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SUMMARY
The enterocytic differentiation of Caco-2 cells, a human
colon adenocarcinoma cell line, is accompanied by the transcriptionally regulated expression of a subset of proteins
and their correct sorting towards the cell surface. In the
present work we have explored the possibility that posttranslational events may interfere with this process by
investigating the short term effects of a potent adenylyl
cyclase activator, forskolin, on cell surface expression of
dipeptidyl peptidase IV. Previous works have shown that
this protein is targeted towards the apical domain through
either a direct or an indirect route. Domain specific biochemical experiments demonstrate that cell surface
expression of neosynthesized dipeptidyl peptidase IV
rapidly decreases after a 1 hour forskolin treatment. Both
initial basolateral and apical dipeptidyl peptidase IV
membrane delivery were altered by forskolin treatment.
Decrease of dipeptidyl peptidase IV cell surface expression
was not restricted to this protein, since membrane
expression of ‘525’ antigen, a basolateral protein and of

INTRODUCTION
Caco-2 cells, originating from a human colon adenocarcinoma
(Fogh et al., 1977; Pinto et al., 1983) are, together with MDCK
cells and hepatocytes, among the most popular cell models
used to study the protein sorting machinery in polarized
epithelial cells (Hopkins, 1991; Le Bivic et al., 1990; Matter
et al., 1990a; Mostov et al., 1992; Rodriguez-Boulan and
Powell, 1992; Simons and Wandinger-Ness, 1990). These
studies have demonstrated that in Caco-2 as in normal intestinal cells, apical (brush border) proteins follow a more
complex sorting pathway as compared to other cell systems.
Some proteins like sucrase-isomaltase (SI) or GPI-anchored
proteins use mostly a direct pathway whereas other proteins,
such as dipeptidyl peptidase IV (DPP IV) use at least in part
an indirect pathway passing first through the basolateral
membrane before reaching the apical membrane by transcy-

sucrase-isomaltase, an apically targeted hydrolase, which
unlike dipeptidyl peptidase IV mainly follows a direct route
to the brush border membrane, also decreases. In addition
endocytosis of proteins from the apical and from the basolateral domain was essentially unchanged, suggesting that
forskolin’s target may be located on the exocytic pathway.
Confocal laser scanning microscopy and immuno-electron
microscopy studies demonstrate that, within 5 minutes of
forskolin treatment, the cell surface proteins studied accumulate in intracellular vesicles which were co-labeled with
a polyclonal antibody raised against Lamp-1, a lysosomal
membrane marker. Electron microscopy studies show that
these vesicles display an autophagic-like morphology.
Finally, biochemical experiments indicate that dibutyryl
cAMP does not mimick the forskolin effect, thus suggesting that it is a cAMP-independent phenomenon.
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tosis (Feracci et al., 1985; Garcia et al., 1993; Le Bivic et al.,
1990; Matter et al., 1990b). A small pool of these proteins may
be routed either directly or indirectly to lysosomes where they
are degraded. From endosomes they may be recycled to the
surface or to lysosomes (Fransen et al., 1988; Ginsel et al.,
1988; Matter et al., 1990b).
A powerful approach to a better understanding of this
complex phenomenon is the use of drugs that may act on trafficking and/or sorting events. This includes: (i) drugs known
to inhibit glycosylation processing enzymes (Elbein, 1987;
Ogier-Denis et al., 1990; Trugnan et al., 1991); (ii) drugs
modifying structures and/or functions of subcellular compartments, as for example monensin (Akin et al., 1987; Stewart
and Kenny, 1984; Tartakoff, 1983) or brefeldin A (Fujiwara et
al., 1988; Lippincott-Schwartz et al., 1989; Low et al., 1992;
Misumi et al., 1986; Pelham, 1991); and (iii) drugs acting on
the cytoskeleton, especially on microtubules (Achler et al.,

2110 L. Baricault and others
1989; Eilers et al., 1989; Gilbert et al., 1991; Hunziker et al.,
1991; Matter, 1990b).
We previously discovered that forskolin (FK), a potent
activator of adenylyl cyclase (Seamon and Clark, 1985), which
cannot be classified as being in one of the above described drug
groups, may induce in Caco-2 cells a decrease in the brush
border appearance of intestinal hydrolases after a long
exposure of the cells to the drug (Rousset et al., 1985, 1989)
and that FK’s target may be located in the TGN or in a later
compartment (Baricault et al., 1993). Other recent data, mainly
derived from studies on MDCK cells, also indicate that FK
may interfere with protein cell surface expression. In these later
experiments, however, FK has been shown to stimulate apical
exocytosis (Hansen and Casanova, 1994; Pimplikar and
Simons, 1994) or apical endocytosis (Eker et al., 1994),
through a cAMP-dependent pathway. This prompted us to reinvestigate whether Caco-2 cells, which have a different pattern
of protein intracellular traffic and sorting as compared to
MDCK, may display similar traffic perturbations after short
periods (5 minutes to 24 hours) of FK treatment.
Using biochemical, immunohistochemical and immunoelectron microscopy techniques, we show that short FK treament
leads to a decreased cell surface expression of newly synthesized DPP IV and its concommitant accumulation in intracellular vesicles. Newly synthesized sucrase-isomaltase (SI), an
apically targeted protein that reaches the brush border
membrane mostly through a direct pathway (Garcia et al.,
1993; Le Bivic et al., 1990; Matter et al., 1990b), and newly
synthesized 525 antigen, a basolateraly targeted protein (Le
Bivic et al., 1987) also displays a reduced cell surface
expression associated with an intracellular accumulation after
5 minutes to 7 hours of FK treatment. Endocytosis was determined for an apical (DPP IV) and a basolateral (525 antigen)
protein from both the apical and the basolateral membrane and
was shown to be essentially not modified, thus indicating that
this process is not involved in the above observations. Morphological characterization of the vesicles in which proteins
accumulate indicates that they were colabeled with anti-Lamp1 antibodies, reported to recognize a resident lysosomal
membrane protein (Carlsson et al., 1988). Electron and
immuno-electron microscopy studies have allowed us to show
that these vesicles display an autophagic-like morphology. The
possible mechanisms underlying these observations will be
discussed in view of the fact that dibutyryl cAMP does not
mimick the effect of FK, thus suggesting that it is cAMP-independent.
MATERIALS AND METHODS
Cell culture and drug treatments
Caco-2 cells were obtained from J. Fogh (Memorial Sloan Kettering
Cancer Center, Rye, NY) and were grown at 37°C in a 10% CO2/90%
air atmosphere in Dulbecco’s modified Eagle’s minimum essential
medium (Gibco Europe, Glasgow, Scotland) supplemented with 20%
heat inactivated (56°C, 30 minutes) fetal calf serum (Gibco), 1% non
essential amino acids (Gibco), and 1% penicillin-streptomycin
(Gibco), as previously described (Pinto et al., 1983; Rousset et al.,
1985). This medium was changed 48 hours after seeding and then
daily. For cell maintenance and for biochemical studies, cells were
seeded at 1×104 cells per cm2, in 25 cm2 plastic flasks (Corning Glassworks, Corning, NY). For domain specific biochemical assays and

