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SUMMARY

Self-renewing, 2-dimensional primary colonic epithelial cells
are sustained by a combination of surface matrix and

chemical factors. The 2-dimensional culture platform is a
physiologically relevant system to assay stem cell renewal
and differentiation and to screen compounds.

BACKGROUND & AIMS: Three-dimensional organoid culture
has fundamentally changed the in vitro study of intestinal
biology enabling novel assays; however, its use is limited
because of an inaccessible luminal compartment and challenges
to data gathering in a three-dimensional hydrogel matrix. Long-
lived, self-renewing 2-dimensional (2-D) tissue cultured from
primary colon cells has not been accomplished.

METHODS: The surface matrix and chemical factors that sus-
tain 2-D mouse colonic and human rectal epithelial cell
monolayers with cell repertoires comparable to that in vivo
were identified.

RESULTS: The monolayers formed organoids or colonoids when
placed in standard Matrigel culture. As with the colonoids, the
monolayers exhibited compartmentalization of proliferative and

differentiated cells, with proliferative cells located near the pe-
ripheral edges of growing monolayers and differentiated cells
predominated in the central regions. Screening of 77 dietary
compounds and metabolites revealed altered proliferation or
differentiation of the murine colonic epithelium. When exposed
to a subset of the compound library, murine organoids exhibited
similar responses to that of the monolayer but with differences
that were likely attributable to the inaccessible organoid lumen.
The response of the human primary epithelium to a compound
subset was distinct from that of both the murine primary
epithelium and human tumor cells.

CONCLUSIONS: This study demonstrates that a self-renewing
2-D murine and human monolayer derived from primary cells
can serve as a physiologically relevant assay system for study of
stem cell renewal and differentiation and for compound
screening. The platform holds transformative potential for
personalized and precision medicine and can be applied to
emerging areas of disease modeling and microbiome studies.
(Cell Mol Gastroenterol Hepatol 2017;4:165-182; http://
dx.doi.org/10.1016/j.jcmgh.2017.02.011)
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See editorial on page 203.

L ong-term culture of primary intestinal epithelial tis-
sue as a planar monolayer has not been possible
because of the rapid loss of stem and proliferative cells and
rapid onset of apoptosis when primary epithelium is placed
into culture.” Investigators have traditionally relied on colon
cancer cell lines such as Caco-2 and its derivatives to study
gut epithelial physiology because of their ability to grow
indefinitely on conventional tissue culture plates.” Although
cancer cell lines grow as confluent monolayers and can be
efficiently passaged, they possess many non-physiologic
characteristics including somatic mutations, chromosomal
instabilities, altered metabolism, and aberrant proliferative
and differentiation characteristics.® Together, these non-
physiologic properties of Caco-2 cells call into question
their predictive ability in assays designed to understand
normal epithelial physiology.

Recent advances in epithelial culture conditions now
promote intestinal stem cell (ISC) maintenance and indef-
inite culture of primary intestinal tissue as three-
dimensional (3-D) organoids.*® The organoid culture
system uses soluble growth factors including Wnt-3A4,
R-spondin, noggin, and epidermal growth factor (EGF) to
mimic the ISC niche environment that supports ISC sur-
vival, growth, and differentiation in a thick layer of
Matrigel.>®** Like in vivo, organoid ISCs exhibit their
defining properties by self-renewing and giving rise to
progenitors that differentiate into absorptive colonocytes
(water and electrolyte uptake), goblet cells (mucus pro-
duction), enteroendocrine cells (hormones), and Paneth
cells (antimicrobial and stem cell niche functions).” By
virtue of their non-transformed condition, 3-D organoids
represent a physiologically relevant model enabling novel
assays and pharmaceutical and dietary compound screens
that are not currently possible with colon cancer cell lines
such as Caco-2.%'""?

Although organoid culture technology has had a major
positive impact on the in vitro study of primary gut
epithelium, the 3-D geometry of organoids prevents access
to the apical aspect of the epithelium, producing a number
of challenges to physiologically relevant studies. The apical
surface of the organoid is analogous to the lumen of the gut
where digested contents and microbial communities
interact with the epithelium. The spheroidal architecture of
the organoids prevents access of exogenous compounds to
the luminal epithelial surface, limiting studies focused on
apical transporters, receptors, metabolic enzymes, and
microbiota."® Matrigel embedded organoids exist in multi-
ple planes, making collection of experimental readout by
using conventional microscopy exceptionally chal-
lenging.'*'®> Unfolding the spherical organoid into a two-
dimensional (2-D) planar tissue construct is a solution
that addresses these major challenges and has the potential
to further transform in vitro study of the gut epithelium.

We have previously demonstrated that primary intesti-
nal epithelial cells can be cultured on polydimethylsiloxane
(PDMS) and other artificial surfaces in the absence of a
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hydrogel.* Although they are supplied with the requisite
soluble growth factors for growth within Matrigel, culture of
primary epithelium on non-hydrogel surfaces produced a
short-lived, non-proliferative monolayer of cells. Dissociated
3-D small intestinal and colonic organoids have been
cultured on a porous membrane (coated with 0.1% gelatin
or 10 ug/cm? collagen) to form a monolayer, but these
monolayers were not self-renewing, suggesting that stem
cells were lost from the monolayers over time and a self-
renewing ISC compartment was not supported.’®'” The
failure of existing 2-D culture methods to produce long-term
monolayers suggests that a biochemical environment
composed of media and soluble growth factors alone is not
adequate to sustain a self-renewing monolayer containing
both stem and differentiated cells. To overcome the limita-
tions in monolayer culture duration, we sought to identify
parameters that would support self-sustaining monolayers.

