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Abstract

Caco-2 cells spontaneously differentiate into enterocyte-like cells and secrete apolipoprotein B
(apoB) lipoproteins. We evaluated the effect of different extracellular matrix proteins on
lipoprotein secretion by these cells. Caco-2 cells grown on human amnion connective tissue
(HACT) secreted twice as much apoB as control cells on Transwells, but secreted similar amounts
of apoALl. Cells cultured on fibrillar collagen type | secreted increased amounts of apoB similar to
the cells cultured on HACT, but cells cultured on non-fibrillar collagen type I, type IV collagen or
laminin-1 did not. The increased secretion was nullified by a function inhibiting anti-integrin 1
monoclonal antibody. Therefore, interactions between type | collagen and 1 integrins augment
apoB secretion by Caco-2 cells. Cells on HACT formed a more uniform columnar epithelium with
lipid droplets polarized to the basolateral membrane. We also studied the effect of extracellular
matrix proteins on transepithelial resistance (TER) of differentiated Caco-2 cells. TER in cells
cultured on HACT was similar to that on Transwells, but cells on laminin-1 and collagen IV
exhibited higher TER. Thus, various extracellular matrix proteins regulate apoB secretion and
TER differently. This new observation that extracellular matrix proteins can enhance apoB
secretion in Caco-2 cells could be useful to explore the modulation of lipid transport by these
proteins.
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1. Introduction

Enterocytes are highly differentiated intestinal epithelial cells specialized for nutrient
absorption. As in all organs, these epithelial cells are in contact with the extracellular matrix
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proteins present in the basement membrane. Extracellular matrix proteins play an important
role in the development and differentiation of the gut [6]. Furthermore, they have a
significant effect on the growth, differentiation, and survival of the epithelial cells of the
small intestine [4]. The intestinal epithelial basement membrane contains various collagens
and laminins. The epithelial cells interact with these extracellular matrix proteins via
integrins. Integrins are heterodimeric proteins composed of a and  subunits. Both of these
subunits have several isoforms and their combination determines specificity. For example,
a2B1 binds collagen type | whereas a1p1 binds collagen type IV [60].

A major function of enterocytes is to synthesize chylomicrons to transport dietary fat and
fat-soluble vitamins. Assembly and secretion of chylomicron requires a structural protein,
apolipoprotein B (apoB), as well as a dedicated chaperone, microsomal triglyceride transfer
protein (MTP). Caco-2 cells, human colon carcinoma, have been used extensively as a
model system to study various enterocyte functions [5,23,24]. These cells proliferate when
cultured under sub-confluent conditions and differentiate into enterocyte-like cells when
cultured for longer periods on plastic or in Transwells. After differentiation, these cells
exhibit polarized columnar epithelial morphology, form tight junctions, and show
transepithelial electrical resistance (TER). In addition, they assemble and secrete apoB-
containing lipoproteins and have been used to study the molecular mechanisms involved in
their assembly and secretion [8,11,13,14,22,31,34,55]. These cells secrete both apoB100 and
apoB48-containing lipoproteins, predominantly apoB100, mainly toward the basolateral
side. A number of factors, such as acyl-CoA: cholesterol acyltransferase and MTP inhibitors
[42,54], butyrate [35], calcium antagonist [20], colchicine [12], IL-1B, IL-6, TNF [39-41],
okadaic acid [37], quercetin [7], and sphingomyelinase [15] have been shown to decrease
apoB secretion by Caco-2 cells. On the other hand, the assembly and secretion of these
particles by differentiated Caco-2 cells are increased by the addition of lipids such as oleic
acid to the apical surface [8,34,53]. In addition, TGFf has been shown to increase synthesis
and secretion of apoB by Caco-2 cells [41,50]. Thus, several studies indicate that the culture
environment can modulate the assembly and secretion of apoB-lipoproteins by Caco-2 cells.

Cell culture studies are generally performed on plastic surfaces. However, numerous studies
show that culturing cells on matrix proteins substantially alters their phenotype and
proliferation. For example, Caco-2 cells grown on extracellular matrix proteins express more
brush border enzymes compared to those grown on plastic [5]. While previous studies have
used Caco-2 cells to examine the effects of extracellular matrix on cell adhesion
[21,33,49,51], integrin localization, cytoskeletal organization [21], spreading [5,21,49],
migration [49], proliferation [5,51,61], and differentiation [5,33,45,48,51], little has been
done to examine the role of extracellular matrix proteins in the assembly and secretion of
lipoproteins. We hypothesized that differentiation of Caco-2 cells on different extracellular
matrix proteins would promote the assembly and secretion of apoB-lipoproteins.

2. Experimental procedures

2.1. Reagents

Antibodies used for the determination of apoB and apoAl have been described [3,25,27].
Monoclonal antibodies against human integrin 1 (AllB2) and human integrin a5 (B11G2)
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were developed by Dr. Caroline H. Damsky and were obtained from Developmental Studies
Hybridoma Bank (lowa City, IA). Anti-integrin al (FB12), a2 (P1E6), and a3 (P1B5)
antibodies were from Chemicon (Temecula, CA). Another anti a1 antibody 5SE8D9 was
purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). Mouse laminin-1 and
collagen type IV were purchased from Becton Dickinson (Bedford, MA). Rat-tail tendon
collagen type | was kindly provided by Dr. George Ojakian (SUNY Downstate Medical
Center, Brooklyn, NY). Oleic acid (OA) and taurocholate (TC) were from Sigma (St. Louis,
MO).

