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Immunoelectron microscopy was used to localize the brush border
hydrolases sucrase-isomaltase (SI) and dipeptidylpeptidase IV
(DPPIV) in the human colon carcinoma cell line Caco-2. Both en-
zymes were detected at the microvillar membrane, in small vesicles
and multivesicular bodies (MVBs), and in lysosomal bodies. In addi-
tion, DPPIV was found in the Golgi apparatus, a variety of apical
vesicles and tubules, and at the basolateral membrane. To investigate
whether the hydrolases present in the lysosomal bodies were endocy-
tosed from the apical membrane, endocytic compartments were
marked with the endocytic tracer cationized ferritin (CF). After in-
ternalization from the apical membrane through coated pits, CF was
first recovered in apical vesicles and tubules, and larger electron-
lucent vesicles (early endosomes), and later accumulated in MVBs
(late endosomes) and lysosomal bodies. DPPIV was localized in a
subpopulation of both early and late endocytic vesicles, which con-
tained CF after 3 and 15 min of uptake, respectively. Also, internal-
ization of the specific antibody against DPPIV and gold labeling on
cryosections showed endocytosed DPPIV in both early and late en-
dosomes. However, unlike CF, no accumulation of DPPIV was seen
in MVBs or lysosomal bodies after longer chase times. The results
indicate that in Caco-2 cells the majority of brush border hydrolases
present in lysosomal bodies are not endocytosed from the brush
border membrane. Furthermore, the labeling patterns obtained, sug-
gest that late endosomes may be involved in the recycling of endocy-
tosed DPPIV to the microvilli.

Abbreviations. CF Cationized ferritin. DPPIV Dipeptidylpepti-
dase IV. MoAb Monoclonal antibody. MVB Multivesicular
body. SI Sucrase-isomaltase.
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Introduction

The absorptive epithelial cell of the small intestine (entero-
cyte) offers an interesting model to investigate the biosyn-
thesis and intracellular transport of glycoproteins. It ex-
presses a number of microvillar hydrolases, di- and oligo-
saccharidases, and peptidases, all of which are involved in
the digestion of nutrients [18, 20, 29]. The biosynthesis and
maturation of the disaccharidase sucrase-isomaltase (SI)
has been thoroughly studied, and the enzyme is considered
to be representative of a large group of brush border en-
zymes (for a review, see [18]). Presumably in the trans-
Golgi reticulum the enzyme is sorted from lysosomal and
secretory enzymes and delivered via a direct pathway to
the microvilli (for reviews, see [15, 18, 21]). The biosynthe-
sis of the peptidase DPPIV occurs essentially in the same
way, although SI and DPPIV mature at different rates [17],
due to a pre- and intra-Golgi step [33].

Of particular interest is the finding that microvillar hy-
drolases are also present in lysosomes [10, 23, 31]. In Caco-
2 cells 9% of newly synthesized SI and 7% of newly synthe-
sized DPPIV is transported to the lysosomes [25]. Ginsel et
al. [14] postulated that in jejunal enterocytes the transport
of newly synthesized glycoproteins to the lysosomes occurs
via a direct pathway from the Golgi apparatus and is inde-
pendent of the pathway to the microvilli and possible re-
entry by endocytosis. Indeed, inhibition of endocytosis did
not lead to a decrease of the amount of [31-1]fucose-labeled
material in the lysosomes [3]. Moreover, the immunocyto-
chemical localization of SI showed that MVBs, which par-
ticipate in the endocytic pathway in jejunal enterocytes,
were invariably unlabeled ([10]; for a review, see [12, 15]).

Both sucrase-isomaltase (SI) and dipeptidylpeptidase IV
(DPPIV) are also expressed by the polarized human colon
carcinoma-derived cell line Caco-2 [9, 17, 27]. Recently, we
used a biochemical approach to study the transport of
brush border hydrolases to the lysosomes in Caco-2 cells
[25]. In the present paper we provide morphological data
on the subcellular distribution of the brush border hydro-
lases SI and DPPIV in Caco-2 cells. Furthermore, we now
investigated, by immunocytochemical methods, whether



brush border enzymes can be endocytosed from the apical
plasma membrane and whether this pathway leads to the
lysosomes.

