American Journal of Pathology, Vol. 137, No. 6, December 1990
Copyright © American Association of Pathologists

A Three-dimensional System for Long-term
Culture of Human Colorectal Adenomas

J. Conor O’Keane, Herbert Z. Kupchik, Paul C.
Schroy, Christopher D. Andry, Elizabeth
Collins, and Michael J. O’Brien

From the Mallory Institute of Pathology, Department of
Microbiology and Section of Gastroenterology, Boston
University School of Medicine, Boston, Massachusetts

Studies of the adenoma-carcinoma sequence in the
colon and rectum bave been limited by the paucity
of experimental models of adenoma growth and
progression. Progress recently was reported in the
development of monolayer culture systems. The
Drincipal objective of this study was to develop a
Dprimary culture system for colorectal adenomas
that would simulate three-dimensional in vivo
growth. We used a calcium alginate encapsulation
technique that was previously described for estab-
lished tumor cell lines. Briefly, fresh resected spec-
imens were washed, minced into small multicel-
lular particles called microadenomas, and encap-
sulated in 1% calcium alginate pellets. The pellets
were maintained in minimum essential medium
containing 10% fetal bovine serum at 37°C in bu-
midified atmosphere of 95% air, 5% CO,. Ten of
eleven adenomas, including six tubular, three tu-
bulovillous, and one villous bave been successfully
cultured for 34 to 162 days. Cell viability was con-
Jirmed bistologically by light and electron micros-
copy. The cells were characterized as epithelial by
morphologic features and ultrastructural studies,
which showed a bigh degree of cellular differentia-
tion, including villous brusb borders and many
desmosomes. Both tubular and villuslike structures
bave been observed in vitro, correlating in some
cases with the bistology of the parent adenoma.
Measurements of proliferative activity by
[2H]|thymidine autoradiograpby or immunobisto-
chemical staining with the monoclonal antibody
Ki-67 demonstrated growth fractions of 9% to 25%.
A simple, bighly efficient primary culture system was
developed for the long-term maintenance of ade-
nomas that promotes tbree-dimensional growth
Datterns and growth rates analogous to those seen
in vivo. This model provides an opportunity to de-

velop an experimental system for longitudinal
studies of pathologic and molecular parameters in
adenoma progression to carcinoma. (Am J Pathol
1990, 137:1539-1547)

Colorectal adenoma is considered the precursor lesion of
colon cancer."? Approximately 30% of the United States
population older than age 45 years harbor one or several
adenomas,® but only a fraction of these will undergo ma-
lignant transformation. The factors governing this con-
version are poorly understood. Adenomas, as potential
cancer precursors, demand removal once identified.
Therefore it is not possible to observe long-term adenoma
growth, let alone experimentally manipulate them in hu-
mans. The experimental animal models of adenomas and
colorectal carcinoma have severe limitations.5¢ The di-
methylhydrazine mouse model® shows perhaps the most
convincing adenoma-carcinoma sequence but there are
obvious limitations in extrapolating from this high-dose
carcinogen-induced lesion to the sporadic human colo-
rectal adenoma. The best solution to the study of the
clinical, pathologic, and molecular parameters that affect
the natural history of adenomas may be an in vitro model.
Although in vitro techniques have proved valuable in the
study of colorectal carcinomas,’ there has been very lim-
ited success reported on the growth of colorectal ade-
nomas in culture.®-'® We report a new method of in vitro
culture of adenomas that offers many advantages over
previously described systems and simulates the three-
dimensional growth and morphology of the parent ade-
noma in vivo.

Experimental Design and Methods
Primary Explant Cultures
Tissue was obtained by the pathologist from adenomas

removed at colonoscopy or colectomy. Each tissue frag-
ment was washed three times in 50 ml of phosphate-
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Table 1. Parent Adenoma Characteristics and Duration of Culture

Duration of

Parent adenoma Site Size (cm) Growth pattern Dysplasia grade culture (days)

1 Sigmoid 35 Tubulovillous Low 162

2 Cecum 19 Tubulovillous Low 94

3 Sigmoid 1 Tubular Low 49

4 Sigmoid 1.5 Tubular Low 52

5 Rectum 1 Tubular High 52

6 Descending 1.2 Tubular Low 68

7 Sigmoid 4 Villous Low 3*

8 Sigmoid 1 Tubular High 34

9 Ascending 4 Tubulovillous High 63
10 Rectum 38 Villous High 42
1 Cecum 48 Tubular High 37

* The culture was discarded at this time due to contamination.