immunofluorescence studies, cells were seeded at 1×105 cells per cm2
on Transwells (Costar Inc., Cambridge, MA) as previously described
(Le Bivic et al., 1990). Caco-2 cells (passages 65-85) were routinely
passaged every 6 days and used after 15-20 days of culture. FK was
obtained from Calbiochem (La Jolla, San Diego, CA), diluted 1:1000
in ethanol and used at 5×10−5 M. Previous work has shown that this
concentration of FK and the presence of diluted ethanol is without
effect on growth and viability of Caco-2 cells (Rousset et al., 1985).
Caco-2 cells were treated with 5×10−5 M FK for 1 hour before starting
the labeling period. It has been previously shown that in FK-treated
Caco-2 cells cAMP concentration increases immediately and rises to
its maximal value within 30 minutes (Rousset et al., 1985).
Antibodies
Three different antibodies specific for DPP IV were alternatively
used: (i) a rabbit polyclonal antiserum (L1650) which specifically recognizes rat (Darmoul et al., 1991b) and human (Darmoul et al., 1992)
intestinal DPP IV; (ii) a rat monoclonal antibody (4H3) provided by
J. P. Gorvel (Gorvel et al., 1991); and (iii) a mouse monoclonal
antibody (HBB/3/775/42), provided by H. P. Hauri (Hauri et al.,
1985). These three specific anti-DPP IV antibodies were used in the
following studies for immunocytochemistry or immunoprecipitation.
A polyclonal (872) and a monoclonal (BB6) antibody, raised against
Lamp-1, a lysosomal protein (Carlsson et al., 1988), were a gift from
S. R. Carlsson (University of Umea, Sweden). A monoclonal
antibody, 525.5.4., that recognizes a protein strictly restricted to the
basolateral membrane of enterocytes but whose function is still
unknown (Le Bivic et al., 1987) was kindly provided by A. Le Bivic
(CNRS, Marseille Lumigny, France). The polyclonal antibody raised
against human sucrase-isomaltase has been previously described and
was kindly provided by I. Chantret (Trugnan et al., 1987). Anti-rabbit,
anti-rat and anti-mouse fluorescein- or rhodamin-coupled
immunoglobulins were obtained from Jackson (West Growe, Pennsylvania, USA).
Cell labeling, pulse-chase experiments, domain specific
biochemical assays, immunoisolation and SDS-PAGE
Domain specific biochemical assays on filter-grown Caco-2 cells were
performed according to a previously published technique (Le Bivic et
al., 1989). Briefly, cells grown on filters were incubated for 30
minutes in DMEM without methionine and cysteine, then labeled for
20 minutes using 0.8 mCi/ml of Trans35S-label (ICN Biomedicals Inc.
Costa Mesa, CA). After a wash with DMEM, cells were chased in
DMEM containing 5× cysteine and methionine for the indicated time
and kept at 4°C in NaCO3H free DMEM, 20 mM Hepes and 0.2%
BSA before biotinylation. Specific cell surface biotinylation with SNHSS biotin (Pierce, Rockford, IL) was carried out twice in succession for 20 minutes each. After biotinylation, cells were processed for
immunoprecipitation using specific antibodies and Protein ASepharose beads (Pharmacia, Uppsala, Sweden). Biotinylated
antigens were recovered with streptavidin agarose beads (Pierce) as
described (Le Bivic et al., 1989).
Immunopurified antigens were analyzed on 6-15% polyacrylamide
slab gradient gels. For biosynthesis and maturation studies, the same
amount of cellular protein was loaded in each lane in order to allow
quantitative comparisons. 14C-labeled proteins were used as standard
molecular mass markers (Amersham International plc, Amersham,
UK). After electrophoresis, gels were impregnated with Amplify
(Amersham) and analyzed by fluorography. Quantitation of immunoprecipitated antigens was achieved by scanning the fluorograms using
a densitometric scanner (MacIntosh driven Onescanner) and Image
1.45 as a software. Control immunoprecipitations were carried out
using the same protocol in the absence of antibody. In this case, no
specific signal was detectable.
Endocytosis experiments
Cells grown on filters were pretreated with 5×10−5 M FK. After 30
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minutes starvation in DMEM without cysteine and methionine, cells
were pulsed for 20 minutes with 1 mCi/ml of 35S labeling mix (NEN,
Boston, MA) and chased for 3 hours 30 minutes at 37°C in complete
DMEM. After two rapid washes, anti-DPP IV or anti-525 antibodies
were selectively applied to the apical or basolateral face at a concentration of 5 µg/ml and incubated for 1 hour at 37°C. All steps were
performed with or without 5×10−5 M FK. Cells were then cooled at
4°C and washed four times with cold PBS containing 1 mM MgCl2
and 0.1 mM CaCl2.
Non internalized antibodies were removed by two successive 2
minute washes with cold elution buffer (0.2 M acetic acid, 0.15 M
NaCl). After three washes with cold PBS, cells were lysed and
immune complexes were recovered using Protein A-Sepharose beads
(Pharmacia) precoated with rabbit polyclonal anti-mouse IgG
(Dakopatt, Glastrup, Denmark). Analysis of immnoprecipitated
samples was done on 6-15% polyacrylamide slab gradient gels and
quantified as above. Endocytosis was calculated as the ratio of the
radioactivity recovered for each protein on each face after acid
treatment versus before acid treatment.
Immunofluorescence studies and confocal laser scanning
microscopy
Indirect immunofluorescence was performed on cells grown on filters
according to previously published techniques (Zweibaum et al.,
1984). After medium removal, cells were rinsed three times with icecold PBS, fixed for 10 minutes at room temperature with 2%
paraformaldehyde and permeabilized with cold methanol (at −20°C)
for 10 minutes.
Confocal laser scanning microscopy (CLSM) was performed using
a Bio-Rad MRC 1000 confocal system mounted on a Diaphot II Nikon
microscope or with a Leica TCS 4 D confocal microscope, mounted
on a Leica DMIRB microscope. Settings and procedure have been
previously thoroughly described (Baricault et al., 1993).