2.2. Preparation of extracellular matrix protein coated filters

Polycarbonate filters (Transwell® 24 mm diameter, 3.0 um pore size, Corning Incorporated,
Corning, NY) were cut out and attached to Lexan cylinders (0.71 cm? area, Fig. 1A) by
silicone adhesive (DAP, Dow Corning Corp., Midland, MI). These were autoclaved and then
sterile coated with collagen type 1V or laminin-1 according to the manufacturer’s directions.
Briefly, the stock collagen type 1V was diluted in 0.05 N HCI to 100 pg/ml, 100 pl was
added to each cylinder, and the cylinders were incubated at room temperature for 1 h. The
excess was removed and the collagen type IV coated filters were rinsed three times with
calcium and magnesium free phosphate buffered saline (CMF-PBS) and once with
Dulbecco’s modified Eagle’s medium (DMEM) to remove any residual acid immediately
before plating cells. For laminin-1 coating, the stock laminin-1 was diluted to 50 pg/ml in
serum-free DMEM, 100 ul was added to each cylinder, and the cylinders were incubated at
room temperature for 1 h. The excess was removed and the laminin-1 coated filters were
rinsed three times with DMEM+10% FBS immediately before plating cells. Type I collagen
can have different structures depending on its preparation [for recent reviews, 19,57]. We
prepared cylinders coated with either non-fibrillar collagen films or fibrillar collagen gels to
evaluate the effect of different collagen structures on apoB secretion by differentiated
Caco-2 cells. Filters attached to Lexan cylinders were coated with non-fibrous collagen type
I film (100 pl/cylinder at 50 pg/ml in 0.1% acetic acid) for 1 h at room temperature. The
supernatant solution was discarded, the filters were allowed to air dry, and were stored at
room temperature until used. Immediately before plating cells, the filters were rinsed three
times with CMF-PBS and once with DMEM to remove any residual acetic acid. To prepare
fibrillar collagen type I gels, 300 pg/ml collagen in 0.1% acetic acid was mixed with 10x
DMEM and the acid was neutralized with 0.34 M NaOH to pH 7.2. This solution (250 pl)
was added to each sterile Transwell® polycarbonate filter/Lexan cylinder and was incubated
at 37 °C for 1 h. Caco-2 cells were plated directly onto the gel without rinsing.

2.3. Preparation of cylinders with human amnion connective tissue (HACT)

HACT was selected as a substrate because it provides a source of human connective tissue
and it has enabled other types of epithelial cells to express many of the morphological and
physiological characteristics that distinguish them in vivo [17]. HACT was prepared by a
modification of the method of Liotta et al. [32]. Placentas were obtained from normal
vaginal deliveries at SUNY Downstate Medical Center, usually within 6 h after delivery.
Under aseptic conditions, the amnion reflecta was separated from the chorion by blunt
dissection. The amnion was fastened to Lexan cylinders (Fig. 1B) with Viton orings (C. E.
Conover and Co., Inc., Philadelphia, PA). The amniotic epithelium faced the basal chamber
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while the connective tissue formed the substrate for cell attachment. The cylinders were cut
from the remainder of the amniotic tissue, washed extensively in CMF-PBS containing
penicillin (500 1U/ml) and streptomycin (50 pg/ml), and incubated with sterile 0.25 M
NH4OH for 2 h at room temperature. The amniotic epithelial layer was removed from the
basal surface of the cylinder by gentle scraping with sterile cotton swabs. The tissue was
again washed extensively with CMF-PBS and was stored in CMF-PBS containing penicillin
(500 1U/ml) and streptomycin (50 pg/ml) at =20 °C until used. Immediately before plating
cells onto the HACT, the cylinders were rinsed four times with CMF-PBS and once with
DMEM to remove the excess antibiotics. In some experiments, the completed cylinders
were further subjected to boiling for 15 min, trypsinization for 30 min at 37 °C, soaking in
isopropyl alcohol for 1 h at room temperature, fixation in 2.5% glutaraldehyde for 1 h at
room temperature followed by extensive rinsing in 50 mM NH,4CI to neutralize free
aldehyde groups, or 2 times rapid freeze and thaw cycles.

2.4. Cell culture

Caco-2 cells were routinely cultured in DMEM (4.5 g/l Glucose and L-Glutamineg,
Mediatech, Inc., Herndon, VA) supplemented with 10% heat-inactivated fetal bovine serum,
penicillin (100 1U/ml) and streptomycin (10 pg/ml) (GibcoBRL), maintained in a 5%
CO,/95% air atmosphere at 37 °C. For experiments, cells from sub-confluent flasks were
seeded at 2.8x10° cells/ml density, 0.5 ml/cylinder into prepared cylinders and incubated
suspended in 24-well tissue culture plates (Becton Dickinson Co., Franklin Lakes, NJ).
Cultures were fed every 2-3 days with fresh medium in both the apical (0.5 ml/cylinder) and
basal (1.5 ml/well) compartments. Eighteen hours prior to collecting media for apoB and
apoAl determinations, the basal medium was replaced with fresh medium containing 1%
FBS and the apical medium was replaced with fresh medium containing 10% FBS. When
experiments required the addition of monoclonal antibodies or inhibitors, these were
incorporated into both apical and basal medium at the indicated concentrations for the final
18 h of incubation. ApoB and apoAl were quantified using a sandwich ELISA assay [3,25].