Materials and methods

Caco-2 cell culture

Caco-2 cells, kindly provided by Dr. A. Zweibaum (INSERM,
U178, Paris/France), were cultured on either surfactant-free nitro-
cellulose membrane filters (Millipore type HA, pore size 0.45 pm;
Millipore Products Div., Bedford, MA/USA) in mini Marbrook
chambers or on plastic (Greiner b.v., Alphen a/d Rijn/The Neth-
erlands) at 37°C in an atmosphere of 95% air and 5% CO2. Al-
though the morphological appearance of filter-grown cells is more
differentiated (not shown), the results were comparable to those
obtained on plastic. Dulbecco's modified Eagle's medium
(DMEM; Gibco Europe, Hoofddorp/The Netherlands), supple-
mented with 4.5 g/I glucose, 1% non-essential amino acids (Gibco
Europe), 20% heat-inactivated fetal calf serum (Flow Laboratories
Inc., Ontario/Canada), 50 U/ml penicillin and 50 pz/m1 strepto-
mycin (Flow Laboratories), was added daily. The cells were used
at passage 130 to 170, 5 to 7 days after confluency.

Uptake of cationized ferritin (CF)

CF (ICN Biomedicals, Costa Mesa, CA/USA) was dissolved in
phosphate buffered saline (PBS) to a final concentration of 2 mg/
ml [2] and allowed to bind to the microvillar membrane for 10 min
at 4°C. This resulted in a regular distribution of CF along the mi-
crovilli which makes this marker suitable for the study of absorp-
tive endocytosis. After 3 rinses with PBS, the cells were incubated
at 37°C for periods between 5 min and 24 h. When chase periods
longer than 20 min were used, the PBS was replaced by DMEM.
The cells were fixed in 1.5% glutaraldehyde and 1% 0s04 and pre-
pared for electron microscopy as described elsewhere [14]. The sec-
tions were stained briefly with uranyl acetate and lead hydroxide
and examined in a Philips EM 410.

Antibodies

The characterization of the monoclonal antibodies was done by
Hauri et al. 1171 Antibody HBB2/614 against sucrase-isomaltase
has been applied in immunofluorescence, immunoprecipitation,
and immunocytochemistry studies 110, 17, 33]. Antibody HBB3/
775 against DPPIV has been used before in immunofluorescence
and immunoprecipitation studies [17, 33] in Caco-2 cells.

Immunocytochemistry

The cells were rinsed three times with 0.1 fvf phosphate buffer (pH
7.4) and fixed for 1 h at room temperature with 1% formaldehyde,
freshly prepared from paraformaldehyde and 0.1% glutaraldehyde
in phosphate buffer. Ultrathin cryosectioning and immunolabeling
of the cryosections was performed according to Fransen et al. [10,
11]. In short, sections were incubated at room temperature succes-
sively with monoclonal antibody diluted in incubation buffer
(0.15% glycine, 0.1% gelatin, and 0.1% bovine serum albumin
(BSA) in phosphate buffer) for 1 h, with rabbit anti-mouse IgG in
incubation buffer for 1 h, and finally 1 h with protein A complexed
to 10-nm colloidal gold particles in 1% BSA in phosphate buffer
[30]. After being washed with distilled water, the sections were
stained with a saturated aqueous solution of uranyl acetate and
lead citrate.

Internalization assays with antibodies against brush border
enzymes

To study the uptake of specific brush border enzymes, we used
antibodies against SI and DPPIV, which were allowed to bind to
their respective antigens for 45 min at 4°C, before the superfluous
antibodies were washed away. The cells were then incubated for
various periods at 37°C, fixed in 1% formaldehyde and 0.1%
glutaraldehyde and prepared for cryosectioning. The antibodies
were then labeled with rabbit anti-mouse-IgG and protein A con-
jugated to 10-nm gold, as described above.

Results

Immunocytochemical localization of brush border enzymes
in Caco-2 cells

The principle site of immunoreaction obtained with MoAb
HBB2/614 against SI was the microvillar membrane (Fig.
la). The majority of the gold particles was located on the
extracytoplasmic side of the microvillar membrane and
was regularly distributed over the microvilli, except at the
tip. The amount of label varied considerably between cells
for SI but not for DPPIV (see below).