basolateral pathway. Furthermore, it should be pointed out that,
as previously shown for long term FK treatment (Baricault et al.,
1993), FK does alter neither the overall biosynthesis of the
protein nor its maturation kinetics. In the initial part of the chase
(i.e. from 1 to 4 hours of chase) the rate of apical DPP IV delivery
is decreased (Fig. 1A,C, left panels, and 1E). During the same
chase period, the basolateral DPP IV delivery is also decreased
as shown in Fig. 1A,C (left panels) and 1F. Contrary to this, for
longer chase periods (i.e. 4 to 23 hours) both the apical appearance and the basolateral disappearance of DPP IV are comparable in control and FK-treated cells. It should be pointed out that
FK never reverses the polarized expression of DPP IV, as shown
in Fig. 1G, where the ratio of apical to basolateral is plotted versus
the duration of chase. These results seem to indicate that FK
blocks the initial delivery of DPP IV to both plasma membranes
and raised several questions: (1) is the FK-induced blockade of
DPP IV intracellular transport a more general phenomenon? (2)
Does FK block the exocytosis or increase endocytosis from the
apical and/or basolateral side? (3) Where do these proteins accumulate inside the cells? (4) What is the kinetics of this phenomenon? (4) Does FK act through its cAMP elevating effect?

RESULTS

The forskolin-induced blockade of DPP IV
intracellular transport is a more general
phenomenon
To address this question, domain specific biochemical assays
were performed with 525 antigen, a strictly basolaterally
targeted protein (Le Bivic et al., 1987), and sucrase-isomaltase,
an apically targeted protein, which is mostly sorted to the
apical membrane through the direct pathway (Garcia et al.,
1993; Le Bivic et al., 1990; Matter et al., 1990a). Caco-2 cells
were treated for 1 hour with 5×10−5 M FK prior to a 20 minute
pulse and cells were then chased for 6 hours. Biotinylation was
performed on both sides of the filters and labeled proteins were
recovered from the plasma membrane compartments as
described above, using immunoprecipitation and streptavidin.
Results, shown in Fig. 2, indicate that the two proteins are
correctly processed and are expressed as complex mature glycoproteins after a one hour FK pre-treatment and a six hour
chase in the presence of the drug. In the meantime, FK reduces
by about 50% the membrane delivery of 525 antigen and of SI.
It should be noted that, in the particular conditions used in this
study, SI biosynthesis was not affected, contrary to what has
been observed previously (Rousset et al., 1985, 1989). This
result suggested that FK may exert a general effect on the
sorting of apically or basolaterally targeted proteins.

Forskolin impairs both the apical and the
basolateral DPP IV membrane delivery
To study the short term effect of FK on DPP IV membrane
delivery, domain specific biochemical assays were performed on
filter-grown Caco-2 cells pretreated for 1 hour with 5×10−5 M
FK before a 20 minute labeling pulse and various chase periods
(1, 2, 3, 4, 6 hours and 23 hours) to follow the complete sorting
process (Le Bivic et al., 1990; Matter et al., 1990a). Biotinylation was performed either on the apical or on the basolateral side
of the cells and DPP IV was immunoisolated from either the
whole cell homogenate or from the apical or the basolateral
membranes by using streptavidin-agarose beads. Results
presented in Fig. 1 indicate that FK interferes with DPP IV
delivery to the plasma membrane through both the apical and the