2.5. Transepithelial electrical resistance (TER) measurements

Measurements of TER were performed as previously described using a chamber specially
designed (patent no. 4686190) to hold the Lexan cylinders, 3 M KCl/agarose salt bridges,
and Hg/HgCl, electrodes [9,36,38]. Briefly, 10 uA of direct current was passed across the
cell monolayers through Hg/HgCl, electrodes connected to each compartment by 3 M KCI-
agarose bridges. The voltage change was measured on a digital multimeter, and this
measurement was used to calculate TER of the epithelial monolayer.

2.6. Chylomicron separation by density gradient ultracentrifugation

For chylomicron secretion, cultures were supplemented with oleic acid:taurocholate
(OA:TC) at 1.6:0.5 mM in the apical compartment for the final 18 h of incubation [34].
Conditioned basal medium pooled from 3 cultures (3.8 ml/condition) was brought to 4 mi
volume in SW41 ultracentrifuge tubes and adjusted to a density of 1.12 g/ml by the addition
of 0.565 g of KBr [34]. The media were sequentially overlaid with 3 ml of 1.063 g/ml, 3 ml
of 1.019 g/ml, and 2 ml of 1.006 g/ml density solutions. The tubes were centrifuged (SW41
rotor, 40,000 rpm, 33 min, 15 °C) and the top 1 ml was collected. This fraction contained
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large chylomicrons (S > 400) [34]. The gradients were then overlaid with 1 ml of 1.006
g/ml solution, centrifuged (40,000 rpm, 3 h and 30 min, 15 °C), and the top 1 ml was
aspirated (small chylomicrons fraction). The gradients were overlaid with a final 1 ml of
1.006 g/ml solution, centrifuged (40,000 rpm, 17 h, 15 °C), and the top 1 ml was collected.
This fraction contained the VLDL size particles. The remaining solutions were aspirated into
1.5 ml fractions labeled 1-7.

2.7. Light microscopy

For examination of 1-micron sections of monolayers by light microscope, filters or amnion
were fixed for 1 h in 2.5% v/v glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) and then
washed in buffer. The monolayers were postfixed for 1 h in 1% v/v OsO4in 0.1 M
phosphate buffer (pH 7.3), washed in 0.85% saline, dehydrated in ethanol, transferred to
propylene oxide, and embedded in Epon 812. Thick sections, stained with trypan blue were
examined by light microscopy under oil at 1000x.

2.8. Statistics

3. Results

Values are presented as the meanzs.d. or s.e.m. Standard deviation was used to describe the
variability of individual cultures in a single experiment. Standard error of the mean was used
to describe the variability of the mean when the values represent the average of the means of
multiple experiments. Linear regression analysis and determination of statistical differences
between paired or unpaired groups were done using GraphPad Software Prism 3.0.

3.1. Caco-2 cells cultured on HACT secrete more apoB

To study the effect of extracellular matrix proteins on the secretion of apolipoproteins B
(apoB), Caco-2 cells were cultured on either HACT or Transwell® filters for 14 days. Cells
grown on HACT secreted significantly more apoB than cells grown on Transwells (Fig. 2A,
p<0.0001). However, secretion of apoAl by these cells was not affected by their culture in
these two different conditions (Fig. 2B). Therefore, cells on HACT specifically secrete more
apoB.

We further studied the effect of HACT on apoB secretion during differentiation. Caco-2
cells were grown on Transwell® filters alone or cylinders with HACT. In a time course
study of 21 days, Caco-2 cells grown on HACT secreted significantly greater amounts of
apoB than cells grown on Transwell® filters (Fig. 2C). This increase became apparent on
day 10 and continued to day 21. Therefore, not only did HACT significantly increase apoB
secretion, it also sustained the maximum secretion throughout the study period. Cells
cultured on Transwell® filters secreted maximum amounts of apoB on day 14.
Subsequently, the amounts of apoB secretion by these cells appear to decline. In contrast to
apoB, secretion of apoAl from Caco-2 cells was similar during the same time span,
regardless of the extracellular matrix protein used (Fig. 2D). These studies indicate that cells
grown on HACT secrete more apoB for a longer period.
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Next, we asked whether growth on HACT would affect the types of lipoproteins secreted by
these cells. When no additional lipid was added to the cultures, Caco-2 cells grown on
Transwell® filters secreted apoB in the VLDL and other smaller lipoproteins (Fig. 2E) as
described earlier [34]. Growth of these cells on HACT significantly increased the amounts
of apoB in the VLDL and other smaller lipoproteins. No additional less buoyant particles
were present in the conditioned media.