Materials and Methods
Isolation of Crypts From Mouse Colon and
Human Rectal Biopsies

Male mice were used at age 6-10 weeks. All experiments
were performed in compliance with the relevant laws and
institutional guidelines at the University of North Carolina
(UNQ). All experiments and animal usage were approved by
the Institutional Animal Care and Use Committee (IACUC) at
UNC. Mice were humanely Kkilled by lethal dose of isoflurane,
followed by cervical dislocation under the approved UNC
[ACUC-approved protocol #13-200. A cytomegalovirus
enhancer plus chicken actin promoter (CAG)-DsRed mouse
model in which all cells expressed the DsRed fluorescent
protein was used to monitor the proliferation of colonic
epithelial cells by fluorescence microscopy. CAG-DsRed
heterozygous mice were bred on a CD-1 background, and
wild-type mice were bred on a C57BL/6 background. Wild-
type mice were used for fluorescence-based assays and
compound screens. An LgrSEGFPCreERT2xR26 confetti
mouse was used for lineage tracing experiments on the 2-D
monolayer. The confetti mouse was injected with 5 mg
tamoxifen at 48 hours before death and isolation of crypts
from the large intestine.'® Human rectal biopsies were ob-
tained from UNC Hospitals Meadowmont Endoscopy Center

Abbreviations used in this paper: ALP, alkaline phosphatase; a-ChgA,
anti-chromogranin A; a-Muc2, anti-mucin2; CAG, cytomegalovirus
enhancer plus chicken actin promoter; Cl, confidence interval; 2-D,
two-dimensional; 3-D, three-dimensional; ECM, extracellular matrix;
EDU, 5-ethynyl-2'-deoxyuridine; EGF, epidermal growth factor;
ENR-W, cell medium with [Wnt-3A] of 30 ng/mL; ENR-w, cell medium
with [Wnt-3A] of 10 ng/mL; HISC, human intestinal stem cell medium;
IACUC, Institutional Animal Care and Use Committee; ISC,
intestinal stem cell; PBS, phosphate-buffered saline; PDMS,
polydimethylsiloxane; RFP, red fluorescent protein; SEM, scanning
electron microscope; SSMD, strictly standardized mean difference;
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with consent of the patient (under the approved UNC
Institutional Review Board #14-2013).

Isolation buffer was composed of 5.6 mmol/L Na,HPO,
(Sigma S7907; Sigma-Aldrich, St Louis, MO), 8.0 mmol/L
KH,PO, (Sigma P5655; Sigma-Aldrich), 96.2 mmol/L NaCl
(Sigma S5886; Sigma-Aldrich), 1.6 mmol/L KCl (Sigma
P5405; Sigma-Aldrich), 43.4 mmol/L sucrose (Fisher BP220-
1; Thermo Fisher Scientific, Waltham, MA), and 54.9 mmol/L
D-sorbitol (Fisher BP439-500; Thermo Fisher Scientific) in
deionized water. The buffer was filter sterilized and stored at
4°C. Ethylenediamine tetraacetic acid (2 mmol/L; Thermo-
Fisher 15575020) and DL-dithiothreitol (0.5 mmol/L; Ther-
moFisher R0861) were added to 10 mL isolation buffer and
used within 2 hours. Colon tissue was incubated in the above
ethylenediamine tetraacetic acid/DL-dithiothreitol solution
at room temperature for 75 minutes. The tissue was then
rinsed with 5 mL isolation buffer twice and vigorously
shaken by hand in 10 mL isolation buffer to release the
crypts. The density of crypts in the solution was obtained by
adding a 10-uL suspension to a Petri dish and counting the
number of crypts in this drop of suspension. Released crypts
were placed into culture within 30 minutes of isolation.

Medium Composition

The composition of culture media for primary cells is
listed in Supplementary Table 1. For mouse cells, the culture
medium (ENR-W) was advanced Dulbecco modified
Eagle medium/F12 medium with Wnt-3A (30 ng/mL),
R-spondin-2 (75 ng/mL), noggin (71 ng/mL), EGF (50 ng/
mL; PeproTech 315-09, Rocky Hill, NJ), N-acetyl cysteine (1
mmol/L, Sigma A9165; Sigma-Aldrich), GlutaMAX (x1),
HEPES (10 mmol/L), A83-01 (500 ng/mL, Sigma SML0788),
penicillin (100 units/mL), streptomycin (100 ug/mL), and
gentamicin (5 ug/mL). For human cells, the human intestinal
stem cell medium (HISC) was same as ENR-W, except that
Wnt-3A (100 ng/mL), R-spondin-2 (90 ng/mL), N-ace-
tylcysteine (1.25 mmol/L) and additional B27 (x 1), nicotin-
amide (10 mmol/L, Sigma NO0636), gastrin (10 nmol/L,
AnaSpec AS-64149; Fremont, CA), SB202190 (3 wmol/L,
Selleckchem S1077; Houston, TX), and prostaglandin E; (10
nmol/L, Cayman Chemicals 14010; Ann Arbor, MI) were
added. The reagents without specified vendor name and
catalog number were from Thermo Fisher Scientific. Wnt-34,
R-spondin-2, and noggin were obtained from conditioned
media as described previously.'® The concentration of Wnt-
3A and R-spondin 2 was measured by using a TCF/LEF
luciferase reporter stable HEK293 cell line (Signosis SL-0015;
Sunnyvale, CA) with comparison to recombinant Wnt-3A and
R-spondin 2 control proteins (R&D Systems 1324-WN, 6946-
RS-025/CF; Minneapolis, MN). The activity of noggin was
measured by using an enzyme-linked immunosorbent assay
kit (LifeSpan BioSciences LS-F5920; Seattle, WA).

Three-dimensional Organoid Culture

Isolated crypts were embedded in Matrigel as described
previously.”*° Briefly, 10,000 crypts were suspended in 50
uL cold Matrigel (Corning 356235; Corning, NY). A 5-uL crypt
suspension was added to each well of a 96-well plate. After

Self-renewing Primary Colonic Epithelium 167

solidification of the Matrigel at 37°C for 15 minutes, 150 uL
medium was added to each well. The medium was changed
every 48 hours. The Y-27632 ROCK inhibitor (10 umol/L,
ApexBio A3008-200; Houston, TX) was added to the medium
for the first 48 hours of culture. Every 4 days (mouse cells) or
7 days (human cells), the organoids were dissociated with
Accutase (Stemcell Technologies 07920; Vancouver, Canada)
and passaged to a new 96-well plate at a ratio of 1:3.

Preparation of the Collagen Hydrogel in
Six-well Plate

Collagen hydrogel is generally prepared by neutralizing
the acidic collagen solution with NaOH and incubating the
mixture at 37°C for 30-60 minutes. The hydrogel properties
(eg, stiffness, clarity, adhesiveness, cell-binding sites) are
highly dependent on the pH during gelation. Therefore, we
used a customized neutralization buffer (containing HEPES,
NaHCO3, and NaOH in phosphate-buffered saline [PBS]) to
neutralize the acidic collagen solution before gelation to
ensure a final pH of 7.4 for the hydrogel. The neutralization
buffer was prepared in 75-mL volumes. If the acidic collagen
solution has a protein concentration of 4 mg/mL (in 0.02
N-acetic acid), the components necessary for preparation of
75 mL neutralization buffer are the following: x10 PBS
(Corning 46-013-CM), 10 mL; HEPES (1 N, ThermoFisher
15630080, pH = 7.4), 2 mL; sodium bicarbonate (7.5% w/v,
Corning 25-035-CI, pH = 8), 6 mL; sodium hydroxide (1 N),
575 uL; and deionized water, 56.4 mL.