In this study we have defined multivesicular bodies
(MVBs) as organelles with a limiting membrane containing
vesicles in their lumen, which are also membrane bounded.
A subpopulation of the MVBs contained additional dense
material and was designated multivesicular body/lyso-
some (MVB/LY) according to Croze et al. [6]. Lysosomal
bodies were defined as membrane-bounded organelles of
varying size with a granular or irregular dense content.
MVBs, MVB/LYs and lysosomal bodies were found in ly-
sosomal fractions of Caco-2 cells [25] and have been
shown to contain lysosomal enzymes [25]. They were
reached at relatively late stages of endocytosis (see below).
The distinction between late endosomes (MVBs) and lyso-
somal bodies was based on the morphological criteria de-
scribed above. MVB/LYs probably reflect an intermediate
stage between late endosomes and lysosomal bodies [6].

Although, in general, SI showed a low level of intracel-
lular labeling, a significant amount of label was found over
MVBs and a small amount over MVB/LYs (Figs. 1 a-c).

The gold label was located over both the surrounding
membrane and the luminal vesicles. Little or no label was
observed over the lysosomal bodies (Figs. la, c), the Golgi
region or the basolateral membrane.

Immunoelectron microscopy with the use of MoAb
HBB3/775 against DPPIV gave a considerably higher la-
beling intensity (Fig. 2). Intracellularly, DPPIV was found
in MVBs, MVB/LYs, and lysosomal bodies. In addition,
label was found in a large population of apical vesicles
and tubules with either an electron-lucent or an electron-
dense matrix (Figs. 2a, b).

Interestingly, a weak, but regular labeling of DPPIV was
found at the basolateral membrane (Fig. 2c). The Golgi ap-
paratus was clearly labeled (Fig. 2d).

Endocytic pathways

The occurrence of brush border hydrolases in lysosomes
has been shown previously [10, 23, 31]. However, in a de-
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Figs. la, b. Electron micrographs of cryosections of Caco-2 cells
immunolabeled with MoAb HBB2/614 against sucrase-isomal-
tase. a. Low magnification image of the apical part of a Caco-2
cell showing that the microvilli are regularly labeled. Note, howev-
er, that the upper tip is devoid of label (arrows). Intracellularly,
labeling is seen in a typical MVB, but not in an adjacent lysosomal

tailed study on the localization of SI in human enterocytes,
SI was consistently absent from MVBs [10]. This is in
agreement with the hypothesis that brush border hydro-
lases present in lysosomes are not endocytosed from the
microvillar membrane, but transported via a direct intra-
cellular pathway emerging from the Golgi apparatus (for
review, see [4]; see also [8]). The finding that, in Caco-2
cells, brush border hydrolases are present in MVBs and a
variety of apical vesicles of possible endocytic origin, led
us to investigate the possible endocytic pathway of brush
border enzymes to the lysosomes. We first used the endo-
cytic tracer cationized ferritin (CF) to mark the endocytic
pathway.

CF showed considerable binding to the microvillar
membrane of Caco-2 cells (Fig. 3a). After 5 min at 37°C,
CF was seen in coated pits emerging from the base of the
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body. b. Labeling of SI in MVBs and adjacent vesicles (ar-
rows).- c. Labeling of SI in a MVB/LY, which contains dense
material in addition to the luminal vesicles. Again label is absent
from an adjacent lysosomal body. MV Microvilli. MVI3 Mul-
tivesicular body. LY Lysosomal body. Bars 0.1 um.

microvilli (Fig. 3b). In addition, the marker was regularly
present in apical vesicles or tubules which had either an
electron-dense or an electron-lucent matrix. Also, larger
vesicles (average diameter 300 nm), with a round or angu-
lar shape and an electron-lucent matrix, contained CF
(Fig. 3c). These vesicles, designated vacuolar endosomes
[6], occasionally contained a few vesicles in their lumen
and might be transitional to MVBs [6].

After 15 min of uptake, the bulk of the marker was pres-
ent in apical vesicles and tubules, vacuolar endosomes,
and MVBs, but was seldom observed in a lysosomal body.
MVBs containing CF showed only a small number of vesi-
cles in their electron-lucent matrix (Figs. 3d, e). After up-
take for 30 min, CF was also found in MVBs completely
filled with vesicles (Fig. 30. After 60 min of uptake, CF
was still present on the microvilli and in coated pits, apical
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Fig. 2. Electron micrographs of cryosections of Caco-2 cells la-
beled with MoAb HBB3/775 against DPPIV. The intracellular
yield of label is very high. a, b. DPPIV in MVBs, lysosomal bod-
ies, and a variety of vesicular and tubular elements. c. Labeling
over the microvilli and basolateral membrane (arrows). d. Label-

vesicles and tubules, vacuolar endosomes and MVBs, but
now MVB/LYs and lysosomal bodies, too, were regularly
labeled (Fig. 3g). The marker was never observed in the
Golgi region or at the basolateral membrane (not shown).