We then studied the effect of fatty acids on the secretion of different types of lipoproteins
(Fig. 2F). This treatment has been shown to induce assembly and secretion of more buoyant
chylomicron-size particles without affecting the secretion of apoAl-lipoproteins [34]. The
addition of oleic acid to the cultures for the final 18 h of incubation caused greater secretion
of apoB and stimulated chylomicron secretion in cells grown on both human amnion
connective tissue and Transwell® filters (Fig. 2F). Again, amounts of apoB secreted in
VLDL and other smaller lipoproteins by cells cultured on HACT were higher than those
secreted by cells cultured on Transwell® filters. However, there were no significant
differences in the amounts of chylomicrons secreted under two different culture conditions.
These data indicate that cells grown on HACT increase apoB secretion without significantly
altering the types of lipoproteins produced.

ApoB lipoprotein secretion is critically dependent on microsomal triglyceride transfer
protein (MTP). To test, if MTP activity was altered during different culture conditions, we
allowed Caco-2 cells to differentiate on Transwell® and cylinders with HACT. Cells were
used to measure triglyceride transfer activity of MTP [2,47]. Analysis of MTP activity in
cells revealed that the MTP activity was similar under both culture conditions (Fig. 2G).
Thus, differentiation of Caco-2 cells on HACT has no effect on MTP activity.

3.2. Growth of Caco-2 cells on fibrillar collagen type | increases apoB secretion

Attempts were made to identify the active component in HACT that increases apoB
secretion. To determine if labile components of the amnion were responsible for the
increased apoB secretion, a variety of treatments were employed to denature or remove
them. Cylinders with HACT were subjected to boiling, soaking in isopropanol,
trypsinization, glutaraldehyde fixation, or freeze and thaw cycles. Equal numbers of cells
were then plated in these cylinders and in cylinders with untreated HACT and Transwell®
filters. Cells plated on HACT that had been denatured in various ways still secreted elevated
levels of apoB similar to cells grown on untreated HACT (Fig. 3A) indicating that the
stimulating factor was not affected by these treatments. Amounts of apoA1l secreted by cells
after various treatments were similar to those secreted by cells grown on either untreated
HACT or on Transwell® filter (Fig. 3B). These results indicate that a labile molecule in the
HACT was not responsible for the enhanced apoB secretion.

We then focused on the major extracellular matrix proteins. Immunogold labeling and
transmission electron microscopy studies of HACT show that it contains collagen Type I,
collagen Type IV and laminins [10], however their percent composition is unknown.
Therefore, Caco-2 cells were grown on Transwell® filters alone or these filters coated with
laminin 1, collagen IV or non-fibrillar collagen type I (Fig. 3C). The amounts of apoB
secreted by these cells grown on different matrix proteins were then compared with those
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secreted by cells grown on HACT. Caco-2 cells grown on HACT secreted significantly
greater amounts of apoB than cells grown on any other matrix protein (Fig. 3C). In contrast
to apoB, secretion of apoAl from Caco-2 cells was similar regardless of the extracellular
matrix proteins used (Fig. 3D).

Since these extracellular matrix proteins did not increase apoB secretion, we determined if
the morphological structure of the collagen was the stimulating factor [16,28] and tested the
ability of Transwell® filters coated with fibrillar collagen type | to stimulate apoB secretion.
As seen in Fig. 3E, fibrillar collagen caused a similar increase in apoB secretion as HACT.
This increase in secretion occurred independent of the amounts of collagen used (Fig. 3F).
In fact, the lowest amounts, which were barely sufficient to form a layer on the Transwell®
filters, were still able to enhance apoB secretion (Fig. 3F, 30 g). These studies identify
fibrillar collagen type | as the active component responsible for increased apoB secretion by
Caco-2 cells grown on HACT.

3.3. Fibrillar collagen type | and B1 integrin are involved in augmenting apoB secretion

There are four integrin heterodimers which can function as collagen type | receptors: a1fp1,
a2Bl, al0pl, and al11P1 [60]. Since all these integrins contain the B1 subunit, we used anti-
functional antibodies against the 1 subunit to determine if the binding of collagen type I to
integrins is necessary for enhanced apoB secretion. To evaluate the role of the 1 integrin
subunit, 14-day old cultures were incubated with monoclonal antibody against integrin 1
(mAb AlIB2) for 18 h. mAb AIIB2 had no effect on the secretion of apoB (Fig. 4A) and
apoAl (Fig. 4B) by cells grown on Transwell® filters. However, treatment of cells grown on
HACT with anti-integrin 1 antibody significantly reduced the secretion of apoB (Fig. 4A,
p<0.0001) without altering apoAl secretion (Fig. 4B). When anti-integrin f1 monoclonal
antibody was added in decreasing concentrations to the cultures grown on HACT, the
decrease in apoB secretion was shown to be dose responsive (Fig. 4C). Addition of these
antibodies after 14 days of culture decreased apoB secretion indicating that interactions
between these cells and extracellular matrix proteins are dynamic and susceptible to changes
in extracellular milieu. Similar experiments using various anti al (FB12 and 5E8D9), a2
(P1ES6), a3 (P1B5), and a5 (BIIG2) integrin antibodies did not reduce apoB secretion (data
not shown) most likely because more than one a subunits might be involved. We interpret
these data to suggest that the binding of collagen type I to f1 integrins is important for the
enhanced apoB secretion.