FK does not increase endocytosis from the apical or
the basolateral side
Since the reduced protein cell surface expression may result
either from a block on the exocytic route or from an increased
endocytosis, experiments were carried out on filter-grown
Caco-2 cells to measure the contribution of this later process.
Endocytosis was analyzed from both the apical and the basolateral side for DPP IV and for 525 antigen. As shown in Fig.
3 and Table 1, endocytosis of DPP IV from the apical
membrane of control Caco-2 cells is low, a result that confirms
previous data (Klumperman et al., 1991; Matter et al., 1990c).
Interestingly, FK does not significantly change the rate of DPP
IV apical endocytosis. As shown in Fig. 4 and Table 1, basolateral endocytosis of 525 antigen, a stricly basolateral protein,

Electron microscopy
Filter-grown Caco-2 cells were cultured as above. Ten days after confluency, cells were treated with 5×10−5 M FK for 5 minutes to 7 hours
and fixed with a freshly prepared solution of 0.1% glutaraldehyde in
1% paraformaldehyde for 1 hour at room temperature. Filters were
stored in 1% paraformaldehyde at 4°C until use. After fixation, cells
were washed and gently scraped with a spatula with a rubber tip,
pelleted in 10% gelatin, postfixed and stored for at least 24 hours at
4°C in 1% formaldehyde in 0.1 M phosphate buffer. Ultrathin
cryosections were cut on a Leica cryoultramicrotome and incubated
with the different primary and secondary antibodies and finally with
Protein A complexed to colloidal gold particles. Section were
observed with a Jeol JEM 1010 operating at 80 kV.
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is low and remains insensitive to FK treatment. On the other
hand, basolateral endocytosis of DPP IV is relatively high (Fig.
3 and Table 1), a result that may partly reflect the fact that DPP
IV is actively transcytosed from the basolateral to the apical
membrane (Le Bivic et al., 1990; Matter et al., 1990a). Again,
FK was unable to significantly increase DPP IV basolateral
endocytosis. Together these results favor the idea that, in the
experimental model used here, FK does not interact with an
endocytic process but rather interferes with a step located on
the exocytic route.

Fig. 1. Forskolin impairs both the apical and
the basolateral DPP IV membrane delivery.
Filter-grown Caco-2 cells were treated for 1
hour either with 1:1000 ethanol (A and B) or
with 5×10−5 M FK (C and D). A 20 minute
labeling pulse was started 60 minutes after
the begining of drug treatment. Cells were
then chased in the continuous presence of the
drug for 1, 2, 3, 4, 6 and 23 hours to follow
the complete sorting process. At the end of
the chase period, biotinylation of either the
apical or the basolateral side of the filters
was performed and apical (left panels) or
basolateral (right panels) DPP IV was
recovered using immunoprecipitation and
streptavidin-agarose (A and C). A 1/10
aliquot was removed before the streptavidin
agarose step in order to verify that the
amount of total labeled DPP IV was not
modified during the chase period (B and D).
Total and cell surface DPP IV recovered
after streptavidin agarose precipitation was
analyzed by a 6-15% SDS-PAGE gradient.
Cell surface delivery was quantified by
scanning the gels. The apical delivery of
DPP IV was calculated for each chase point
relative to the maximal apical appearance
(Control, 23 hours of chase) (E). The
basolateral delivery of DPP IV was
calculated for each chase point relative to the
maximal basolateral appearance (Control, 3
hours of chase) (F). The amount of DPP IV
detected on the apical surface over that on
the basolateral surface (A/B ratio) was
calculated for each chase point and was
plotted as a function of the chase duration
(G). FK decreases both the apical and the
basolateral appearance of DPP IV, without
changing the apical to basolateral ratio.

Mature cell surface proteins rapidly accumulate in
intracellular vesicles after short FK treatment of
Caco-2 cells
The intracellular localization of mature cell surface proteins
was examined in Caco-2 cells after 7 hours FK treatment by
using indirect immunofluorescence and CLSM on permeabilized cells. In control Caco-2 cells, DPP IV covers almost all
of the apical cell surface and displays a typical ‘cauliflower’
pattern that correspond to brush border-anchored proteins (Figs
5B, 6A). It should be noted that in these control cells few small
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Fig. 2. Forskolin impairs plasma membrane delivery of two other
proteins. Filter-grown Caco-2 cells were treated for 1 hour either
with 1:1000 ethanol (C, Control) or with 5×10−5 M FK (FK). A 20
minute labeling pulse was started 60 minutes after the begining of
the drug treatment. Cells were then chased for 6 hours in the
continuous presence of the drug. After biotinylation of the two sides
of the filters, cell surface SI or 525 antigen were recovered using
immunoprecipitation and streptavidin-agarose. Cell surface SI (A)
and 525 antigen (D), recovered after streptavidin agarose
precipitation were analyzed on a 6-15% SDS-PAGE gradient gel. A
1/10 aliquot was removed before the streptavidin agarose step in
order to verify that the amount of total labeled proteins was not
modified by drug treatment (B and E). Cell surface labeling was
quantified by scanning the gel and the intensity of each spot relative
to the control was calculated. Results were expressed as the
percentage of total membrane expression. FK reduces by about 50%
the amount of SI (C) and by about 40% the amount of 525 antigen
(F) delivered to the surface.