buffered saline (PBS), minced on 0.86-mm open wire
mesh, pushed through the mesh with a sterile glass pestle,
and the adenoma minceate resuspended in Dulbecco’s
Modified Eagle's Medium (DMEM). After centrifugation at
800 rpm for 6 minutes, the volume of the tissue pellet
was estimated and the filtered minceate resuspended in
1% sterile (Cel-Prep™) sodium alginate (FMC Bioproducts,

A

Rockland, ME) at a 25:1 (alginate:tissue) ratio. The algi-
nate-adenoma suspension was added by drops to a sterile
solution of 0.1 mol/l (molar) CaCl, at 4°C. The solid gel
pellets then were washed and cultured in DMEM fortified
with 10% fetal bovine serum (FBS), penicillin (100 p/ml),
streptomycin (100 mg/ml), 0.1 mol/l nonessential amino
acids (Sigma Chemical Co., St. Louis, MO), and ampho-

B

Figure 1. Parent adenoma 2. Microadenoma in culture at 2 weeks after incubation. A: An ellipsoid structure with a broad based
apical protrusion and a fingerlike extension at the opposite end can be identified (X25). B: A detail of the elongated extension
with a lateral budlike outgrowth. This contour was retained up to 12 weeks after incubation (X 100).
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Figure 2. Parent adenoma 2. Microadenoma in culture at 2 weeks after incubation. A: The same microadenoma bas increased in
size 10 weeks later but can (as can other microadenomas in separate pellets) be readily identified by its characteristic shape.
Increased layered growth is apparent. The main change in the elongated structure is a symmetrical increase in bulk, with little
overall increase in length (X25). B: The lateral budlike outgrowth identified 10 weeks earlier (Figure 1b) bas become bulkier and
more complex (X 100).

Figure 3. Parent adenoma 2. Two-micron-
thick section of a different microadenoma
Sixed 10 weeks after incubation and
embedded in plastic. An eccentric tubular
lumen with radial arrangement of epithe-
lial cells can be identified with an elon-
gated solid extension at one pole. The cells
bave uniform size and the nuclei are small,
bave evenly dispersed chromatin and small
nucleoli (Richardson’s blue stain; X 100).
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tericin B (2.5 pg/ml). One to three calcium alginate pellets
were placed in 16-mm wells (Costar 24-well plates) with
1 ml culture medium and incubated at 37°C in 95% air,
5% CO, mixture. The 3- to 4-mm pellets are transparent,
allowing daily monitoring using an inverted microscope.
Fresh medium was added every 2 days. We referred to
each tissue fragment within an individual gel pellet as a
microadenoma.

Evaluation

Parent Adenomas

The parent adenomas were processed as routine sur-
gical specimens in neutral buffered formalin after a small
representative portion had been snap frozen in liquid ni-

Figure 4. Parent adenoma 1. Microadeno-

4+ ma with many budlike outgrowths, with
lobulated grape-cluster contour (13 weeks
after incubation, X25).

trogen. Hematoxylin and eosin stained sections were used
to classify the morphology of the adenomas, according
to histologic type (tubular, tubulovillous, villous) and the
grade of dysplasia, according to World Health Organization
criteria. "'

In Vitro Adenomas

Serial observations of individual microadenomas were
made using inverted microscopy. Microadenoma volume
and growth pattern, particularly size of buds or fingerlike
projections from the main cell mass, were noted. Direct
measurements were made using an ocular micrometer.
Selected microadenoma images were stored in an ATT
personal computer (ATT, Woburn, MA) using a digitized
computer software program (Optel Telecommunications
Telewriter Il TGA, New York, NY) for future image analysis

Figure 5. Parent adenoma 1. This mi-
. croadenoma bas a coiled conch shell-like
appearance, without prominent surface
budding (13 weeks after incubation, X40).



Figure 6. Parent adenoma 10. Histoauto-
radiographs of microadenomas 2 weeks af-
ter incubation. The microadenomas were
incubated with tritiated thymidine over-
night before fixation and embedded in
Dlastic. Sections were coated with emulsion
and stored for 1 week, then developed and
counterstained with Richardson'’s blue
stain. Prominent fingerlike projections and
no tubular growth is apparent. The prolif-
erating nuclei are clearly identified by the
many black grains over the nuclei. The
proliferation index was 9%. Extensive de-
bris is apparent in both upper left and upper
right corners, with no apparent nuclei,
round apoptotic-type bodies, and no thy-
midine labeling. These features are typical
of the dead cell population of the microad-
enoma (Richardson’s blue stain, X 100).

