caused by cytochalasin D is not observed
in FR-negative cell lines. Although we have not yet identified the upstream
effectors, likely candidates include small (Â¡-proteins such as rho, which

are known to cause actin polymerization. In addition to identifying the
machinery for receptor-mediated folate uptake, it may be important to

integrate this new data into studies of FRa as a tumor antigen for imaging
or delivering molecules via anti-FR antibodies or compounds coupled to

folie acid.

Introduction

In mammalian cells, folates (and anti-folates) are internalized pri
marily by one of two mechanisms, a carrier-mediated or a receptor-

initiated process. The vast majority of cells internalize folate via a
12-transmembrane spanning protein known as the RFC3 (1, 2). The
RFC has a low affinity (A"d= 1-5 JUM)for 5CH3THF, the predominant

form of folate found in human plasma (10-20 nM). This bidirectional,

nonconcentrative carrier is widely expressed in human tissues. The
RFC has functional similarity to the recently cloned organic aniÃ³n
transporter and canalicular multispecific organic aniÃ³ntransporter in
kidneys and bile canalicular membranes (3, 4).

The second mechanism, receptor-mediated uptake, appears to be

important to package, concentrate, or prevent folate loss in a subset of
tissues such as the choroid plexus, the syncytiotrophoblastic cells of
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the placenta, and the proximal tubule cells in the kidney (reviewed in
Ref. 5). FRa expression is increased in many epithelial carcinomas
and has been exploited for diagnostic and therapeutic purposes (6, 7).

Although there is much debate as to its precise location and how
much receptor is clustered (8-11), the kinetics of folate uptake have

been well defined (12, 13). Folate uptake is initiated via binding to
FRa (Kd Â«1and <0.1 nM for 5CH3THF and FA, respectively). At
37Â°C,there are two pools of membrane receptors: one external, which

is AL; and one protected, or AR, which is constantly interchanging.
Surface ligand (i.e., AL) removed by an acid wash is equivalent to the
amount of ligand bound at 4Â°C.The affinity of FRa for 5CH3THF

markedly decreases at pH 5.5; therefore, mild acidification of the AR
fraction by a proton pump should release the ligand and allow delivery
to the cytoplasm (13). In this regard, bafilomycin, an inhibitor of the
V-type proton pump, inhibits folate uptake in MA 104 and JAR cells

(14).
Recently, we identified PMA as the first positive modulator of

receptor mediated folate uptake (15). In confluent MA 104 cells, PMA
increases the rate of 5CH3THF uptake and results in a new steady-

state distribution, such that most of the receptors are in an AL state.
Based upon experiments using highly specific inhibitors of PKC, we
concluded that effects of PMA are not due to the activation of PKC
(15). Because the actin cytoskeleton is involved in processes such as
endo- and exocytosis (16, 17), we studied the effects of actin-disrupt
ing agents on receptor-mediated folate uptake. The results are the

subject of this report.

Materials and Methods

Materials. RPMI 1640 (-FA) was from Life Technologies, Inc. (Grand

Island, NY), fetal bovine serum from Atlanta Biologicals (Norcross, GA), and
T25 flasks from Costar (Cambridge, MA). Monensin was purchased from
Calbiochem (San Diego, CA), and Latrunculin B was from Alexis Biochemi-
cals (San Diego, CA). [3',5',7,9-3H]FA and (65)-[3',5',7,9-3H]5-methyltetra-

hydrofolic acid, both 10-30 Ci/mmol, were obtained from Moravek Biochemi-

cals (Brea, CA). FA polyglutamate standards were from Dr. G. Nair
(University of South Alabama, Mobile, AL). FA, DL-5-methyltetrahydrofolic

acid, nocodazole, cyto D, probenecid, trypsin, HBS, penicillin/streptomycin
solution, and all other reagents were bought from Sigma Chemical Co. (St.
Louis, MO).

Cell Culture. MA 104, a monkey kidney cell line, was purchased from
Whittaker M.A. Bioproducts and grown in FA-free RPMI 1640 supplemented
with 20 nM DL-5CH3THF, 5% fetal bovine serum, 100 units/ml of penicillin,
and 0.1 mg/ml of streptomycin at 37Â°Cunder 5% CO2 in humidified air. Cells

were plated at 200,000 cells per T25 flask on day 0 and fed on day 4;
experiments were done on day 8. The cells plated for experiments were not
supplemented with 20 nM 5CH3THF.