Endocytosis of cationized ferritin combined with
immunocytochemical labeling of DPPIV

To find out whether brush border hydrolases occur in en-
docytic vesicles, we combined immunocytochemical label-

ing of DPPIV in the Golgi apparatus. Not all cisternae are la-
beled. MVB Multivesicular body. LY Lysosomal body. GA
Golgi apparatus. MV Microvilli. BL Basolateral membrane.
Bars 0.1 gm (a, b, d), 0.2 gm (c).

ing with the internalization of CF [13]. Because of the low
rate of intracellular labeling obtained for SI, we performed
this experiment only with DPPIV. In Caco-2 cells which
had internalized CF for 3 min, immunocytochemical local-
ization of DPPIV revealed four categories of vesicles, i.e.,
CF+/DPPIV±, CF+/DPPIV-, CF-/DPPIV+, CF-/
DPPIV- (Fig. 4a), indicating that at least part of these or-
ganelles containing DPPIV are involved in the endocytosis
from the apical membrane. When CF was internalized for

79

L Y

M V

f
447,

;

, irk
.;a .

...115mr.ft-.544.55=

..

r

e
!..r;

g '3-11

- reen.571EM5. 5 :7311,6'5"



Fig. 3. Electron micrographs of the compartments participating
in the uptake of cationized ferritin (CF) by Caco-2 cells. CF was
added to the apical side of the cells at a final concentration of
2 mg/ml. After 10 min of binding at 4°C, the cells were washed,
incubated at 37°C, fixed and embedded in Epon. a. Regular
binding of CF to the microvilli. b. Coated pit (arrow). c. Vac-

uolar endosome. d, e. MVBs (arrowhead) containing CF after a

15 min, MVBs containing both CF and DPPIV were regu-
larly observed (Fig. 4b).

Uptake of specific antibodies to brush border hydrolases

To learn more about the endocytic pathway of brush
border hydrolases, we labeled the enzymes present in the
microvilli with their respective antibodies.
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chase period of 15 min. f. MVB (arrowheads) containing CF
after a chase period of 30 min. Note that the CF-containing MVBs
progressively contain more luminal vesicles after longer chase pe-
riods. g. After 1 h, the marker can be seen in dense lysosomal
bodies. MV Microvilli. VE Vacuolar endosome. MVB Mul-
tivesicular body. LY Lysosomal body. N Nucleus. Bars

0.2 pm.

MoAb HBB2/614 (anti-SI) or MoAb HBB3/775 (anti-
DPPIV) were allowed to bind to their respective antigens
during 45 min at 4°C. After binding, the superfluous anti-
bodies were washed away, and the cells were incubated for
different time intervals at 37°C. The intensity of labeling
for SI, but not for DPPIV, varied widely between the mi-
crovilli of individual cells, comparable to the localization
studies described above. The amount of internalized SI
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Fig. 4. Co localization of CF and DPPIV in endosomes of Caco-2
cells. Caco-2 cells were allowed to internalize CF for 3 (a) or 15
(b) min before they were fixed for immunoelectron microscopy
and labeled for DPPIV. Co localization of CF and DPPIV can be
seen in both early and late endosomes (arrowheads). MVB Mul-
tivesicular body. Bars 0.1 um.

was, however, too low to yield a significant labeling, and
we shall only report the results obtained for DPPIV. After
5 min of uptake, the internalized antibodies against DPPIV
were found in apical vesicles and tubules (Figs. 5a, b) and
vacuolar endosomes (Fig. 5c). Even after this short incuba-
tion period, a weak, but regular labeling of MVBs and
MVB/LYs was seen (Figs. 5c, d). The labeling pattern seen
after 5 min of uptake did not alter significantly during
longer chase intervals, although an increase in the amount
of intracellular label was observed after 15 min of uptake.
The labeling pattern and the amount of label remained
constant after incubation periods longer than 15 min. Al-
though lysosomal bodies were occasionally labeled, no ac-
cumulation occurred after chase times up to 16 h (Fig.
5e).