studies. For microscopic examination, microadenoma
pellets were embedded in plastic blocks. After initial fix-
ation in four parts concentrated formaldehyde (40% so-
lution) and one part 2.5% buffered glutaraldehyde for 4
to 6 hours, pellets were postfixed in 2% osmium tetroxide
in cacodylate buffer (0.1 mol/l) for 1 hour, dehydrated
with graded acetone, and embedded in Epon/Araldite.
Sections (1 to 2 u) were stained with Richardson’s blue
and serial sections were evaluated morphologically by light
microscopy. For ultrastructural evaluation, ultrathin sec-
tions from plastic blocks were stained with uranyl acetate
and lead citrate and examined and photographed with a
Philips EM300 transmission electron microscope.

Viability and Cell Proliferation

The MTT (3-{4-5-dimethyithiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide) assay was used to measure growth
over time. MTT is a tetrazolium compound that is reduced
by a mitochondrial reductase in viable cells to a blue for-
mazan product that can be analyzed spectrophotomet-
rically.'?> Microadenoma pellets® were placed in 16-mm
wells with 1 ml of serum-free medium and 15 ug MTT and
incubated at 37°C in 5% CO, for 4 hours. Dimethyl sulf-
oxide (200 ul) was added for 30 minutes to solubilize the
formazan crystals and 100 ul of solution was transferred
to microtiter wells. The optical density read at 570 nm
was proportional to cell number.

Both tritiated thymidine uptake' and immunohisto-
chemical staining with the Ki-67 antibody'* were used to
evaluate cell proliferation in separate pellets from the same
parent adenomas incubated for similar periods of time.
Pellets were incubated in 0.25 uC tritiated thymidine over-
night, rinsed in PBS, incubated with cold thymidine for 2
hours, rinsed again, then fixed and processed as outlined
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above. Plastic sections (1 u) were coated with emulsion
(Kodak NTB2, Rochester, NY) and allowed to incubate
at 4°C for 1 week. Slides were developed with Kodak
D19 and stained with Richardson’s blue. Proliferating nu-
clei had numerous (more than )50) overlying grains in
contrast to background (less than 1 grain per nucleus).
Labeling index was calculated as number of positive nu-
clei/total number of viable nuclei in a given section.

Sections (5 u) of fresh microadenoma pellets were cut
after snap freezing pellets in liquid nitrogen (—70°C). Cy-
tospin preparations of other pellets were obtained by dis-
solving the alginate in 0.1 mol/l ethylene diamine tetra-
acetic acid at 37°C for 5 minutes, followed by deep dilution
with PBS and centrifugation of the microadenomas at 800
rpm for 5 minutes. After resuspension in PBS, each spec-
imen was centrifuged onto a polylysine-coated glass slide
in a cytospin centrifuge (Shandon Cytospin 2, Pittsburgh,
PA) for 5 minutes at 1000 rpm. The preparations were
fixed in acetone/methanol (50:50) and stained with primary
antibody (Ki-67, DAKO Corp, Carpinteria, CA) and an av-
idin-biotin modification of the immunoperoxidase tech-
nique with diaminobenzidine as chromogen. The Ki-67
growth fraction was calculated as the number of cells with
any degree of positive nuclear staining as a percentage
of the total number of viable cells.

Results

Eleven adenomas have been cultured for periods up to
5 months. Characteristics of parent adenomas and their
duration of culture are presented in Table 1. The parent
adenomas included 6 tubular, 3 tubulovillous, and two
villous adenomas. Six had low-grade dysplasia and five
high-grade dysplasia. The size ranged from 1 to 4.8 cm.
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Figure 7. Parent adenoma 10. Detail of microadenoma is shown
in Figure 6. Villuslike projection. The epitbelial cells are clearly
viable and nuclear labeling is identifiable along the entire
length of the tissue, including the tip. The N/C ratio is increased
(compare to Figure 3) and the nuclei are more hyperchromatic,
bave denser, more irregular nuclear membranes, and more
prominent nucleoli. There is still ordered growth, bowever, and
some retention of polarity. The mesenchyme, in contrast to the
epithelial cells, is completely degenerative. Mesenchymal ob-
solescence is a consistent feature in this culture system (Rich-
ardson’s blue stain, X250).