The buffer was sterile filtered and stored at room tem-
perature until use. The buffer was used for a maximum of 6
months and then replaced. Each batch of collagen stock
solution (type [, rat tail, Corning 356236) can have a
different concentration of collagen protein. The above recipe
uses collagen with a concentration of 4 mg/mL protein.
Volumes used must be adjusted if different collagen protein
concentrations are used, so that the final concentration of
buffered salts in the neutralized collagen hydrogel is HEPES
20 mmol/L, NaHCO3 53 mmol/L, and PBS x1.

To prepare 1 mL neutralized collagen at a concentration
of 1 mg/mL, 750 uL neutralization buffer was first added to a
15-mL conical tube, and the tube was placed on ice. Then 250
uL collagen stock solution (type |, rat tail, Corning 356236, 4
mg/mL, 4°C) was added to the tube, and the mixture was
homogenized by slow and repeated pipetting, carefully
avoiding air bubble formation during pipetting. The collagen
mixture (1 mL) was added to each well of a 6-well plate
(Denville T1006; Holliston, MA). The plate was incubated at
37°C for 1 hour to generate a clear hydrogel. PBS (4 mL) was
placed over the hydrogel. The collagen hydrogel was gener-
ally used within 2 hours after preparation but could be stored
in a 37°C incubator up to 1 month without apparent loss of
integrity, adhesion, and cell culture outcome. The thickness of
the collagen hydrogel was 1 mm in the 6-well plates.

Two-dimensional Monolayer Culture

on a Collagen Hydrogel
The crypts were placed on top of the collagen hydrogel
at a density of 1000 crypts/cm? (unless otherwise stated)
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and cultured in 4 mL medium per well in the 6-well plate.
The medium was changed every 48 hours, and Y-27632
was added for the initial 48 hours of culture. When the cell
coverage was greater than 80% (typically after 3-4 days
for mouse cells, 5-7 days for human cells), the monolayers
were subcultured by a gentle 2-step dissociation method.
The first step was to lift up the monolayer from the
collagen hydrogel by scraping the collagen (with cells)
from the well and transferring the hydrogel to a 15-mL
conical tube containing 1 mL culture medium with 500
U/mL collagenase (type 1V, Worthington Biochemical
LS004189; Lakewood, NJ). The gel was broken into small
pieces by pipetting using a 5-mL serologic pipette, fol-
lowed by a 1-mL pipet tip. The tube was then incubated at
37°C for 10 minutes to completely digest the collagen gel.
The monolayers were rinsed with PBS buffer and pelleted
by centrifugation at 600g for 1 minute. The second step
was to further break up the monolayer pieces into smaller
fragments by incubating the pellet in 150 uL ethylenedi-
amine tetraacetic acid (0.5 mmol/L) and Y-27632 (10
umol/L) in PBS at 37°C for 2 minutes (mouse cells) or 5
minutes (human cells). The monolayers were broken into
small fragments by pipetting up and down 30 times by
using a 200-uL pipet tip. The cell fragments were resus-
pended in medium and subcultured on a new collagen
hydrogel at a passage ratio of 1:3.

To convert 3-D organoids to a 2-D monolayer, the
organoids were extracted from Matrigel by detaching the
Matrigel patty, breaking it into coarse pieces, and then
pipetting the suspension by using a 200-uL pipet tip. The
cells were then cultured on a collagen gel at a density of 10
organoids/cm?.

Culture on Surfaces Other Than Collagen

When cells were cultured on a Matrigel surface, ie, not
embedded, Matrigel at a protein concentration of 8.9 mg/
mL was added to each well of a 24-well plate and gelled at
37°C for 1 hour. For polystyrene surfaces coated with
different extracellular matrix (ECM) coatings, tissue culture
grade polystyrene was coated with ECM or peptides by
incubation at 37°C for 1 hour at a concentration recom-
mended by the vendors. Gelatin (10 mg/mL) was prepared
by cross-linking with transglutaminase.”’ Polyacrylamide
possessed a stiffness of about 800 Pa, and its surface was
covalently attached to collagen by sulfosuccinimidyl 6-
(4'-azido-2'-nitrophenylamino) hexanoate as recommended
by the manufacturer.

Stiffness Measurements

Stiffness measurements were conducted by using a TA
Instruments Discovery Hybrid Rheometer (New Castle, DE)
(DHR3) in dynamic mechanical analysis mode.

Characterization of the Two-dimensional
Monolayer

The proliferation and viability of cells were quantified
by either surface area coverage or a cell viability assay
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(CellTiter-Glo luminescence assay, Promega G7572; Madi-
son, WI). To ensure the cells possessed grossly normal
chromosomes, cells were karyotyped (KaryoLogic, Inc,
Morrisville, NC). Twenty cells from each sample were
analyzed. To reveal the topographic features of 2-D mono-
layer, the samples were dried with a critical point dryer
(Tousimis Semidri PVT-3; Rockville, MD) and inspected by
scanning electron microscope (SEM) (FEI Quanta 200 ESEM;
FEI Company, Hillsboro, OR). For immunofluorescence
staining, thin sections (8-10 wum) of the 2-D monolayers
were prepared on a cryostat.

Staining and Imaging

5-Ethynyl-2-deoxyuridine  staining. The 5-ethynyl-
2-deoxyuridine (EDU)-based staining was used to reveal
proliferative cells.”” Cells were incubated with EDU (10
umol/L) in medium for 3 hours at 37°C, followed by standard
staining (Click-iT EDU Alexa Fluor 647 imaging kit; Thermo
Fisher Scientific). The cells were imaged by using a Nikon
Eclipse TE300 inverted epifluorescence microscope (Chroma
ET-Cy5 49006 filter set).

Alkaline phosphatase staining. Alkaline phosphatase
(ALP) was used to reveal cells differentiated toward the
colonocyte lineage. The live cells were first rinsed with PBS
and then incubated for 30 minutes at 37°C with an ALP
substrate (Vector red alkaline phosphatase substrate Kkit;
Vector Laboratories, Burlingame, CA) in Tris buffer (0.15
mol/L, pH 8.4). The cells were rinsed with PBS and fixed in
4% paraformaldehyde for 15 minutes. The ALP staining was
imaged by brightfield or epifluorescence microscopy
(Semrock TxRed-4040B; Rochester, NY).