Discussion

We have visualized the intracellular localization and endo-
cytic pathways of two brush border enzymes, SI and
DPPIV, in the human colon carcinoma cell line Caco-2 by
immunoelectron microscopy. We wanted to know whether
the endocytosis of these brush border hydrolases is a sig-
nificant pathway to the lysosomes in Caco-2 cells.

Caco-2 cells in culture differentiate into a monolayer of
highly polarized cells [27], exhibiting a well-developed
brush border and expressing a number of brush border en-
zymes characteristic of the adult enterocyte of the small
intestine [17]. The highly polarized plasma membrane of
epithelial cells cannot be maintained without transport
mechanisms that guarantee selective targeting of surface
components to the individual membrane domains (for re-
views, see [1, 5]). Recent data obtained by Matter et al. [26]
indicate that in Caco-2 cells sorting of newly synthesized
plasma membrane proteins can occur either intracellularly
or after arrival at the basolateral membrane. The results

indicated that sucrase-isomaltase is almost exclusively seg-
regated into a direct apical pathway, whereas a consider-
able amount of DPPIV (and aminopeptidase N) appears
transiently on the basolateral membrane. Our present data
on the intracellular localization of brush border enzymes
confirm the presence of DPPIV on the basolateral mem-
brane of Caco-2 cells, whereas no indications pointing to
the presence of SI were obtained. The transport of DPPIV
from the basolateral to the apical membrane is slow when
compared with the rate of transcytosis of aminopeptidase
N, and it was suggested that DPPIV resides in an intracel-
lular pool [25]. We have now observed a large number of
vesicles containing DPPIV, a subpopulation of which only
became labeled with CF adjusted to the apical membrane.
The other vesicles are most likely involved in the transport
of DPPIV derived from the Golgi region or from the baso-
lateral membrane and may resemble the postulated intra-
cellular pool of DPPIV. Hughson and Hopkins [19] have
shown that in Caco-2 cells markers derived from the apical
and basolateral membrane can intermingle in an endosom-
al compartment. In future studies we will investigate
whether this is also the case for the three populations of
vesicles carrying DPPIV.

In both enterocytes and in Caco-2 cells brush border en-
zymes are also transported to lysosomes [10, 23, 25, 31].
The functional importance of this phenomenon is not
clear. It was postulated that transport of brush border en-
zymes to the lysosomes might serve as a mechanism un-
derlying regulation of the level of enzyme expression in the
microvilli (for review, see [4, 12]). Another potential func-
tion of this pathway might be product control, similar to
that described for proteins leaving the endoplasmic reticu-
lum [7, 22].

The observation that, in contrast to jejunal enterocytes,
MVBs in Caco-2 cells contained both SI and DPPIV,
prompted us to further investigate the endocytic pathway
in these cells. Uptake of the endocytic marker cationized
ferritin showed unequivocally that, as in most other cell
types (for review, see [16]), endocytosis proceeds via coated
pits, early endosomes (apical vesicles and tubules, and vac-
uolar endosomes), and late endosomes (MVBs), to the ly-
sosomal bodies. This pathway is essentially the same as
that described for the uptake of horseradish peroxidase
from the apical membrane in Caco-2 cells [19].

When Caco-2 cells, which had first internalized CF,
were labeled for DPPIV on cryosections, CF and DPPIV
could be colocalized in both early (3 min) and late endo-
somes (15 min). However, the DPPIV present in the late
endosomes might also be derived from an intracellular
source. To find out whether DPPIV, internalized from the
microvillar membrane, is indeed transported to late endo-
somes, we labeled the enzyme present in the microvilli in
situ with its specific antibody. This approach is accompa-
nied by some risk, since in jejunal enterocytes cross-linking
of the brush border enzyme aminopeptidase N was found
to induce endocytosis [24]. However, when we used MoAb
HBB3/775 to study the uptake of DPPIV in another colon
carcinoma cell line (HT29, grown in medium without glu-
cose [35]), little or no label was found intracellularly, even
after 24 h of uptake (Fransen, unpublished results).
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In Caco-2 cells we found that transport of the internal-
ized antibodies against DPPIV to MVBs and also to MVB/
LYs was very rapid (within 5 min), but lysosomal bodies
were rarely labeled, and no accumulation of gold was ob-
served after longer incubation periods. With this approach
it remains possible that degradation of the antibodies has
led to an underestimation of the amount of label in de-
gradative compartments. However, there was no notable
decrease in the overall amount and relative distribution of
label after elongated chase periods. This finding is in ac-
cordance with the observed recycling of DPPIV in our bio-
chemical approach [25]. In that study it was shown that
transport of internalized brush border enzymes to the lyso-
somes was only slow and at a low level, while biotinylated
DPPIV was shown to reappear at the cell surface in a time-
dependent manner. Endocytosis of cell surface bound
[1 'I] Fab fragments of MoAb HBB3/775 revealed that
18% of total radioactively labeled DPPIV was internalized
from the apical membrane and only 2% of SI. This low
amount of internalization of SI is in accordance with our
present electron microscopic observations.