One adenoma (#7) was discarded 3 days after incubation
due to contamination. Each of the remaining 10 adenomas
yielded at least 100 microadenoma pellets for primary
culture. Adenomas were cultured for between 34 and 162
days. Criteria for viability included MTT assay and evidence
of continued proliferation and viability, as determined by
thymidine autoradiography and ultimately morphologic
(light-microscopic studies) at the end of the culture period.
All adenomas had well-preserved light-microscopic ap-
pearances with associated sloughed necrotic cells. Es-
tablished viability at 30 days or longer was regarded as
a successful culture. There was no apparent correlation
between duration of culture and site, size, growth pattern,
and grade of dysplasia in the parent adenoma. The mi-
croadenomas, at the outset, assumed a variety of shapes,
frequently lobulated, with single or muttiple projections.
The major change with time was a symmetrical increase
in bulk. Where projections were present soon after incu-

bation, these tended also to increase in bulk rather than
length with time. In some cases, shapes tended to reflect
the growth pattern of the parent adenoma. Figures 1 and
2 show microadenomas from parent adenoma #2, with
curved outgrowths and contours suggesting budding tu-
bules. Light microscopy of another microadenoma from
parent adenoma #2 revealed well-organized lumina with
radially oriented cells and basal nuclei as well as fingerlike
projections analagous to the tubulovillous growth pattern
in the parent adenoma (Figure 3). Other growth patterns
seen have included many budlike outgrowths from a solid
center (Figure 4) or a coiled conchlike appearance, without
prominent surface budding (Figure 5). Figures 4 and 5
are from parent adenoma #1 (tubulovillous). The pure
villous adenoma (#10) showed a predominantly fingerlike
growth pattern with no tubular growth apparent on light
microscopy (Figures 6 and 7).

Morphologic correlation with the parent adenoma also
appears to extend to the degree of dysplasia. Parent ad-
enoma #2 showed low-grade dysplasia and adenoma
#10 showed high-grade dysplasia. The microadenomas
derived from the latter (Figures 6 and 7) had cells with
higher nuclear:cytoplasmic ratios, and nuclei with more
irregular chromatin, greater irregularity of nuclear mem-
branes and larger, more prominent nucleoli, compared
with the microadenoma showing low-grade dysplasia
(Figure 3).

Ultrastructural studies performed on the microadenoma
shown in Figure 3 revealed highly differentiated cells with
features of both tubular and villous adenomas (Figures 8
and 9). Typical tubular adenoma cells showed short stubby
microvilli, apical microvesicles, many desmosomes (more
prominent apically), and irregular convolution of the lateral
cell margin without distension of the intercellular spaces.
These ultrastructural features were identified in cells from
microadenomas forming tubular lumina (Figure 8). Else-
where goblet cell differentiation was identified with more
regularly arranged microuvilli (Figure 9). Both light micros-
copy and ultrastructural studies showed epithelial cell pro-
liferation only with obsolescence of the mesenchymal
component and no fibroblast overgrowth (Figure 7).

The proliferation index of the microadenomas ranged
from 7% to 10%. Thymidine uptake occurred throughout
the microadenomas, with increased cell labeling in more
solid areas. Ki-67 growth fractions ranged from 18% to
25%. Many dead cells and apoptotic bodies were iden-
tified around all the growing microadenomas. Serial mea-
surements of growth over time were obtained for mi-
croadenomas from the same parent using MTT and thy-
midine labeling assays. Figure 10 shows change in MTT
value over time (0 to 8 weeks). The initial value decreases
to steady state of 30% of the original at 4 weeks, remains
at a plateau until 6 weeks, and then increases to 90%
original value at 8 weeks. The thymidine labeling indices



Figure 8. Transmission electron microscopy
of a cross-section of the elongated extension
illustrated in Figure 3 shows a lumen sur-
rounded by incompletely differentiated
cells typical of tubular adenoma. The cells
show short stubby microvilli, irregularly
arranged, apical microvesicles, and many
desmosomes. The nuclei are basally located
and there are prominent mitochondria,
some enlerged (X 10,600).

from corresponding microadenomas show similar results.
At day 1 the labeling index was 14 + 3% (mean + SE).
This decreased to 7 + 3% at 1 week, 6 + 2% at 3 weeks
after incubation, and 4 + 2% at 4 weeks incubation.