Other fluorescence staining. Immunofluorescence stain-
ing was used to reveal the differentiated phenotypes or
subcellular structures. Antibodies against SOX9 («-Sox9) stain
proliferative progenitor and stem cells. Anti-Mucin2 («-Muc2)
marks goblet cells. Anti-chromogranin A («-ChgA) identifies
enteroendocrine cells. Anti-B-catenin, ZO-1, occludin, and
E-cadherin labeled cell-to-cell junctions. Anti-integrin-64 and
NA*/K*-ATPase labeled the basal and basolateral mem-
branes. Villin and phalloidin stained the apical surface. For
most antibodies, the cells were first fixed with 4% para-
formaldehyde for 15 minutes, followed by incubation with
0.5% Triton X-100 for 20 minutes. For Z0-1, E-cadherin, and
occludin, the cells were fixed with ice cold methanol and
placed at -20°C for 15 minutes. The cells were blocked with
10% donkey serum (Jackson Immunoresearch 017-000-121;
West Grove, PA) for 1 hour at 20°C. The cells were incubated
in primary antibody at 4°C overnight and stained with a sec-
ondary antibody for 45 minutes at 20°C. Finally, the DNA was
stained with Hoechst 33342 (2 ug/mL; Sigma-Aldrich,
#B2261) for 15 minutes at 20°C. Primary antibodies were
rabbit @-Muc2 (1:200, Santa Cruz sc-15334; Santa Cruz
Technology, Santa Cruz, CA),** rabbit a-ChgA (1:1000, Abcam
ab15160; Cambridge, UK),** rabbit «-Sox9 (1:100,
Millipore AB5535; Billerica, MA),** rabbit a-villin (1:200,
Santa Cruz sc-28283), rabbit «-Z0-1 (1:100, Proteintech
21773-1-AP; Wuhan, China), rabbit «-E-cadherin (1:100,
Proteintech 20874-1-AP), rabbit «-occludin (1:100,
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Proteintech 13409-1-AP), rabbit a-NA'/K"-ATPase (1:100,
Proteintech 22338-1-AP), rabbit a-integrin-34 (1:200, Santa
Cruz sc-9090), and rabbit a-f-catenin (1:200, Santa Cruz sc-
7199).° The secondary antibodies were donkey anti-rabbit
immunoglobulin G conjugated with either Alexa Fluor 488
or 594 (1:500, Jackson Immunoresearch 711-545-152 or 711-
585-152). Alexa Fluor 488 phalloidin (Thermo Fisher
A12379) bound to actin.

High-throughput Screening of Dietary
Metabolites and Natural Products

All 77 compounds were obtained from Sigma-Aldrich.
The names, categories, and their working concentration are
listed in Supplementary Table 2. Seventy-five uL collagen
hydrogel was prepared in each well of 96-well plates
(Corning #3603) by the protocol described above. Frag-
ments of primary mouse colonic epithelial cells (75,000 cells
per well) were cultured on the collagen hydrogel with 200
uL ENR-W (with “W” indicating a normal [Wnt-3A] of 30 ng/
mL). At 24 hours, the medium was aspirated, and the cells
were cultured in medium (200 uL) containing a dietary/
natural compound in ENR-w (with “w” indicating a reduced
[Wnt-3A] of 10 ng/mL) for an additional 48 hours. The
decreased Wnt-3A concentration reduced the Wnt-3A
signaling strength, enabling cells to undergo differentiation
in response to exogenous compounds. The cells were pulsed
with EDU (3 hours), stained for ALP (30 minutes), and then
fixed with 4% paraformaldehyde (15 minutes). The cells
were then sequentially labeled with the Click-iT EDU re-
agent, a-Muc2 (Mucin2) and Hoechst 33342. Finally, the cells
were thoroughly rinsed with PBS to remove excess reagents.
Three 96-well plates were used for each experiment.

Assaying for Hit Dietary Compounds on Mouse
Three-dimensional Organoids and Human Two-
dimensional Monolayers

Fourteen selected hit compounds were tested on 3-D
mouse colonic organoids. Fragments of mouse colonic
epithelial cells (25,000 cells per well) were embedded in 4
uL Matrigel in each well of a 96-well plate and cultured with
ENR-W (200 uL). At 24 hours, the medium was aspirated,
and the cells were cultured in ENR-w (200 uL) containing a
dietary/natural compound for an additional 48 hours. Seven
selected hit compounds were tested on human rectal 2-D
monolayers. Fragments of human rectal epithelial cells
(75,000 cells per well]) were cultured on the collagen
hydrogel in a 96-well plate with HISC medium with high
[Wnt-3A] of 100 ng/mL. At 48 hours, the medium was
aspirated, and the cells were cultured in medium (200 uL)
containing a dietary/natural compound in HISC medium
with reduced [Wnt-3A] of 30 ng/mL for an additional 96
hours. The cells were then stained with ALP, EDU, a«-Muc2,
and Hoechst 33342 in the same manner as the mouse 2-D
monolayers described above.

Caco-2 Cells

Caco-2 cells were obtained from UNC Lineberger
Comprehensive  Cancer Center. The cells were
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authenticated at the Duke University DNA analysis facility
human cell line authentication service by analyzing DNA
for polymorphic short tandem repeat markers. Results
indicated that “the major STR peaks matched the ATCC
reference but the sample also had several outlier peaks not
present in either the negative or positive controls.” Caco-2
cells (passage number 37) were cultured in a 96-well plate
at 28,750 cells per well in Dulbecco modified Eagle me-
dium supplemented with 10% fetal bovine serum, 100 U/
mL penicillin, and 100 wpg/mL streptomycin. After 24
hours, the cells were incubated in the above medium with
the added dietary/natural compound for an additional 48
hours. The Caco-2 cells were then stained with ALP, EDU,
«a-Muc2, and Hoechst 33342 in the same manner as the
primary colonic epithelial cells.

Image Acquisition

After staining, each 96-well plate was imaged by using
an Olympus IX81 epifluorescence microscope (x4 objective,
N.A. of 0.13, Olympus UPlanFL N; Tokyo, Japan). The imag-
ing area consisted of a grid of either 4 x 3 or 6 x 4 over-
lapping images covering 47%-54% of the total well area.
Well-focused images covering the entire image area were
obtained by autofocusing on each image position by using a
custom script written in MatLab (Natick, MA). Each sample
was imaged by using blue, red, far red, and green filter sets
(Chroma ET-DAPI 49000, Semrock TxRed-4040B, Chroma
ET-Cy5 49006, and Semrock FITC-3540B, corresponding to
the Hoechst 33342, ALP, EDU, and Muc2 stains, respec-
tively) and an exposure time of 150 milliseconds for all
channels. The total image acquisition time for a 96-well
plate using a 6 x 4 image grid for each well was 456 +
7.5 minutes.