[3H]FA Binding Assay. Cells were washed with PBS without Ca2+ and
Mg2+ and incubated in HBS containing 5 nM [3H]FA. A nonspecific binding

control contained 500 nM FA. At the times indicated, the cells were processed
as detailed (15). Briefly, the cells were chilled, rinsed twice with PBS, and
washed with acid saline. The acid wash and following rinse were used to
determine the AL pool. The AR fraction was collected by dissolving the cells
in 0.1 NNaOH.
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Fig. l. Effect of cytoskeletal dismptÃngagents on
folate delivery. In A, day 8 MA104 cells were treated
with cytochalasin D for 2 h or nocodazole for l h prior
to measuring 20 nM 5-methyl['H]tetrahydrofolate cy-

toplasmic uptake over 20 min. In B, cells were treated
with lat B for 2 h prior to measuring folate uptake as
in A. C-M, cells were treated with drug(s) as described
above and then fluorescently labeled for tubulin (C-G)
or F-actin (H-M). C and H. control; D and L, 10 Â¿IM

cyto D; E and M, 0.2 fig/ml lat B; F and K, 10 (M
Noe; G, 10 IJMcyto D and 10 ^M Noe; /, 1 /Â¿Mcyto
D; J, 0.02 /ig/ml lat B. Bar. 10 /im.
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Fig. 2. cyto D increases receptor-mediated delivery. Day 8 MA104 cells were incu

bated with 20 nM FA for 3 h, 10 mM probenecid (prob) for 30 min, or 25 (IM monensin
(mon) for 30 min before the addition of 20 nM 5-methyl['H]tetrahydrofolate for 1 h. "Cyto
D" cells were incubated with 10 \IM cyto D 2 h prior to the addition of the radiolabel. The

percentage of delivery (shown above each bar) = 100 X (amount of folate delivered per
condition/amount of folate delivered by "control" or "cyto D"). Bars, SE.

5-Methyl[3H]tetrahydrofolate Uptake. The cells were washed once with

PBS, followed by the addition of 20 nM radiolabel in HBS. Nonspecific flasks
included 6.6 /AM5CH,THF. The cells were harvested as detailed elsewhere
(15). Briefly, the cells were chilled and rinsed, and then buffer ( 10 mM Tris, pH
8.0 with 1% ÃŸ-mercaptoethanol, and 50 nM 5-CH,THF) was added. Each flask
was kept at â€”¿�70Â°Cuntil needed. The flasks were thawed, and cell monolayers

were scraped, collected and spun at 100,000 X g (15). Aliquots of the
supernatant were counted to determine total uptake or subjected to reverse-

phase C,8 column chromatography to measure folylpolyglutamates (12, 13).
The pellet was dissolved in 0.1 N NaOH to determine membrane binding.

Immunofluorescence Microscopy. Cells were plated (8 X IO3 cells/cm2)

onto glass coverslips in 12-well dishes. The BODIPY phallacidin-treated
samples were fixed on ice for 30 min in 4% formaldehyde; FITC tubulin-
treated samples were fixed in â€”¿�20Â°Cmethanol for 5 min. After fixation, cells

were rinsed quickly two times with HBS. To analyze F-actin staining, cells
were then permeablized for 10 min in 0.1 % Triton X-100 in PBS + + (PBS, 0.1
g/1 CaCl2 and 0.1 g/1 MgCl-6H2O), followed by 15 min in 1% BSA/PBS+ +

on ice. Cells were then treated with BODIPY FL phallacidin according to the
manufacturer's instructions for 1 h at room temperature. The coverslips were

washed three times in 1% BSA/PBS+ + for 5 min and then mounted on slides.
Coverslips that were fixed and permeablized with methanol were treated with

1% BSA/PBS + + for 15 min, followed by a 1-h incubation with undiluted
ascites fluid containing the anti-tubulin antibody (a gift from Dr. George

Bloom, UT Southwestern Medical Center). The coverslips were washed three
times and incubated 1 h with FITC-goat anti-mouse IgM. After washing three

more times, they were mounted on slides. The fluorescent images were viewed

using an Axiovert35 Carl Zeiss microscope (Thornwood, NY) with a 63X/1.4
NA lens. The images were captured using a Quantix cooled CCD camera from

Photometries (Tucson, AZ) using Oncor Image version 2 software (Oncor,

Inc., Gaithersburg, MD) and processed using Adobe Photoshop 4.0 (Adobe
Systems, Inc., San Jose, CA).