vesicular structures appear to be labeled with anti-DPP IV
antibody. When Caco-2 cells were treated with FK for 7 hours,
numerous intracellular vesicles became strongly stained (Figs
5D, 6C). These vesicles appear to be intracellular, as assessed
by performing sections with CLSM. They also appear heterogeneous in size with some being very large. Similar results
were obtained when Caco-2 cells were stained with an anti-SI
antibody (Fig. 6B,D), except that as previously mentioned, SI
labeling is much more heterogeneous in control Caco-2 cells
as compared to DPP IV, due to a mosaic pattern of this protein
(Beaulieu and Quaroni, 1991). Concomitantly, less vesicles
were apparent with anti-SI antibody in FK-treated Caco-2
cells, as compared to DPP IV staining. Finally it was shown
that FK also rapidly changes the cellular distribution of 525
antigen, with the emergence of numerous 525 positive vesicles
in 7 hour FK-treated Caco-2 cells (Fig. 5F,H).
Cell surface proteins-containing vesicles are
colabeled with Lamp-1, a resident lysosomal protein
Since the maturation of the three studied proteins has been
completed in control as well as in FK-treated cells (see Figs
1,2), this means that the protein must have reached the distal

Fig. 3. Endocytosis of DPP IV from the apical and the basolateral
membrane of Caco-2 cells is not modified by FK treatment. Cells
grown on filters were pretreated with 5×10−5 M FK. After 30
minutes starvation in DMEM without cysteine and methionine, cells
were pulsed for 20 minutes with 1 mCi/ml of 35S labeling mix (NEN,
Boston, MA) and chased for 3 hours and 30 minutes at 37°C in
complete DMEM. Anti-DPP IV antibody was selectively applied to
the apical or basolateral face at a concentration of 5 µg/ml and
incubated for 1 hour at 37°C. After removal of non internalized
antibodies using 0.2 M acetic acid, cells were lysed and immune
complexes were recovered using Protein A-Sepharose beads.
Analysis of immunoprecipitated samples was done on 6-15%
polyacrylamide slab gradient gels and radioactivity was quantified
using an Apple Onescanner. (A) A 24 hour exposure time of the gel,
and (B) the same gel after 5 days exposure. Endocytosis was
calculated as the ratio of the radioactivity recovered for DPP IV on
each face after acid treatment versus before acid treatment.

cisternae of the Golgi apparatus where terminal glycosylation
occurs. In addition the absence of significant changes of endocytosis (Figs 3,4 and Table 1) suggested that the decreased cell
surface expression of newly synthesized proteins may be due
to an alteration of a step located on the exocytic route.
Therefore the observed vesicles may be either part of the transGolgi or may correspond to post-Golgi compartments, i.e.
trans-Golgi network, lysosomes or endosomes. Since we have
previously shown that in long term FK-treated Caco-2 cells,
DPP IV accumulates in Lamp-1 containing vesicles (Baricault
et al., 1993), we looked for such a colocalization of DPP IV,
SI or 525 antigen with Lamp-1 in the present experiments. We
Table 1. Quantification of endocytosis of DPP IV and 525
antigen from the apical (AP) and the basolateral (BL) side
From side
AP

Control
FK

From side
BL

DPP IV

525

DPP IV

525

4.17
4.25

n.d.
n.d.

50.06
40.91

2.35
3.74

Gels similar to those displayed in Fig. 3 and Fig. 4 were quantified using a
densitometric scanner. The amount of endocytosis for one protein from one
side was calculated relative to the amount on the corresponding membrane as
described in the Materials and Methods. Results are mean of two
independent experiments with less than 10% inter-experiment variation. n.d.,
not detectable.
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Fig. 4. Endocytosis of 525 antigen from the apical and the
basolateral membranes of Caco-2 cells is not modified by FK
treatment. Experiments were performed on cells grown on filters as
described in Fig. 3 except that anti-525 antigen antibody was
selectively applied to the apical or basolateral face at a concentration
of 5 µg/ml. (A) A 24 hour exposure time of the gel, and (B) the same
gel after 5 days exposure. Endocytosis was calculated as the ratio of
the radioactivity recovered for 525 antigen on each face after acid
treatment versus before acid treatment.

therefore performed a series of double staining using an antiDPP IV mouse monoclonal antibody, or a rabbit polyclonal
antibody raised against SI, or a mouse monoclonal antibody
recognizing 525 antigen with either a rabbit polyclonal
antibody or a mouse monoclonal antibody raised against
Lamp-1, a protein which has been previously described to
specifically label lysosomal structures (Carlsson et al., 1988).
In control Caco-2 cells, the anti-Lamp-1 antibody stains small
intracellular vesicles, randomly distributed inside the cell (Fig.
5A), which appear to be clearly distinct from the apical DPP
IV staining (Fig. 5B). It should be noted, however, that a small
number of vesicular structures are labeled with both anti-DPP
IV and anti-Lamp-1 antibodies, a result that may reflect the
presence of DPP IV in lysosomes at steady state (Kyouden et
al., 1992; Matter et al., 1990c). In FK-treated Caco-2 cells,
Lamp-1 positive vesicles appear more heterogeneous in size
than in control cells, with some very large structures (Fig. 5C).
Comparison of DPP IV (Fig. 5D) and Lamp-1 stainings shows
that the two proteins colocalized. It should be noted that all
DPP IV-positive vesicles are also stained with anti-Lamp-1,
whereas several Lamp-1-positive vesicles do not contain DPP
IV. Quantification of the colocalization of DPP IV and Lamp1 has been made in a previous series of experiments (Baricault
et al., 1993) indicating that more than 60% of the two stainings
colocalized in FK cells whereas less than 10% of colocalization was detected in control cells. The colocalization of a Golgi
marker, CTR 314 (Jasmin et al., 1989), with DPP IV has also
been performed and was shown not to change when Caco-2
cells were treated with FK. Similar results were obtained with
the double staining using anti-SI and anti-Lamp-1 antibodies
(not shown). When control and FK-treated Caco-2 cells were
stained with 525 and Lamp-1 antibodies, it became apparent
that FK also induces a redistribution of 525 antigen to Lamp1 positive vesicles (Fig. 5E-H). Together these results are in
line with the biochemical data displayed in Fig. 2, indicating