In general, recycling of plasma membrane proteins is a
rapid event, mediated by early endosomes ([28]; for re-
views, see [16, 32]). However, evidence now accumulating,
points to the existence of an additional and slower path-
way, perhaps involving late endosomes [34]. Matter et al.
[25] found that recycling of endocytosed DPPIV to the
plasma membrane occurs from endosomes that receive the
fluid phase marker horseradish peroxidase during 15 min
continuous uptake. Within this interval we indeed found
that both CF and internalized antibodies were found in
apical vesicles and tubules, and vacuolar endosomes, as
well as in MVBs (late endosomes). A similar distribution
was found for horseradish peroxidase after the same inter-
val (Klumperman, unpublished results). These results thus
suggest that not only early endosomes but also late endo-
somes are probably involved in the recycling of DPPIV.
Further kinetic studies are required to evaluate this con-
cept.

Fig. 5. Electron micrographs of the organelles involved in the
uptake of antibody against DPPIV in Caco-2 cells. After binding
of the antibody at 4°C, the cells were incubated for various inter-
vals at 37°C and fixed for cryoultramicrotomy. The antibodies
were labeled with 10-nm gold particles. The labeling pattern seen
after 5 to 15 min of uptake (a-d) is essentially the same as that
observed after overnight incubation (e). a, b. Label is present in
peripheral vesicles and tubules with either a dense (arrows) or elec-
tron-lucent (arrowhead) matrix. c. In MVBs the gold particles
are closely apposed to the limiting membrane. d. Even during
this short interval antibodies have reached MVB/LY structures.
e. Labeling pattern after uptake for 16 h. MV Microvilli. MVB
Multivesicular body. Bars 0.2 1.1.m.

Both endocytosed CF and DPPIV were never observed
in the Golgi region. This suggests that recycling occurs
from endosomes, bypassing the Golgi region. The absence
of internalized components on the basolateral membrane
indicates that the endosomes involved are capable of effi-
cient sorting, which may be essential for the maintenance
of cell polarity.

Taken together, both our biochemical [25] and the pres-
ent morphological data suggest that transport of endocy-
tosed brush border enzymes to the lysosomes is not a sig-
nificant pathway in Caco-2 cells and therefore favor the
hypothesis of a recycling pathway to the apical plasma
membrane. In addition, the presence of brush border en-
zymes in the lysosomes might be better explained by a di-
rect intracellular pathway from the Golgi apparatus to the
lysosomes [4].

Acknowledgements. The authors wish to thank H.-P. Hauri and K.
Matter for their valuable suggestions and comments on the manu-
script and L. D. C. Verschragen for the preparation of the illustra-
tions. J. Klumperman was supported by a grant (no. 900-522-059)
from the Netherlands Foundation for Medical Research (MEDIC-
ON), which is subsidized by the Netherlands Foundation for Pure
Research (NWO).