Image Analysis

After cropping out the overlapping regions in the im-
age data, the collected images obtained from each well
were filtered by using a Wiener filter with a 3 x 3 pixel
neighborhood to reduce noise. The image background was
subtracted by using top-hat filtering, and then the images
were empirically thresholded. Objects less than 3.1 um in
diameter were removed to eliminate cellular debris and
artifacts produced by camera noise. The integrated raw
fluorescence intensity over the area occupied by the
suprathreshold fluorescence was summed for all images
of a sample and for each fluorescence emission wave-
length. This summed fluorescence area was then
normalized by the total cell area occupied by the Hoechst
33342 fluorescence and plotted against the compound
number.

Hit Selection

In high-throughput screens it is important to assess
how much the test compounds and negative controls differ
from one another. Strictly standardized mean difference
(SSMD) was used to quantify the differences between the
dietary compounds and negative controls.”® SSMD is
commonly used statistic in compound screens and is
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calculated as the mean difference between the test sample
and reference sample divided by the standard deviation of
the difference between the test and reference. SSMD
essentially measures effect size for the comparison of 2
groups. Sample #78 was used as the negative reference for
SSMD calculations for all tissue types. Compound effects
were classified by using standard SSMD thresholds®”:
|SSMD| > 5 for extremely strong, 5 >|SSMD| > 3 for very
strong, 3 >|SSMD| > 2 for strong, 2 > |SSMD| > 1.645 for
fairly strong, 1.645 > |SSMD| > 1.28 for moderate, 1.28 >
|SSMD| > 1 for fairly moderate, 1 > |[SSMD| > 0.75 for
fairly weak, 0.75 > |SSMD| > 0.5 for weak, 0.5 > |[SSMD| >
0.25 for very weak, and |SSMD| < 0.25 for extremely weak
effects. Compounds with fairly strong or stronger effects
on nuclear coverage, ALP signal, or EDU signal were
designated hits. Compounds with only fairly moderate or
stronger effects on Muc2 signal were designated hits
because of the weaker effects apparent across all Muc2
screens. Library screens were performed in triplicate
across well plates (mouse and Caco-Z monolayers). The
SSMD size effect was calculated by using the paired uni-
formly minimal variance unbiased estimate of SSMD.?® For
library screens performed in triplicate within single-well
plates (human 2-D monolayers and mouse 3-D organo-
ids), the SSMD size effect was calculated by using the
unpaired SSMD under unequal variance.*®

Other Statistics/Methods

Unless otherwise specified, the data shown for each
experiment used crypts or cells obtained from a single
mouse or 1 human biopsy. All data used 3 technical repli-
cates (n = 3), and the mean with a single standard devia-
tion is shown unless otherwise specified. When the fate of a
crypt was assayed, n = 3 wells with 10 crypts/well were
counted. Multiple experiments from different mice for all
data (except the dietary compound screen) were per-
formed, and the results were consistent over time without
outliers. Although the data of each experiment represent
those of a single mouse (to reduce animal usage), more than
30 mice were used throughout the work, with no observ-
able difference in monolayer formation or growth rate. This
translates into more than 30 different cell lines, but each
typically was used for no more than 5 passages to avoid any
possibility of chromosomal aberrations. Animals from 2
different backgrounds were used, CD-1 background
(CAG-DsRed mice) and C57BL/6 background (LgrSEGFP-
CreERT2xR26 and wild-type mice). Data from representa-
tive experiments are presented. Biopsies from 3 different
humans were used to develop the human monolayer
system. The biopsies were obtained sequentially, with the
first 2 biopsies used to optimize the conditions for human
cell culture. The data in the article are from the third biopsy
specimen. No difference was observed in the properties of
the cells from the different biopsies, and the optimized
conditions for the first 2 biopsy cells worked well for the
third specimen.

All authors had access to the study data and reviewed
and approved the final manuscript.
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Results

A Murine Colonic Epithelial Monolayer
Proliferates on the Surface of a
Collagen Hydrogel

Intestinal stem cells can be maintained as a proliferative
culture by providing a medium rich in growth factors and
embedding the cells within Matrigel to form 3-D organoids.’
We hypothesized that a 2-D monolayer of epithelial cells
would undergo long-term proliferation if provided with the
appropriate matrix cues such as a suitable stiffness in addi-
tion to the required soluble factors (Figure 14 and B).
Matrigel is widely used in 3-D stem cell culture systems
because it resembles the ECM found in many tissues.” Crypts
cultured on the surface of Matrigel failed to form a spreading
2-D monolayer (Figure 1C). Instead the crypts grew into 3-D
organoids residing above the surface (100% + 0% of crypts,
100 crypts counted per well, n = 3) and possessed mor-
phologies reminiscent of the organoids formed within a
Matrigel patty, suggesting that Matrigel did not possess the
ECM contacts and stiffness (Young’s modulus ~ 50 Pa®?)
required to allow cells to spread on the surface (Figure 1B).

Polystyrene is the most commonly used 2-D cell culture
substrate,>" and polydimethylsiloxane (PDMS) is a dominant
material in building cell-based lab-on-chip and microfluidic
devices.*? Crypts plated on a plasma-oxidized polystyrene or
PDMS formed an adherent 2-D monolayer, but the cells were
short-lived and without evidence of self-renewal (Figure 1C).
Similar outcomes were also observed for crypts plated on
gelatin, agarose, and polyacrylamide (Figure 1G-iif).

The common practice of coating surfaces with ECM
proteins or peptides (Matrigel, collagen, laminin, fibronectin,
gelatin, vitronectin, or poly-D-lysine) on plasma-oxidized
polystyrene or PDMS did not improve the proliferative
capability or viability of cells (Figure 1G-i, i), suggesting
these materials lacked the appropriate stiffness (Young's
modulus of PDMS = 0.8-4 MPa,** polystyrene = 3-3.5
GPa*") or other biophysical and biochemical properties that
promote a self-sustaining monolayer.