that a 7 hour FK treatment of Caco-2 cells reduces the plasma
membrane expression of cell surface proteins and reroutes
these proteins to a Lamp-1 positive compartment. To further
confirm the colocalization of these proteins in FK-treated
Caco-2 cells, we performed another set of double staining
experiments (Fig. 6). Cells were again treated for 7 hours with
FK, then fixed and permeabilized and stained either with 4H3,
a rat monoclonal antibody raised against DPP IV (Fig. 6A,C),
and 359.7, a rabbit polyclonal antibody raised against SI (Fig.
6B,D), or with L 1650, an anti-DPP IV rabbit polyclonal
antibody (Fig. 6E,G) and an anti-525 mice monoclonal
antibody (Fig. 6F,H). Results clearly show that either DPP IV
and SI, two apically targeted proteins, or DPP IV, an apical
protein, and 525 antigen, a basolateral protein, may be detected
in the same intracellular vesicles after short FK treatment.
Although the distribution of brush border hydrolases and especially of SI has been shown to be irregular (Beaulieu and
Quaroni, 1991), this cannot account for the observed results,
since DPP IV- and SI-containing vesicles may be detected in
cells with a high level as well as in cells with a low level of
hydrolase cell surface expression (see for example Fig. 6A-D
or Fig. 7).
Sequestration of cell surface proteins in Lamp-1
positive vesicles is a very rapid process
We have tried to show that the rerouting of DPP IV and SI to
these vesicles may also be rapid. Caco-2 cells were treated for
5 minutes, 30 minutes and 7 hours with FK and were then
processed for immunofluorescence and CLSM. This experiment shows that even after a 5 minutes FK treatment, the two
proteins may be detected in Lamp-1 containing vesicles (Fig.
7). The number and the size of these vesicles progressively
increase as a function of the duration of FK treatment. It cannot
be ruled out, however, that at early time points FK may simply
lead to a redistribution of DPP IV in Lamp-1 containing
vesicles rather than transport to autophagic vacuoles. Although
autophagy is a very rapid process, 5 minutes may be too short
to redistribute a protein from the TGN to autophagic vesicles
to such an extent that can be visible by immunofluorescence.
Lamp-1 containing vesicles display an autophagiclike ultrastructure
To further characterize the vesicles in which the three cell
surface proteins accumulate in FK treated Caco-2 cells, we
performed immuno-electron microscopy. Caco-2 cells were
treated with FK for 5 minutes and 30 minutes and labeled with
an anti-DPP IV antibody. As shown in Fig. 8, DPP IV is mainly
localized at the brush border membrane in control cells. Few
vesicular structures that display an endosome-like morphology
were also labeled in these control cells (Fig. 8A). After 5
minutes (Fig. 8B) and after 30 minutes (Fig. 8C) of FK
treatment numerous vesicles became strongly labeled with the
anti-DPP IV antibody. The membrane of the same vesicles was
shown to be labeled with Lamp-1 (Fig. 8D). These vesicles
appear to contain intracellular debris, including membranes,
resembling the morphology of autophagic vacuoles (Dunn,
1990a,b).
Dibutyryl cAMP does not mimick the effect of FK on
DPP IV cell surface expression
Forskolin is known to strongly and permanently stimulate

Forskolin perturbs surface protein delivery in Caco-2 cells 2115
adenylyl cyclase leading to high intracellular concentration of
cAMP (Darmoul et al., 1991a; Rousset et al., 1985; Seamon
and Clark, 1985). However, FK is also known to display

several cAMP-independent effects (Coombs and Thompson,
1987; Grassi et al., 1987; Hoshi et al., 1988; McHugh and
McGee, 1986; Middelton et al., 1986; Sergeant and Kim,

Fig. 5. Apical (DPP IV) and
basolateral (525 antigen) proteins
are sequestred in Lamp-1 positive
vesicles after a 7 hour FK
treatment. Cell culture medium
was replaced either with fresh
medium alone (Control, A,B,E,F)
or with fresh medium containing
5×10−5 M FK (FK; C,D,G,H).
Cells were incubated for 7 hours
and were then fixed, permeabilized
and stained as described in
Materials and Methods. The same
fields were analysed by
conventional indirect
immunofluorescence for Lamp-1
(A,C) and DPP IV (B,D) or for
Lamp-1 (E,G) and 525 antigen
(F,H). In FK-treated Caco-2 cells,
several vesicles appear to contain
both Lamp-1 and DPP IV or
Lamp-1 and 525 antigen (see
arrowheads). Bar, 7.5 µm for A-D
and 10µm for E-H.