References

[1] Bartles, J. R., A. L. Hubbard: Plasma membrane protein sort-
ing in epithelial cells: Do secretory pathways hold the key? Trends
Biochem. Sci. 13, 181-184 (1988).
[2] Blok, J., A. A. Mulder-Stapel, L. A. Ginsel, W. Th. Daems:
Binding of cationized ferritin to the cell-coat glycoproteins of hu-
man and rat small-intestinal absorptive cells. Histochemistry 69,
131-135 (1980).
[3] Blok, J., A. A. Mulder-Stapel, L. A. Ginsel, W. Th. Daems: En-
docytosis in absorptive cells of cultured human small-intestinal tis-
sue: Effect of cytochalasin B and D. Cell Tissue Res. 222, 113-126
(1982).
[4] Blok, J., J. A. M. Fransen, L. A. Ginsel: Turnover of brush
border glycoproteins in human intestinal absorptive cells: Do lyso-
somes have a regulatory function? Cell Biol. Int. Rep. 8, 993-1015
(1984).
[5] Caplan, M., K. S. Matlin: Sorting of membrane and secretory
proteins in polarized epithelial cells. In: B. H. Satir (ed.): Modern
Cell Biology. Vol. 8: K. S. Matlin, J. D. Valentich (eds.): Func-
tional Epithelial Cells in Culture. pp. 71-127. Alan R. Liss, Inc.
New York 1989.
[6] Croze, E., I. E. Ivanov, G. Kreibich, M. Adesnik, D. D. Saba-
tini, M. V. Rosenfeld: Endolyn-78, a membrane glycoprotein pres-
ent in morphologically diverse components of the endosomal and
lysosomal compartments: implications for lysosome biogenesis. J.
Cell Biol. 108, 1597-1613 (1989).
[7] Doms, R. W., A., Ruusata, C. Machamer, A. Helenius, F. K.
Rose: Differential effects of mutations in three domains on fold-
ing, quarternary structure and intracellular transport of vesicular
stomatis virus G protein. J. Cell Biol. 107, 89-99 (1988).
[8] Farquhar, M. G.: Lysosome function in regulation secretion
disposal of secretory granules in cells of the anterior pituitary
gland. In: J. T. Dingle, H. B. Fells (eds.): Lysosomes in Biology
and Pathology. Vol. 2. pp. 462-482. North-Holland Publ. Corp.
Amsterdam 1969.
[9] Fogh, J., J. M. Fogh, T. Orfeo: One hundred and twenty-seven
cultured human tumor cell-lines producing tumors in nude mice. J.
Natl. Cancer Inst. 59, 221-226 (1977).

83



[10] Fransen, J. A. M., L. A. Ginsel, H.-P. Hauri, E. Sterchi, J.
Blok: Immuno-electronmicroscopical localization of a microvillus
membrane disaccharidase in the human small-intestinal epithe-
lium with monoclonal antibodies. Eur. J. Cell Biol. 38, 6-15
(1985).
[II] Fransen, J. A. M., L. A. Ginsel, P. H. Cambier, J. Klumper-
man, R. P. J. Oude Elferink, J. M. Tager: Immunocytochemical
demonstration of the lysosomal enzyme a-glucosidase in the brush
border of human intestinal epithelial cells. Eur. J. Cell Biol. 47,
72-80 (1988).
[12] Fransen, J. A. M., J. Klumperman, R. P. J. Oude Elferink, H.-
P. Hauri, J. M. Tager, L. A. Ginsel: Transport of sucrase-isomal-
tase and acid a-glucosidase in human enterocytes. In: M. J.
Lentze, E. E. Sterchi (eds.): Mammalian Brush Border Membrane
Proteins. Georg Thieme Verlag. Stuttgart, New York 1988.
[13] Geuze, H. J., W. Stoorvogel, G. J. Strous, J. W. Slot, J. E. Blee-
kemolen, I. Mellman: Sorting of mannose 6-phosphate receptors
and lysosomal membrane proteins in endocytic vesicles. J. Cell
Biol. 107, 2491-2501 (1988).

[14] Ginsel, L. A., W. Th. Daems, J. J. Emeis, P. M. A. Vio, J. J.
van Gemund: Fine structure and silver staining patterns of lyso-
some-like bodies in absorptive cells of the small intestine in nor-
mal children and children with a lysosomal storage disease. Virch.
Arch. Abt. B Zellpath. 13, 119-144 (1973).
[15] Ginsel, L. A., J. A. M. Fransen, J. Klumperman, H.-P. Hauri,
J. Hilgers, R. P. J. Oude Elferink, J. M. Tager: Intracellular trans-
port of brush border and lysosomal enzymes in the human entero-
cyte. In: G. Benga, J. M. Tager (eds.): Biomembranes. Basic and
Medical Research. pp. 61-80. Springer-Verlag. Berlin, Heidelberg,
New York, Tokyo 1988.
[16] Gruenberg, J., K. Howell: Membrane traffic in endocytosis:
Insights from cell-free assays. Annu. Rev. Cell Biol. 5, 453-481
(1989).
[17] Hauri, H.-P., E. E. Sterchi, D. Bienz, J. A. M. Fransen, A.
Marxer: Expression and intracellular transport of microvillus
membrane hydrolases in human intestinal epithelial cells. J. Cell
Biol. 101, 838-851 (1985).
[18] Hauri, H.-P.: Biogenesis and intracellular transport of intesti-
nal brush border membrane hydrolases. Subcell. Biochem. 12,
155-219 (1988).
[19] Hughson, E. J., C. R. Hopkins: Endocytic pathways in polar-
ized Caco-2 cells: identification of an endosomal compartment ac-
cessible from both apical and basolateral surfaces. J. Cell Biol.
110, 337-348 (1989).
[20] Kenny, A. J., S. Maroux: Topology of microvillar membrane
hydrolases of kidney and intestine. Physiol. Rev. 62, 91-128
(1982).
[21] Kornfeld, S.: Trafficking of lysosomal enzymes in normal and
disease states. J. Clin. Invest. 77, 1-6 (1987).