Binding of collagen type | to integrins is known to induce outside-in signaling involving
different kinases. Two major kinases involved in the signaling are P13-kinase and MAP
kinase kinase. To evaluate their role in apoB secretion, Caco-2 cells grown on Transwell®
filters or amnion connective tissue were incubated with either P13-kinase inhibitor,
LY294002 [56], or PD98059 [43], which inhibits MAP kinase kinase. LY?294002
significantly reduced secretion of apoB (Fig. 4D, p<0.009) and apoAl (Fig. 4E) by Caco-2
cells grown on both Transwell® filters and amnion connective tissue to the same level. In
contrast, PD98059 significantly reduced apoB secretion by cells grown on amnion
connective tissue only (Fig. 4D). These data indicate that P13-kinase plays an important role
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in apoB and apoAl secretion by differentiated Caco-2 cells. However, the amnion
connective tissue induced apoB secretion involves the MAP kinase pathway.

MAP kinase kinase is activated by several stimuli. To determine if PD98059 effect was due
to the inhibition of the signaling elaborated by the binding of type I collagen to 1 integrin
subunit, we used both anti-integrin f1 antibodies and PD98059 (Fig. 4F). The apoB
secretion by cells grown on Transwell® filters was not affected by the addition of PD98059,
mAb AIlIB2, or PD98059 and mAb AIIB2. In contrast, cells grown on amnion connective
tissue secreted significantly lower amounts of apoB in the presence of the inhibitor and the
monoclonal antibody (Fig. 4F). Both these reagents individually decreased apoB secretion
by ~30%. When PD98059 and mAb AlIB2 were added together no additive inhibitory effect
was observed indicating that both the antibody and the inhibitor affect the same pathway.
These studies indicate that MAP kinase kinase is involved in the enhanced secretion of apoB
by the outside-in signaling induced by fibrillar collagen type I.

3.4. Effect of HACT on cell morphology and on intracellular lipid droplets

Since the extracellular matrix is known to play a significant role in the differentiation of
cells, we compared the morphology of the Caco-2 cells grown on Transwell® (Fig. 5A) and
HACT (Fig. 5B). Cells grown on Transwell® filters for 14 days showed some multilayering
with nuclei at different levels and distended intercellular space (Fig. 5A). These cells
extended their pseudopods through the pores of the filter and formed a layer along the basal
surface of the filter. In contrast, Caco-2 cells grown on HACT showed a simpler columnar
epithelial monolayer with most of the nuclei at the same level (Fig. 5B). Another feature was
the presence of lipid droplets. Cells grown on both surfaces and supplemented with fatty
acids contained large lipid droplets. In contrast to cells grown on Transwell® filters (Fig.
5A), the organization of the lipid droplets in cells grown on HACT (Fig. 5B) were more
polarized with numerous lipid droplets lining the basal surface of the cells. In Fig. 5C, the
number and location of lipid droplets with respect to the location of the nuclei were
compared. Cells grown on HACT had significantly more lipid droplets below the nucleus.
No attempt was made to determine if these droplets contain apoB or the amounts of apoB
within these cells. These studies show that cells grown on HACT form a more uniform
columnar epithelial cell layer and contain lipid droplets predominately below the nucleus,
i.e., the basolateral side where apoB-lipoproteins are secreted.

3.5. Effect of extracellular matrix proteins on TER and on apoB secretion

The ability of the HACT to stimulate Caco-2 cells to form a columnar epithelial monolayer
with polarized lipid droplets and to increase apoB secretion suggests that this substrate
might be uniformly increasing the differentiation of these cells. If this is true then different
characteristics of the differentiated cells are expected to behave similarly. Therefore, we
compared the ability of apoB secretion of differentiated cells with their ability to form tight
junctions. To examine this, Caco-2 cells were grown on different extracellular matrix
proteins and then used to study apoB secretion and TER, a measure of tight junction
formation. Cells grown on Transwells, and Transwells coated with laminin-1, collagen IV
and non-fibrillar collagen | secreted similar amounts of apoB (Fig. 6A). In contrast, cells
grown on HACT secreted enhanced amounts of apoB consistent with previous data.
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Surprisingly, the TER of cells grown on HACT was similar to that observed in cells grown
on Transwells (Fig. 6B). However, the TER was significantly increased in cells grown on
laminin-1 and collagen type 1V (p<0.005 and p<0.0076, respectively). We next examined
the effects of PD98059 and mAb AlIB2 on the TER of Caco-2 cells grown on Transwell®
filters or amnion connective tissue. PD98059 which had no effect on apoB secretion by cells
grown on Transwell® filters (Fig. 4D) significantly increased the TER in these cells (Fig.
6C, p<0.0001). However, although PD98059 reduced apoB secretion in Caco-2 cells grown
on HACT, it had no effect on the TER. The anti-integrin 1 monoclonal antibody had no
effect on the TER of Caco-2 cells grown on Transwell® filters or amnion connective tissue
(Fig. 6D). This antibody, like PD98059, significantly reduced apoB secretion by cells grown
on HACT (Fig. 4A). When we compared the amount of apoB secretion to the TER in
Caco-2 cells grown on Transwell® filters (Fig. 6E) or HACT (Fig. 6F), we found no
correlation between these parameters. These data indicate that apoB secretion and TER are
two independently regulated phenotypes of the differentiated Caco-2 cells.