Collagen hydrogels are widely used matrices for cell
culture.® After crypts were plated on the surface of collagen
hydrogel (type |, rat tail, 1 mg/mL, 1-mm thickness), 93% +
6% crypts (n = 100 crypts/well, 3 wells) formed a surface-
attached monolayer that expanded in area and cell number
over time (Figure 1C). Lower concentrations of collagen or
collagen/Matrigel composites did not support monolayer
formation (Figure 1D-F), possibly because of an inappro-
priate stiffness and ECM properties. Collagenase was highly
effective at release cells from the collagen surface before
mechanical dissociation and subculture (Figure 24 and B).
Karyotyping demonstrated that cells retained the appro-
priate number of chromosomes through passage number 5
(Figure 2C). Monolayers grew to sizes >2 mm in diameter
(Figure 2B) and were maintained in monolayer form for up
to 10 months (the longest time tested).

Monolayers were subjected to a number of morpho-
logic and protein expression analyses to characterize key
epithelial properties found in vivo. When examined by
electron microscopy, the cells of the self-sustaining
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Figure 2. Growth of proliferative 2D monolayer of murine epithelium on surface of collagen hydrogel. (A) Workflow for
subculturing 2-D monolayers. Monolayers are dissociated from collagen and split. Brightfield images (bottom) show cell
preparation at different workflow stages. (B) Time lapse fluorescence (DsRed) images of crypt-derived cells on collagen at
passage number O (PO, crypts) and passage number 5 (P5). Scale bar =100 um. (C) Karyotype analysis of 2-D monolayer at
passage number 5 showing a normal karyotype. (D) SEM image of monolayer on collagen gel at day 3 of culture. (E) Fluo-
rescence image of cross section through the monolayer immunostained for actin (green) and $-catenin (red). Distribution of
B-catenin (an intracellular protein) demonstrated columnar-shaped cells with height of 9.4 + 0.8 um and width of 7.5 + 0.9 um
(n =10). (F) High magnification view of subregion of (D). (G) High magnification view of subregion of (E). (H) Staining for ZO-1,
E-cadherin, or occludin (red); villin or actin (green); integrin-64 and NA*/K*-ATPase (red). Nuclei (blue).
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monolayers demonstrated the hallmark cobblestone that cells might be at different states of differentiation

arrangement of colonic epithelium (Figure 2D). In vivo,
large numbers of microvilli cover the surface of the
differentiated colonocytes and function to increase surface
area for water and salt absorption. On the monolayers, the
microvilli density on each cell was variable, suggesting

(Figure 2D and F). High densities of actin and villin, which
are concentrated within microvilli, were present only on
the upper or apical cell surface (Figure 2E, G, and H). In
contrast, integrin-34 and NA"/K"-ATPase were localized
to the basal and basolateral cell surfaces, respectively,

Figure 1. (See previous page). The 2-D monolayer culture of murine colonic crypts on surface of variety of substrates
with different surface properties and stiffness. (A) Workflow for culturing crypts on matrix surface. Wnt-3A, R-spondin,
noggin, and EGF are used in the culture medium. Proliferative stem cells and progenitors (green); differentiated cells (red).
(B) Spectrum of Young’s modulus of typical materials used in cell culture. Young’s modulus of collagen hydrogel is in the range
of 10-1000 Pa,*° depending on source, type, and concentration of collagen and characterization method. (C) Time-lapse
images of crypts cultured on top of 4 matrices with different stiffness: Matrigel (top panel), collagen (100 vol%, second
panel), PDMS (third panel), and polystyrene (bottom panel). Shown are overlaid brightfield and DsRed fluorescence images.
Crypts were derived from a mouse expressing DsRed in all cells under a chicken-actin promoter. Mouse colon crypts were
plated on the surfaces at low density of 1 crypt/cm? (to track growth of individual crypts) cultured for 5 days. None of the crypts
on PDMS and polystyrene formed an expanding monolayer (n = 3 wells, 10 crypts/well). (D) Overlaid brightfield and DsRed
images of mouse colonic crypts (CAG-DsRed mouse) cultured on top of mixture of Matrigel/collagen at day 5. (E) Brightfield
images of primary mouse colonic epithelial cells cultured for 3 days on surface of collagen hydrogel prepared at 4 concen-
trations (0.3, 0.6, 1.2, and 2.4 mg/mL). (F) Surface coverage of cells is plotted against concentration of the hydrogel by using
data from (E). (G) Culture of mouse colonic crypts on variety of substrates with or without surface coatings. (/) Hard polystyrene
surface with different ECM coatings. (i) PDMS with and without Matrigel coating. (i) Various hydrogels. Cells proliferated only
on collagen and Matrigel. Scale bar = 100 um unless denoted otherwise.
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demonstrating that the cells are polarized with the luminal
surface exposed to the medium and the basal surface
facing the collagen (Figure 2H). Adherens and tight junc-
tions were present between the cells of the monolayer as
demonstrated by the localized Z0O-1, E-cadherin, and
occludin staining (Figure 2H). These results suggested that
the collagen hydrogel supported epithelial monolayer
development closely mimicking that in vivo and also sug-
gest that porosity, ECM proteins, and stiffness of the
collagen hydrogel functionally recapitulated key proper-
ties of the native colonic basement membrane.

Equivalency of Murine Colonic Two-dimensional
Monolayers to Three-dimensional Organoids

Intestinal and colonic organoids embedded within
Matrigel possess proliferative and differentiated cellular
compartments and are widely accepted as an in vitro tissue
model for the digestive tract.” Therefore we sought to
compare proliferative capacity and lineage composition be-
tween the murine 2-D monolayer and 3-D organoid plat-
forms. Colonic crypts were cultured in 3-D (embedded inside
Matrigel patty) to form organoids and in 2-D (on the surface
of a collagen hydrogel) to form epithelial monolayers
(Figure 3A4). Cell populations in both culture systems rapidly
expanded with the monolayer and organoid cells, demon-
strating average doubling times of 23.7 hours (95% confi-
dence interval [CI] bounds of 21.3 hours and 26.7 hours, n =
4 technical replicates) and 31.2 hours (95% CI bounds of
25.1 hours and 41.0 hours), respectively (Figure 3B and ().
We observed S-phase cells (EDU™) at day 3 in both 3-D
organoids and 2-D monolayers demonstrating actively
proliferating cells, suggesting the presence of stem and
progenitor cell lineages (Figure 3D and E). The numbers of
organoids and monolayer patches with differentiated cell
types (Muc2® [goblet cells] and ChgA™ [enteroendocrine
cells]) were also equivalent in the 2 culture systems, sug-
gesting that the 3-D and 2-D platforms are functionally
similar with respect to differentiated secretory lineages
(Figure 3D and E). Cells derived from dissociated monolayers
were capable of generating organoids when placed into 3-D
culture conditions. Similarly, crypt-derived organoids could
be removed from 3-D culture and cultured on the surface of a
collagen hydrogel to form a 2-D epithelial monolayer
(Figure 3G and H). There was no distinguishable difference
between monolayers derived from freshly isolated crypts or
from 3-D cultured organoids. Serial interconversion between
the monolayer and organoid morphologies was possible for
at least 5 passages (the greatest number tested), indicating
that colonic stem cells are maintained in the monolayer
(Figure 31 and J). These data demonstrate that a proliferative
monolayer can be derived from multiple sources (crypts, 3-D
organoids, and 2-D monolayer fragments).