Discussion

Few reports of successful in vitro culture of colorectal
adenomas have appeared in the literature. Friedman et
al® described the primary culture of adenomas on a gelatin
substrate and later a type 1 collagen-bovine serum al-
bumen substrate. These short-term monolayer cultures
were used to assess in vitro activity of tumor promoters
on adenoma growth, cytoskeletal organization, and plas-
minogen activator secretion. Using methods similar to
those described by Friedman et al,® both Wilson et al®
and Paraskeva et al'® derived cell lines from adenomas
that retained typical epithelial morphology during in vitro
passage. Further characterization of these cell lines has
shown that, with rare exception, both tubular and villous
adenoma cells are nonclonogenic, anchorage dependent,
and nontumorigenic in athymic nude mice.®

The method described here for the in vitro culture of
colorectal adenomas uses an alginate gel culture system
previously used successfully for culture of carcinoma cell
lines.'® Cultured human pancreatic and colonic carcinoma
cell lines have been maintained in the system for up to
49 days and have demonstrated organized growth and
differentiation.'” Other systems also have been claimed
to allow three-dimensional growth of cells in culture. A
number of these have relied on the spontaneous aggre-
gation of cells in spheroid form'® or the use of microcarrier
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Sephadex® beads.® The system most comparable to the
alginate system is a collagen gel technique® in which
epithelial cells, embedded in mouse tail collagen gel, grew
to form three-dimensional structures resembling in vivo
glands and ducts. In this system there was a significant
problem of fibroblast overgrowth, which required the ad-
dition of cholera toxin for successful epithelial growth. In
our system, epithelial growth is favored, with rapid ob-
solescence of mesenchymal elements. In no case to date
has fibroblast overgrowth occurred in the alginate system.

The encapsulation of microexplants of adenomas pro-
motes three-dimensional in vitro growth, which simulates
in vivo growth. Three-dimensional growth is a particularly
important attribute of an in vitro model of colorectal ad-
enomas, in that it appears that the pattern of growth (ie,
villous versus tubular) is an independent risk factor for
malignant transformation in a given adenoma.?' The bi-
ologic determinants of variation in growth patterns are not
understood and this model may help to provide clues.
Comparability of the model to the in vivo adenoma is also
borne out by the preliminary electronmicroscopic studies,
which showed ultrastructural features identical to those
described in epithelial cells of tubular®? and villous®* ad-
enomas, respectively.

Epithelial cell proliferation rates in the in vitro microad-
enomas studied also appeared comparable to those of
in vivo adenomas® and, in addition, are similar to the
values obtained by Friedman et a?®?” in short-term mono-
layer culture. It is known that although cell proliferation
rates of in vivo adenomas are high,% with growth fractions
in the range of 25% to 60%, increase in size is slow. This
has been attributed to differentiation and dehiscence of
cells into the bowel lumen. 22 Ki-67 is a proliferation an-
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tigen found in nuclei of cells in G,G,, S, and M phases of
the cell cycle.™ The *H-thymidine assay, on the other hand,
identifies cells in S phase, thus accounting for the differ-
ences in their respective values as determined by the two
methods. The alginate microadenomas had *H-thymidine—
labeling indices of 7% to 10% and Ki-67 growth fractions
of 18% to 25%, as determined by thymidine autoradi-
ography and immunohistochemistry, respectively. The
volume increase in the microadenomas also was less than
would be expected from these growth determinations. A
possible explanation is a high rate of cell loss reflecting
a rapid progression to terminal differentiation, which is
analagous to the in vivo phenomenon. We identified many
dead cells and apoptotic bodies, both inside and outside
the microadenomas, supporting this hypothesis and sug-
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Figure 10. Changes in growtb rate of microadenomas over time
assessed by MTT assay. Each value (+ standard error) is the
mean of three samples.

Figure 9. Elsewbere the same adenoma
shows focal goblet cell differentiation and
cells with more regularly arranged micro-
villi. These features bave been described in
villous adenomas (X8800).

gesting that the cell death is not a function of adverse
culture conditions at the center of the tissue. Our current
studies on the model focus on the systematic evaluation
of microadenoma growth and proliferation under varied
experimental conditions.

We developed a primary culture system for the three-
dimensional growth of colorectal adenomas in alginate
capsules. Each parent adenoma provided at least 100
microadenomas for serial observation and assessment.
Viability and continued proliferation in vitro has been
maintained for up to 162 days. It has been possible to
perform detailed morphologic studies on individual mi-
croadenomas and correlate gross microscopic immuno-
histologic and ultrastructural features. Previously we
showed the capacity for diffusion of macromolecules from
the capsule and their measurement in the culture me-
dium. 87 Growth patterns analogous to tubular and villous
histology have been observed and plastic sections have
shown highly differentiated cells with well-formed lumina.
Proliferation studies showed growth fractions comparable
to those observed in vivo. Electron microscope studies
have shown features typical of both tubular and villous
adenomas. This model thus replicates the in vivo growth
of colorectal adenomas and permits a wide range of mor-
phometric, cell kinetic, and biochemical measurements
to be performed serially and under varying experimental
conditions.
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