4. Discussion

Caco-2 cells grown on HACT secrete approximately twice as much apolipoprotein B over
an 18-hour period compared to cultures grown on tissue culture treated Transwell® filters.
The enhancement in apoB secretion was not due to a generalized increase in secreted
proteins, as apoAl secretion was not augmented under the same conditions. Morphological
studies revealed that cells grown on HACT have a more regular, columnar epithelial
organization with lipid droplets accumulating along the basolateral membrane. Biochemical
studies revealed that the increase in apoB secretion was dependent on type | collagen in a
fibrillar, cross-linked format, since non-fibrillar type | collagen as well as laminin and
collagen 1V did not cause this increase. The increased apoB secretion was dependent on
integrin p1 as incubation with a function inhibiting anti-integrin p1 monoclonal antibody
reduced apoB secretion. Furthermore, the MAP kinase kinase inhibitor PD98059 reduced
apoB secretion to about the same level as those seen in Transwell® filter cultures. A
combination of PD98059 and anti-integrin 1 monoclonal antibody did not show additive
reduction in apoB secretion. Thus, it is likely that interactions between extracellular type |
collagen and cell surface B1 integrins activate MAPK pathway to increase apoB secretion in
Caco-2 cells.

Differentiation of Caco-2 cells results in the acquisition of phenotype characteristic of
intestinal epithelial cells. Two major characteristic features of differentiated Caco-2 cells are
apoB-lipoprotein assembly and formation of tight junctions [1,18]. TER measures the
tightness of the occluding junctions. We reasoned that increased apoB secretion by cells
cultured on fibrillar type I collagen might be related to more efficient differentiation of these
cells. However, comparison of two different differentiation phenotypes gave unanticipated
results. While HACT and fibrous type I collagen increased apoB secretion, they had no
effect on the TER of the Caco-2 cells. In contrast, the tightness of the occluding junctions as
measured by TER was increased by laminin-1 and type 1V collagen. These extracellular
matrix proteins, however, had no effect on apoB secretion. Thus, various extracellular
matrix proteins regulate these two Caco-2 cell differentiation phenotypes differently.
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Caco-2 cells grown on Transwell® filters express brush border enzymes such as alkaline
phosphatase, dipeptidyl peptidase, sucrase-isomaltase and lactase [44,52] after
differentiation. ApoB secretion is also dependent upon differentiation of Caco-2 cells, as it
increases with time in culture reaching a maximum at 12 days post-confluence [48]. This is
in good agreement with our findings, since our cultures reached confluence at about day 2 to
3 after plating, and reached their maximum secretion at day 14. Our studies show that the
ability of Caco-2 cells to secrete apoB can be significantly improved when they are grown
on HACT or fibrillar type I collagen.

Growth of Caco-2 cells on different extracellular matrix proteins has been shown to affect
expression of different enzymes in Caco-2 cells. For example, laminin-1 promotes an earlier
expression of sucrase-isomaltase in Caco-2 cells than laminins 2, 5 or 10 [51]. Cells cultured
on both laminin-1 and type IV collagen substrates exhibit greater specific activities of
sucrase-isomaltase, alkaline phosphatase and dipeptidyl peptidase than cells grown on non-
fibrous type | collagen or plastic substrates [5]. Thus, we had anticipated that laminin-1 and
type IV collagen in the HACT might enhance Caco-2 cell differentiation and apoB
secretion. Surprisingly, both of these basement membrane constituents did not affect apoB
secretion. Nonetheless, cells grown on these substrates exhibited increase in the TER,
another measure of cellular differentiation. Thus, various extracellular matrix proteins have
differential effects on the expression of individual proteins.

Type | collagen, both in fibrillar and non-fibrillar forms, has been used extensively as a
substrate for the growth of a variety of cell types. Wang et al. [58] showed that fibrillar type
I collagen stimulated the production and activation of pro-matrix metalloproteinases in
cultured hepatic stellate cells while non-fibrillar type | collagen did not. In contrast, Fujisaki
and Hattori [16] showed that human foreskin keratinocytes grown on fibrillar type I collagen
undergo apoptosis while those grown on non-fibrillar collagen do not. Ichii et al. [26]
reported that smooth muscle cells on fibrillar type I collagen show suppressed proliferation
and migration compared to cells on a monomeric non-fibrillar collagen. Hansen et al. [19]
showed that fibrillar collagen type I gels induce a highly differentiated phenotype of growth
arrested primary hepatocytes. In contrast, a film of non-fibrillar monomeric collagen
promotes dedifferentiation and cell division. Therefore a variety of cell types show different
responses when grown on various forms of type | collagen. In our experiments, non-fibrillar
type | collagen had no effect on apoB secretion. However, growth on fibrillar type | collagen
significantly increased apoB secretion without altering the TER of the Caco-2 cell
monolayers.