2116 L. Baricault and others
1985). Therefore, we have performed experiments using
dibutyryl cAMP, a stable and permeant analogue of cAMP
known to mimick the cAMP effect in Caco-2 cells (Mahraoui

et al., 1992). Filter-grown Caco-2 cells were treated for 1 hour
with either 5×10−5 M FK or up to 10−3 M dbcAMP, before a
20 minute pulse and a 6 hour chase. Apical and basolateral

Fig. 6. Colocalization experiments
with SI and DPP IV and DPP IV and
525 antigen. Cells were treated as in
Fig. 5. Cell culture medium was
replaced either with fresh medium
alone (Control, A,B,E,F) or with fresh
medium containing 5×10−5 M FK (FK;
C,D,G,H). The same fields were
analysed by indirect
immunofluorescence, using a Bio-Rad
MRC 1000 laser scanning confocal
microscope, for DPP IV (A,C) and SI
(B,D) or for DPP IV (E,G) and 525
antigen (F,H). Results indicate that the
two apical proteins colocalized in
intracellular vesicles (see arrowheads)
and that an apical and a basolateral
protein are found in the same
structures in cells grown for 7 hours
with FK (see arrowheads). Bar,
25 µm.
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sides of the filters were both biotinylated and the overall cell
surface expressed DPP IV was recovered by specific immunoprecipitation followed by streptavidin. As shown in Fig. 9,
dbcAMP was without effect on cell surface expression of DPP
IV, whereas, FK inhibits by 50% this membrane expression.
Therefore, we conclude that FK interferes with a trafficking
and/or a sorting event through a cAMP independent
mechanism.
DISCUSSION
Recent works have used FK to study the potential relationship
between adenylyl cyclase activation and protein traffic in a
polarized cell line, MDCK (Eker et al., 1994; Hansen and

Casanova, 1994; Pimplikar and Simons, 1994). Results
obtained indicated that, in this cell line, FK was able to
stimulate both the exocytic and the endocytic route through a
cAMP-dependent mechanism. We previously showed that FK
applied to Caco-2, another polarized cell line, for a longer
period of time produces an inhibition of protein cell surface
expression (Baricault et al., 1993; Rousset et al., 1989). In the
present work we studied whether a short term activation of
adenylyl cyclase by forskolin in this cell line may alter the
intracellular traffic and sorting of cell surface proteins. Indeed,
we show at the biochemical and the morphological levels that
0-24 hours treatment of Caco-2 cells with this drug does
perturb protein traffic. However, alterations were largely
divergent from those observed in MDCK cells since FK rapidly
induces a decrease of cell surface expression of three newly

Fig. 7. Intracellular
sequestration of DPP IV and
SI is a rapid event. Filter
grown Caco-2 cells were
cultured for 0 minute (A,B), 5
minutes (C,D) and 7 hours
(E,F) in the presence of
5×10−5 M FK. Cells were
fixed and permeabilized as
above and stained with either
DPP IV (A,C,E) or SI
(B,D,F). Sections were
analysed using a Bio-Rad
MRC 1000 laser scanning
confocal microscope. Sections
corresponding to the vesicles
layer are displayed. Results
indicate that the sequestration
of proteins in intracellular
structures is a rapid event.
Note that some vesicles are
colabelled by the two markers
(see arrowheads), whereas
other vesicles are only stained
with DPP IV (see arrow). Bar,
25 µm.
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synthesized membrane proteins and their sequestration in intracellular vesicles, related to the lysosomal system. Endocytosis
from either the apical or the basolateral face does not contribute to this process. The phenomenon is rapid, appears to be
general and concerns both the basolateral and the apical
pathways, leading to the accumulation of membrane proteins
in intracellular structures that resemble autophagic vesicles.
We also showed that FK probably acts through a cAMP-independent mechanism, since dibutyryl cAMP does not reproduce
these perturbations.
From the results presented here, it appears that, in Caco-2
cells, FK does not interfere with the biosynthetic rate of the
proteins under study. In particular, it is interesting to note that
FK does not inhibit the neosynthesis of SI with the protocol
used here. This contrast with previous results which have
shown that SI biosynthesis was reduced after long exposure of
Caco-2 cells to FK (Darmoul et al., 1991a; Rousset et al., 1985,
1989). It is also important to note that FK does not interfere
with the maturation of the proteins studied, since biochemical

Fig. 8. Transmission electron
microscopy of control and FK treated
Caco-2 cells. Filter grown Caco-2 cells
were treated for 0 minute (A), 5 minutes
(B) and 30 minutes (C,D) with 5×10−5 M
FK. Cells were prepared for electron
microscopy and immunogold labeling as
described in Materials and Methods. The
polyclonal DPP IV antibody was used
but similar results were obtained with the
mice monoclonal antibody. Gold
particles may be detected in vesicular
structures after 5 minutes FK treatment.
Heterogeneous pattern of DPP IV
containing vesicles are displayed. Some
vesicles appear as dense granules (C)
that resemble lysosomes, whereas other
vesicles appear to contain intracellular
membranes and cellular debris (D),
strongly suggesting that they are part of
the autophagic system. Bar, 0.5 µm.

experiments clearly show that after 7 hours FK treatment, SI,
DPP IV and 525 antigen appear as mature proteins on SDSPAGE. This means that the proteins have reached the distal
part of the Golgi, where the terminal glycosylation occurs. In
addition endocytosis is not significantly altered. Together,
these results indicate that the decrease of protein cell surface
expression must be ascribed to an alteration of the intracellular traffic, which will take place on the exocytic route, either
in the TGN or in a later compartment.
The precise step to be considered as a target of FK on the
exocytic pathway remains to be defined. Domain specific biochemical assays indicate that after FK treatment the initial rates
of DPP IV appearance at the basolateral and the apical plasma
membranes are decreased, suggesting that both the direct and
the indirect pathway of DPP IV to the apical membrane are
slowed down. The same experiments show that the later sorting
steps are less affected, since the rates of DPP IV disappearance
from the basolateral and late appearance to the apical
membrane are similar in control and treated cells. The ratio of
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apical to basolateral DPP IV delivery is essentially unchanged
by FK treatment, thus confirming that the drug acts in a similar
manner on the two sorting pathways and probably does not
interfere with the transcytotic route. Interestingly, these biochemical studies also indicate that the decrease of cell surface
appearance was similar for DPP IV, a protein which uses both
the direct and the indirect routes to the apical membrane, for
SI, which is known to reach the brush border membrane mainly
through a direct route and for 525 antigen which is known to
follow a direct route to the basolateral membrane. This implies
that FK interferes with a traffic step which must be common
to the pathways starting from the TGN to apical and basolateral domains.
In line with these results we observed that FK induces a rapid
accumulation of the three cell surface proteins studied in intracellular vesicles that were colabeled with a lysosomal
membrane marker. Different routes are known to address
proteins from the TGN to lysosome containing structures.
Proteins from the plasma membrane may be addressed to
lysosomes following the endocytic route through early and late
endosomes (Gruenberg and Clague, 1992). This pathway does
not seem to be involved here, since endocytosis either from
apical or basolateral membranes does not change. Another route
exists for proteins bearing the mannose-6-phosphate signal
which are addressed to lysosomes through a receptor-mediated
pathway (Dahms et al., 1989; Hoflack and Kornfeld, 1985;
Lobel et al., 1989). Other proteins such as the LAMP family
are targeted to lysosomes through a mannose-6-phosphate independent route (Carlsson and Fukuda, 1992; Dahms et al., 1989;