Data. The data shown are representative experiments that have been re
peated at least three times in triplicate. In some figures, the error bars (SEM)
are smaller than the symbol. Nonspecific controls for [3H]FA and
5CH3[3H]THF were =3-4% and 10-12%, respectively.

Results and Discussion

Actin Disruption Increases Receptor-mediated Folate Delivery.
As assessed in a 20-min period (within the linear phase of folate
accumulation), after an initial incubation of the cells with cyto D or
nocodazole, cyto D increased uptake of 5CH3THF delivery 2-fold,
whereas the microtubule-disrupting agent nocodazole had no effect

(Fig. IA). Only concentrations of cyto D that disrupted the cortical
actin filaments altered the rate of uptake (Fig. 1, compare //, /, and L);
destroying the tubulin network had no effect (Fig. 1, compare A with
C-G).

To further verify that this effect on folate delivery was due to actin
depolymerization, another actin-disrupting agent, lat B, which de
stroys actin filaments by a different mechanism (18), was tested. As
with cyto D, only concentrations that disrupted the cortical actin
structure altered folate delivery (Fig. IÃŸ).

We have shown previously that as MA 104 cells reach confluence in
vitro, the major mode of folate delivery shifts from a carrier-mediated
to a receptor-mediated mechanism (19). To verify that the increased

rate of folate delivery induced by cyto D is receptor dependent in
quiescent MA104 cells, rather than a reversion to a carrier-mediated
process, we exposed cyto D-treated cells to compounds known to
inhibit various steps in uptake and then measured initial folate deliv
ery rates (12, 13, 15). The inhibition was the same in control and cyto
D-treated cells (Fig. 2).

The specificityof cyto D for receptor-mediateduptake was supported
by the finding that the initial rate of folate or methotrexateuptake in three

Fig. 3. cyto D redistributes the FR pool. Day 8 MA104 cells were
incubated with 5 nM |'H]FA at 37Â°Cfor 3 h prior to the addition of 10

/Â¿Mcyto D (time zero), and then AL and AR in control (â€¢)or cyto
D-treated (A) cells were measured, insets show the total ['H]FA binding

subdivided into AL (white) and AR (black) binding. The left inset is
control cells at time zero and cells treated with cyto D for 5 min; the
right inset is cells 3 h later. Bars, SE.
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Fig. 4. Effects of cylo D are reversible. In A. day 8 MA104 cells were treated with 10 Â¿IMcyto D for 2.5 h. and then the drug was removed. AL |'H|FA binding {â€¢)and initial
folate delivery rates (A) were determined at various times throughout the experiment. To measure AL binding, cells were incubated in 5 nM | 'H|FA for the last 3 h at 37Â°C.However,
to measure initial folate delivery rates, 20 nM 5methyl[3H)tetrahydrofolate was added to each flask for the last 20 min at 37Â°C.AL binding and 5mcthyl[ 'Hltctrahydrofolate delivery

of control cells were defined as 100%. Additionally, some cells were treated with cyto D for 7.5 h (no washout; A. folate delivery: Q AL binding) or restimulaled with cyto D again
for 2.5 h at the 5-h time point (V, folate delivery; â€¢¿�,AL binding). Bars, SE. In B, total |'H]FA binding was measured under the following conditions: cells treated with cyto D for

the indicated times (A); cells in which cyto D has been washed out at the 2.5-h time point (A); and cells in which cyto D has been washed out at the 2.5-h time point and then added
back at 5 h (O). Bars. SE. C-J, cells were treated with cyto D as indicated below and then fluorescently labeled for F-actin: no drug (C); cyto D exposure tor 45 min (t)\. 1.5 h (Â£).
or 2.5 h (F); 2.5-h cyto D exposure and then drug washout for 45 min (C). 1.5 h (//), 2.5 h (/); or 2.5-h cyto D treatment followed by 2.5-h drug washout and 2.5-h reexposure to cyto

D C/). Bar. 10 /un.