Mature organoids self-pattern into proliferative and
differentiated zones by segregating a high density of stem
and progenitor cells to the crypt buds (Figure 3F).*° Although
stem cells are self-renewing and persist in the organoid crypt
buds, differentiated cells in the organoid have a limited
life span and are eventually sloughed into the central
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pseudolumen. Spontaneous patterning of proliferative and
differentiated cellular compartments was also observed
within the monolayers after 8 days in culture (Figure 3F).
Proliferative cells (EDU™) were enriched along the edges of
the expanding monolayer, whereas differentiated cells such
as goblet cells were concentrated in the center of the
monolayer. These data demonstrate that monolayer and
organoid culture systems readily interconvert and are
equivalent in terms of the cell proliferative capacity, lineage
composition, and spontaneous compartmentalization of
stem/proliferative cells and differentiated cells.

Lineage Tracing Confirms the Presence of Stem
Cells in the Murine Two-dimensional Monolayer

To determine whether self-renewing colonic stem cells
persisted in the 2-D monolayers, we performed lineage
tracing by using the LgrSEGFPCreERT2xR26 transgenic
mouse. Colonic crypts were isolated from a tamoxifen-
treated Lgr5EGFPCreERT2xR26 confetti mouse and plated
on the surface of collagen hydrogel at a low density of 30
crypts/cm? (to track the growth of individual crypts). At 24
hours after plating, tracing events (4 out of 3000 crypts)
expressed red fluorescent protein (RFP), which marked
them as derived from Lgr5 stem cells (Figure 44). The RFP*
regions expanded into large red fluorescent patches inter-
mixed with the progeny of non-fluorescent stem cells. RFP*
cells were isolated from 2-D patches and subcultured to
determine whether the RFP* patches contained cells with
colonic stem cell properties. The RFP" cells continued to
expand into patches composed only of RFP cells
(Figure 4B). The RFP™ cell monolayers possessed prolifer-
ative (EDU™) cells and the differentiated cell types: goblet
cells (Muc2"), enteroendocrine cells (ChgA™), and absorp-
tive colonocytes (ALP') (Figure 4C). These data demon-
strate that the 2-D monolayers possessed Lgr5 ISCs that
expanded as a proliferative monolayer and produced
differentiated descendants in vitro.

Human Rectal Epithelial Cells Form Proliferative
Two-dimensional Monolayers

To determine whether human rectal epithelial cells might
form a proliferative monolayer, human rectal crypts obtained
from rectal biopsies were cultured on collagen hydrogel in
medium with the appropriate growth factors. Eighty-five
percent + 5% crypts (n = 3, 20 crypts monitored per
experiment) formed a monolayer that expanded in area over
time (Figure 54). The cells were subcultured every 5-7 days
and maintained as a monolayer. The human 2-D monolayer
and 3-D organoids could be interconverted without loss of
proliferative capability (Figure 5B and C). Similar to 3-D
organoid culture, the cells remained proliferative, with cell
number increasing over time (Figure 5D). The doubling times
measured during log-linear cell growth were 46.5 hours
(95% CI bounds of 39.4 hours and 56.6 hours) for 2-D
monolayer and 47.1 hours (95% CI bounds of 40.8 hours
and 55.8 hours) for 3-D organoids. The human cells
demonstrated a normal karyotype at passage number 6
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Figure 3. Proliferative capacity, lineage composition, and compartmentalization are highly similar between 2-D murine
colonic monolayers and 3-D organoids. (A) Schematic showing culture format for organoids and monolayers. (B) Time-lapse
brightfield images demonstrating growth and morphology of crypt-derived organoids and monolayers at passage number 2
(P2). (C) Quantification of cellular growth over time in organoids and monolayers measured by proxy assay (CellTiter-Glo
luminescence, n = 4). (D) Percentage of monolayer patches and organoids at day 3 demonstrating positive staining for
proliferative and differentiated cell lineages (EDU, SOX9, Muc2, and ChgA; n = 3, 20 monolayer patches or organoids per
experiment). (E) Fluorescence images of organoids and monolayers at day 3 (EDU [green], SOX9 [green], Muc2 [red], ChgA
[red], and nuclei [blue)). (F) Compartmentalization of proliferative stem/progenitor cells and differentiated cells. Brightfield (feft
column) and fluorescence (right column) images of organoids (top row) and monolayers (bottom row) at culture day 8 (EDU
[green], Muc? [red], and nuclei [blue]). Of the 3-D mature organoids, 80% + 10% (10 organoids/well, n = 3 wells) demonstrated
increased stem/progenitors (EDU™) collections in the buds, whereas 100% + 0% (10 monolayer patches/well, n = 3 wells) of
the monolayers demonstrated EDU™ cells localized to periphery of the patch. In a majority (83% + 6%, 10 monolayer patches/
well, n = 3 wells) of monolayer patches, Muc2* was found only in central-most region of the patch. Mucin was present in the
lumen of all 3-D organoids. (G) Schematic showing conversion of 3-D organoids into 2-D monolayers. (H) DsRed fluorescence
images of organoid placement and culture on collagen hydrogel at days 0, 2, and 4. The organoid spreads on the surface to
become a cell monolayer. (/) Schematic of interconversion of organoids and monolayers performed in panel (J). (J) Repre-
sentative images of 5 sequential, interconverting passages from 2-D monolayer to 3-D organoid and back again. Unlike 3-D
organoids with enclosed lumen, the epithelial monolayer on collagen possessed an accessible luminal surface. Scale
bar = 100 um unless denoted otherwise.
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Figure 4.Lineage tracing
of mouse colonic epithe-
lial cells in 2-D mono-
layer. (A) Time-lapse
images after isolation and
culture of single colonic

crypt from tamoxifen-
injected Lgr5EGFP-
CreERT2xR26 confetti

mouse. Presence of stem
cells or Lgr5* cells (green,
EGFP) is readily seen at
day 0. At day 1 and later, a
tracing event is observed,
with expression of RFP
(red) marking the progeny
of a single stem cell
(B) Post-isolation and pas-
sage of RFP™ cells from (a).
(C) EDU, Muc2, ChgA, and
ALP stains of monolayers
of RFP™ cells revealed that
the monolayer was
composed of proliferative
cells (EDU™, in presence of
Wnt-3A) and differentiated
cells (Muc2" goblet cells,
ChgA™  enteroendocrine
cells, ALP'" absorptive
colonocytes) in absence of
Wnt-3A.