96,4 kDa

Fig. 9. Dibutyryl cAMP does not mimick the effect of forskolin.
Filter grown Caco-2 cells were treated and labeled as described in
Fig. 1. FK was added at 5×10−5 M and dbcAMP was used at 1×10−3
M. After a 20 minute pulse, cells were chased for 6 hours. Both the
basolateral and the apical side of the filters were biotinylated in order
to collect the whole cell surface fraction (upper panel). The ratio of
cell surface delivered DPP IV to total DPP IV was calculated from
scanning data and was plotted as a percentage of the control value
(lower panel). Results are the means of three independent
experiments.

Fukuda, 1991; Williams and Fukuda, 1990). This cannot be
applied here since none of the proteins studied have been shown
to display these signals. It has also been shown in Caco-2 cells
that DPP IV and SI may reach lysosomes without passing first
through the brush border membrane (Matter et al., 1990a). In
control Caco-2 cells this pathway accounts for about 7-9% of
the total neosynthesized molecules. This may correspond to the
observation described in this paper that a small number of
Lamp-1 and DPP IV double labeled vesicles are detectable in
control Caco-2 cells. However, the way by which these proteins
reach lysosomes has not been described. It is known that
proteins may reach lysosome containing structures through the
autophagic process. Autophagy has been primarily described as
a phenomenon that starts from the RER, leading to the sequestration of cytosol and various intracellular organelles (Arstila
and Trump, 1968; Dunn, 1990a; Gordon et al., 1989; Holtzman,
1989; Seglen and Bohley, 1992). However, autophagic vesicles
may also receive material from the Golgi apparatus (Dunn,
1990b). In this latter route, recently described by Dunn, it has
been shown that immature autophagic vacuoles (AVi) may fuse
with vesicles budding from the TGN, thus giving intermediate
autophagic vacuoles (AVi/d) which then are transformed in
mature autophagic vacuoles (AVd) by the import of acid hydrolases from either lysosomes or late endosomes. Our results may
fit very well with an autophagic process that will include mature
proteins from the TGN, since we found that FK rapidly induces
the accumulation of mature cell surface proteins in vesicles that
contain a lysosomal membrane marker. The fact that we
observed at the EM level that the vesicles in which these
proteins are rapidly sequestred display an autophagic-like
structure is strong evidence for our conclusion.
Autophagy is a rapid and non selective bulk process by
which cells may degrade intracellular components, including
proteins and RNA (Lardeux et al., 1987), to fullfil cellular
metabolic needs in various situations such as nutrient deprivation, cellular remodeling that occurs during differentiation,
aging and transformation (Auteri et al., 1983; De Duve and
Wattiaux, 1966; Mortimore et al., 1989; Schwarze and Seglen,
1985). The successive steps of the autophagic process may be
controlled by nutritional and hormonal agents. This has been
shown in perfused liver (Lardeux and Mortimore, 1987), as
well as in isolated hepatocytes (Seglen and Bohley, 1992).
Autophagy also depends on the cellular energetic status since
a decreased ATP concentration may reduce autophagy (Plomp
et al., 1989). Dibutyryl cAMP and deacetylforskoline, an active
analogue of FK, have also been shown to inhibit autophagy
(Seglen and Bohley, 1992). In our experiments we show that
FK stimulates a protein sequestration process and that at least
DPP IV is not degraded over a 24 hour chase period. We also
note that the intracellular vesicles display some features of
autophagic vacuoles (Dunn, 1990b). We show that this process
is cAMP-independent. Therefore this lead to the conclusion
that FK acts through one of its several cAMP-independent
effects (Coombs and Thompson, 1987; Grassi et al., 1987;
Hoshi et al., 1988; McHugh and McGee, 1986; Middelton et
al., 1986; Sergeant and Kim, 1985). Among these effects, some
cAMP-independent metabolic changes have been shown to
take place in Caco-2 cells. This includes a high rate of
glycogenolysis and an increased glucose consumption
(Darmoul et al., 1991a; Rousset et al., 1985). Whether these
metabolic perturbations may cause an increased protein
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sequestration related to the autophagic process requires a direct
demonstration. Interestingly, it has been recently shown that in
another colon cancer cell line, namely HT-29 cells, a biochemically characterized autophagic process takes place when
these cells display an undifferentiated phenotype (Houri et al.,
1993) which is associated with glucose metabolism perturbations comparable to those observed in FK-treated Caco-2 cells
(Wice et al., 1985; Zweibaum et al., 1985).
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