Cells grown on HACT show significant lipid droplets below the nuclei, therefore the
increased secretion of apoB to the basal chamber may be due to better targeting of the apoB
to the basolateral membrane. However, the overall increased secretion could also result from
either increased synthesis due to enhanced transcription or due to decreased posttranslational
degradation. For example, the increase in apoB secretion following addition of oleic acid
plus taurocholate [34] to Caco-2 cultures is not due to increased synthesis, but due to
reduced degradation [11,13,46], while the increased apoB secretion following stimulation
with transforming growth factor § has been shown to result from increased transcription of
the apoB gene [41,50]. Further experiments are required to determine if reduced degradation
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and/or increased transcription is responsible for the increased apoB secretion due to growth
of Caco-2 cells on HACT.

It is known that the MAP kinase pathway is important in regulating tight junctions in
epithelia. PD98059 has been shown to cause a decrease in the TER of MDCK cells [29]
while it has caused an increase in the TER in human corneal epithelial cells [59] and in a
Raf-1 transfected mouse hepatic cell line [30]. In our studies, PD98059 caused a significant
increase in TER in Caco-2 cells grown on Transwell® filters but not when grown on human
amnion connective tissue. In contrast, PD98059 reduced the secretion of apoB when Caco-2
cells were grown on human amnion connective tissue. This indicates that the MAP kinase
pathway regulates multiple functions within these cells, and its effects appear to be
influenced by the substrate these cells are grown on.

The HACT substrate model for Caco-2 cells described here promotes a more normal
architecture of intestinal epithelia, shows a targeting of lipid droplets toward the basolateral
membrane, and specifically promotes greater secretion of apoB than comparable cultures
grown on Transwell® filters. We show that p1 integrin/collagen type | interactions augment
apoB secretion. This model may be an effective tool for further understanding the
modulation of apoB production pathways.

Abbreviations

HACT human amnion connective tissue
MTP microsomal triglyceride transfer protein
apoAl apolipoprotein Al
apoB apolipoprotein B
CMF-PBS calcium and magnesium free phosphate buffered saline
FBS fetal bovine serum
ELISA enzyme linked immunoassay
TER transepithelial electrical resistance
DMEM Dulbecco’s modified Eagle’s medium
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Fig. 1.
Schematic diagrams of Lexan cylinders with either polycarbonate filter (A) or human

amnion connective tissue (B).
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Effect of human amnion connective tissue on the secretion of apoB and apoAl and cellular
MTP activity. Panels A and B: Secretion of apoB and apoA1l by Caco-2 cells cultured on
HACT. Caco-2 cells were cultured for 14 days on uncoated Transwell® filters, or on HACT
(Amnion CT). Eighteen hours prior to collection, the basal medium was exchanged with
fresh DMEM+1% FBS, and the apical medium was replaced with DMEM+10% FBS.
Basolateral media were used to measure apoB (A, *p<0.0001) or apoAl (B) using ELISA.
Panels C and D: Time course of apoB and apoA1l secretion by Caco-2 cells cultured on
HACT. The basal medium was exchanged with fresh DMEM containing 1% FBS 18 h prior
to each collection time. At the times indicated, basal medium was collected and immediately
assayed by ELISA for apoB (C, *p<0.0001, **p<0.0002, ***p<0.004, ****p<0.006) or
apoAl (D). Averagezs.d. values are plotted against time (n=4). Panels E and F: Secretion of
different apoB-lipoproteins by Caco-2 cells cultured on HACT. Eighteen hours prior to
collection, the basal medium was exchanged with fresh DMEM+1% FBS, and the apical
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medium was replaced with DMEM+10% FBS+0.5 mM taurocholate (panel E) or DMEM
+10% FBS supplemented with 1.6 mM oleic acid:0.5 mM taurocholate (panel F). Basal
medium was collected and immediately fractionated by density gradient centrifugation and
the fractions were assayed by ELISA for apoB. The data are from one experiment and are
representative of three independent experiments. Panel G: Activity of microsomal
triglyceride transfer protein (MTP) in Caco-2 cells cultured on HACT. Cells were washed
and used to measure triglyceride transfer activity of MTP. Data are representative of three
independent experiments performed in triplicate.
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Fig. 3.