FR-negative cell lines, L1210 leukemia and two brain tumor lines, U-373

MG and BT104, were not affected by cyto D (data not shown).
Cyto D Increases the AL Receptor Pool. In addition to increasing

the rate of folate delivery, PMA caused a redistribution of folate
receptors (15). Cyto D also increases the AL pool (Fig. 3). After 3 h,

the AL pool increased from 35 to 62% of total membrane binding.
This increase in surface receptors was not due to an increase in total
receptor (Fig. 3. insets).

The Effects of Cyto D Are Reversible. With such drastic mor
phological changes in MA 104 cells treated with either cyto D or lat B,
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we tested whether these cells could return to their initial morpholog
ical state as well as basal FR distribution and rate of folate delivery.
Cells were treated with cyto D for 2.5 h, the drug was removed, and
the cells were monitored for an additional 5 h. The AL fraction
returned to the control value within 1.5 h (Fig. 44). Moreover, cells
that had cyto D removed at 2.5 h and then added back at 5 h
redistributed the folate receptors to the same extent as if the drug was
never removed. Treatment with cyto D for 7.5 h does not kill the cells
nor are there any significant changes in total FA binding (Fig. 4ÃŸ).

Quite surprisingly, however, the increased rate of 5CH3THF deliv
ery to the cytoplasm did not return to the basal rate in the same time
that receptor distribution returned to control (1.5 h). In fact, 5 h after
cyto D removal, the folate delivery rate was still significantly ele
vated.

Fluorescent microscopy shows that upon addition of cyto D, stress
fibers and cortical actin disappeared by 45 min (Fig. 4D). The cells
continued to contract and lose more contact points with the substratum
as drug exposure continued (Fig. 4, E and F). Once the drug was
washed away, stress fibers were the first to reappear (Fig. 4G),
followed by cortical actin filaments and finally intercellular contacts
(Fig. 4/). If at this time cyto D was added for an additional 2.5 h, the
morphology was identical to cells treated with cyto D for 2.5 h (Fig.
4, compare F and J). The reappearance of actin filaments correlates
well with FR distribution but not the changes in the rate of folate
delivery. It is likely that some undetectable aspects of the actin
cytoskeleton are still not properly organized 2.5 h after drug washout.

The data presented here show that cyto D and lat B, but not
nocodazole, alter the functional membrane localization of the FR and
the initial rate of 5-CH,THF uptake. We conclude that the control(s)
of receptor-mediated folate uptake resides in the integrity of the actin

cytoskeleton. Several lines of evidence suggest that there is some
specificity to this process: (a) nocodazole had no effect, thus making
it unlikely that microtubules are involved; (b) inhibitors of receptor-

mediated uptake had the same degree of effect on control and cyto
D-treated cells; and (c) cyto D was without effect on receptor-negative

cells. This last point also suggests that the RFC is not significantly
regulated by the actin cytoskeleton.

Because PMA causes the same types of changes as cyto D, but this
effect is not likely mediated by PKC (15), the signal(s) that affects FR
function remain as yet undefined. One possible pathway is via a class
of small GTPase molecules such as rho and rac. The rho family has
been implicated in pathways controlling endocytosis and exocytosis
(16, 17). One model, set forth by Ridley, is that rho prevents vesic-
ulation (internalization) of critical molecules, leaving them constitu-

tively active on the surface to react to a ligand (20). This is consistent
with the folate receptor being primarily in an AL state. Experiments
with C3 transferase, which inactivates rho through ADP ribosylation,
should yield interesting information. For now, we have identified the
actin cytoskeleton as an important component of receptor-mediated
folate uptake and FR location. This "opens the door" to more com

pletely defining the upstream modulators of this process and any
differences that may exist between normal and malignant cells.
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