84

[22] Lippincott-Schwartz, J., J. S. Bonifacino, L. C. Yuan, R. D.
Klausner: Degradation from the endoplasmic reticulum: disposing
of newly synthesized proteins. Cell 54, 209-220 (1988).
[23] Lorenzsonn, V., H. Korsomo, W. A. Olsen: Localization of su-
crase-isomaltase in the rat enterocyte. Gastroenterology 92, 98-
105 (1987).
[24] Louvard, D.: Apical membrane aminopeptidase appears at
sites of cell-cell contact in cultured epithelial cells. Proc. Natl.
Acad-Sci. USA 77, 4132-4136 (1980).
[25] Matter, K., B. Stieger, J. Klumperman, L. A. Ginsel, H.-P.
Hauri: Endocytosis, recycling and lysosomal delivery of brush
border hydrolases in cultured human intestinal epithelial cells
(Caco-2). J. Biol. Chem. 265, 3503-3512 (1990).
[26] Matter, K., M. Brauchbar, K. Bucher, H.-P. Hauri: Sorting of
endogenous plasma membrane proteins occurs from two sites in
cultured human intestinal epithelial cells. Cell 60, 429-437
(1990).
[27] Pinto, M., S. Robine-Leon, M. Appay, M. Kedinger, N. Triadou,
E. Dussaulx, B. Lacroix, P. Simon-Assman, K. Haffen, J. Fogh,
A. Zweibaum: Enterocyte-like differentiation and polarization of
the human colon carcinoma cell-line Caco-2 in culture. Biol. Cell
47, 323-330 (1983).
[28] Schmid, S. L., R. Fuchs, P. Male, I. Mellman: Two distinct
subpopulations of endosomes involved in membrane recycling and
transport to the lysosomes. Cell 52, 73-83 (1988).
[29] Semenza, G.: Anchoring and biosynthesis of stalked brush
border membrane proteins: glycosidases and peptidases of entero-
cytes and of renal tubuli. Annu. Rev. Cell Biol. 2, 255-313
(1986).
[30] Slot, J. W., H. J. Geuze: A new method of preparing gold
probes for multiple-labeling cytochemistry. Eur. J. Cell Biol. 38,
87-93 (1985).
[31] Sips, H. J., A. H. W. Claass, J. M. van Dongen, R. Willemsen,
A. T. Hoogeveen, H. Galjaard, M. Sinaasappel, H.-P. Hauri, E. E.
Sterchi: Sucrase-isomaltase and cystic fibrosis. J. Inherited Metab.
Dis. 8, 163-168 (1985).
[32] Steinman, R. M., I. S. Mellman, W. A. Muller, Z. A. Cohn:
Endocytosis and the recycling of plasma membrane. J. Cell Biol.
96, 1-27 (1983).
[33] Stieger, B., K. Matter, B. Baur, K. Bucher, M. HOchli, H.-P.
Hauri: Dissection of the asynchronous transport of intestinal mi-
crovillar hydrolases to the cell surface. J. Cell Biol. 106, 1853-1861
(1988).
[34] Van Deurs, B., 0. W. Petersen, S. Olsnes, K. Sandvig: The
ways of endocytosis. Int. Rev. Cytol. 117, 131-177 (1989).
[35] Zweibaum, A., M. Pinto, G. Chevalier, E. Dussaulx, N. Tria-
dou, B. Lacroix, K. Haffen, M. Rousset: Enterocytic differentia-
tion of a subpopulation of the human colon tumor cell line HT29
selected for growth in sugar-free medium and its inhibition by glu-
cose. J. Cell Biol. 100, 118-125 (1985).