Effect of different extracellular matrix proteins on the secretion of apoB and apoAl by
Caco-2 cells. Panels A and B: Effect of various treatments of HACT on apoB secretion.
Prior to plating the Caco-2 cells, the HACT was boiled, soaked in isopropanol (isopro.),
treated with trypsin, fixed in glutaraldehyde (Glut.) or freeze/thawed twice (2xF & T) to
determine the effect on the secretion of apoB (A, *p<0.0001, **p<0.04) or apoAl (B).
Caco-2 cells were cultured for 14 days on the treated and untreated substrates. Basal media
were collected and immediately assayed by ELISA. Averagezs.d. values are depicted (n=4).
Panels C and D: Effect of different extracellular matrix proteins on apoB secretion. Caco-2
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cells were cultured for 21 days on uncoated Transwell® filters, filters which had been coated
with laminin-1, collagen type 1V or non-fibrillar collagen type I (non-fibrous Col 1), and on
HACT (Amnion CT). The basal medium was exchanged with fresh DMEM containing 1%
FBS. After 18 h, basal medium was collected and immediately assayed by ELISA for apoB
(C, *p<0.0001) or apoAl (D). Averagezs.d. values are plotted (n=4). Panel E: Effect of
fibrillar and non-fibrillar collagen type I on the secretion of apoB by Caco-2 cells. Caco-2
cells were cultured for 14 days on uncoated Transwell® filters, filters coated with non-
fibrillar or fibrillar collagen type I, or on HACT (Amnion CT). Basal medium was collected
and immediately assayed by ELISA for apoB (*p<0.0005, **p<0.008). Panel F: Effect of
different amounts of fibrillar collagen type | on the secretion of apoB by Caco-2 cells.
Caco-2 cells were cultured for 14 days on uncoated Transwell® filters, or filters with
different amounts of fibrillar collagen type | added to the cylinder. Basal medium was
collected and immediately assayed by ELISA for apoB as described before (*p<0.001,
**p<0.02, ***p<0.03). Averagezs.d. values are depicted (n=4).
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Effect of anti-integrin B1 monoclonal antibody and/or protein kinase inhibitors on the
secretion of apoB and apoAl by Caco-2 cells. Caco-2 cells were cultured for 14 days on
uncoated Transwell® filters or filters coated with on HACT (Amnion CT). The apical and
basal media were supplemented with fresh DMEM with or without mAb AlIB2, an anti-
functional integrin B1 antibody. After 18 h, basal medium was collected and immediately
assayed by ELISA for apoB (A, *p<0.0001 Amnion CT vs Transwell with or without mAb
AlIB2 or Amnion CT+mAb AlIB2) or apoAl (B). Averagezs.d. values are depicted. The
data are from one experiment performed in quadruplicate and are representative of four
independent experiments. Panel C shows a separate experiment in which cells were
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incubated with different indicated dilutions of the monoclonal antibody. Average+s.d. values
are plotted (*p<0.0004 Amnion CT vs Transwell, **p<0.03 Amnion CT vs Amnion CT
+1:50 mAb, n=4). Panels D-F: The apical and basal media were exchanged with fresh
DMEM with or without protein kinase inhibitors LY294002 (25 pM) or PD98059 (50 uM)
and/or mAb AlIB2. Basal medium was collected after 18 h and immediately used to
quantify apoB (D, *p<0.006, **p<0.009 Control vs LY294002, ***p<0.005 Control vs
PD98059, F, *p<0.0003, **p<0.004, ***p<0.008) and apoAl (E, *p<0.001, **p<0.008
Control vs LY294002). Averagezs.d. values are depicted (n=3).
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Effect of HACT on cell morphology and intracellular lipid droplets. Caco-2 cells were
cultured for 14 days on uncoated Transwell® filters, or on HACT (Amnion CT). The
cultures were treated for 18 h with oleic acid:taurocholate (1.6:0.5 mM), and then fixed in
2.5% glutaraldehyde and embedded for sectioning. Cross-sections show typical growth on
uncoated Transwell® filters (A), or on HACT (B). Lipid droplets were counted for 50
consecutive cells on each substrate according to their location within each cell (above or
below the nucleus, C). Averages.d. are depicted (*p<0.05, **p<0.03, n=4).
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Effect of extracellular matrix proteins on the TER and apoB secretion by Caco-2 cells.
Panels A and B: Caco-2 cells were cultured for 14 days on Transwell® filters coated with
laminin-1, collagen type IV, non-fibrillar collagen type I, or HACT (Amnion CT). Uncoated
filters (Transwell) served as controls. The basal medium was exchanged with fresh DMEM
containing 1% FBS and, 18 h later, was collected and immediately assayed by ELISA for
apoB (*p<0.005, Transwell vs Amnion CT, n=4, A). The TER was assessed on day 14 in
DMEM+10% FBS (**p<0.005 Transwell vs Laminin-1, ***p<0.01 Transwell vs Collagen
IV, n=4, B). Panels C and D: Caco-2 cells cultured for 14 days on uncoated Transwell®
filters or on amnion connective tissue were incubated for 18 h with fresh DMEM containing
1% FBS+50 uM PD98059 (****p<0.0001 Transwell® vs Transwell®+PD98059, n=6, C) or
mAb AIlIB2 (D) and used to assess TER in DMEM+10% FBS. Panels E and F: Correlation
between apoB secretion and TER. Caco-2 cells were cultured for 14 days on Transwell®
filters or on HACT. The basal medium was changed to fresh DMEM containing 1% FBS,
collected after 18 h, and immediately assayed for apoB. The cultures were then assessed for
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TER in DMEM+10% FBS. Paired values of apoB and TER from 45 cultures from 12
independent experiments are depicted for Transwell® filters (E) and HACT (F). Linear
regression slope is not significantly different from zero (Transwell® filters p=0.7792,
Amnion CT p=0.2482).
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