C RFP/EDU/Nuclei

(Figure 5F). When examined by electron microscopy, the
apical surface of the 2-D monolayer demonstrated microvilli
at varying density, suggesting the presence of cells of
absorptive colonocyte lineage because microvilli are a hall-
mark of these absorptive cells (Figure 5E). At day 3 in culture,
all 3-D organoids and 2-D monolayer patches possessed
actively proliferating cells (EDU and SOX9 ™), suggesting the
presence of stem and progenitor cell lineages (Figure 5G and
H).%*2%%7 Goblet cells (Muc2™) and enteroendocrine cells
(ChgA™) were observed in both human 3-D organoids and 2-
D monolayers at day 6 in culture, indicating the presence of
differentiated cells (Figure 5G and H). Cells in the 2-D
monolayer possessed (-catenin at the intercellular borders,
suggesting the formation of tight intercellular connections
(Figure 5H). The cells also demonstrated appropriate polar-
ity with actin and integrin-64 localized to their apical and
basal surfaces, respectively (Figure 5H). These data demon-
strate that the collagen hydrogel system supports the pro-
liferation of human rectal epithelial cells as a 2-D monolayer.

Screening Dietary Components and Food
Metabolites on Murine Colonic Monolayers
Reveals Specific Impacts on Cell Proliferation
and Differentiation

Sustainable 2-D monolayers derived from primary tissue
represent a transformative technology for personalized and

RFP/Muc2/Nuclei
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precision medicine applications that rely on drug and
compound screening. Critical for high-throughput screening
platforms is the flat, accessible luminal surface of the
monolayer, permitting cell interrogation with conventional
assays and instrumentation including high-content
microscopy.

To demonstrate the utility of the 2-D murine colonic
monolayers, 77 naturally occurring compounds found in
food and metabolites of digestion were assayed for their
ability to alter proliferation and differentiation, attributes
that are central to intestinal barrier function and repair in
the face of repeated chemical, physical, immune, and infec-
tious insults. The 77 compounds represented a range of
chemical classes with diverse or unknown impact on pri-
mary intestinal cells and included bioactive food compo-
nents and metabolites such as fatty acids, bile acids,
flavonoids, phytoestrogens, phenols, terpenoids, nitrates,
and others (Supplementary Table 2).

Monolayers were grown for 24 hours under normal
Wnt-3A concentration of 30 ng/mL (ENR-W), followed by
incubation with the dietary/natural compounds in a
reduced Wnt-3A concentration of 10 ng/mL (ENR-w) for 48
hours. Decreased Wnt-3A in the medium was used to bring
the levels of Wnt signaling to a threshold that would make
pro-proliferative or pro-differentiation effects of the com-
pounds readily apparent. After exposing 2-D monolayers to
exogenous compounds, the monolayers were sequentially
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Figure 5. Human rectal epithelial cells can be cultured as proliferative 2-D monolayer. (A) Crypt cultured on top of
collagen hydrogel grew as 2-D monolayer. (B) Conversion of fragments of 2-D monolayer to 3-D organoids. The 3-D organoids
possessed a thin wall and cystic structure. (C) Conversion of 3-D organoids to 2-D monolayer. The 3-D organoids were
extracted from Matrigel (day 4 in culture) and plated on top of collagen hydrogel. (D) Cellular growth over time in organoids and
monolayers measured by cell viability assay (CellTiter-Glo luminescence, n = 3). (E) SEM image of monolayer on collagen
hydrogel at day 3 of culture. (F) Karyotype analysis of 2-D monolayer at passage 6 showing normal karyotype. (G) Fluores-
cence images of organoids showing EDU staining (green, at day 3), Sox9 (green, at day3), and Muc?2 (red, at day 6) immu-
nostaining. (H) Fluorescence images of monolayers showing EDU staining (green, at day 3), Sox9 (green, at day3), Muc2 (red,
at day 6), ChgA (red, at day 6), 8-catenin (red, at day 6), actin (green), and integrin-64 (red, at day 6) immunostaining. In all

images Hoechst 33342 (blue) marked the nuclei.

stained for proliferative (EDU) and differentiated cells
(absorptive colonocytes and goblet) (Figure 6C). Quantita-
tive image analysis of the fluorescence intensities for lineage
readouts was used to compare monolayers exposed to the
compounds and the control monolayers that lacked expo-
sure to the compounds. Differences between the dietary
compounds and negative controls were assessed by using
the SSMD, a commonly used statistic to identify potential
hits in a library screen.”® SSMD is a measure of the average
fold change between a test compound and a negative
reference, penalized by the variability of the fold change.
Prior reports in a variety of experimental systems indi-
rectly corroborate the data obtained from the 2-D mono-
layers of primary murine cells. Multiple compounds (19 of
77, 25%) were growth suppressive, reducing the Hoechst-
stained area (eg, cell number) relative to that of the con-
trol cells with fairly strong or stronger SSMD effect sizes
(Figure 64, B, and D; Supplementary Figure 1). For example,
compounds identified as growth suppressive for the pri-
mary cells, eg, many of the fatty acids, nitrates, terpenoids,
and curcuminoids, are all known to either promote differ-
entiation or exhibit cell toxicity.***° Glucoraphanin (#70),
responsible for the bitterness of cabbage and Brussels

sprouts, reduced epithelial cell numbers to near 0, consis-
tent with its reported toxicity when consumed in large
amounts. Enterolactone (#75, a microbial metabolite of
flaxseed) increased cell numbers relative to that of the
control, consistent with its failure to prevent intestinal
adenoma formation and pose an increased cancer risk when
at very high levels.*” A number of other compounds, such as
the phenols gallic acid (#28) and ellagic acid (#29), sup-
pressed the number of cells in S-phase without reducing the
number of nuclei. Other molecules such as valproate (#6)
and $-carotene (#58) display a similar growth suppressive
effect and are recognized in the literature as inducing cell
differentiation.”** Only 9 of 77 compounds (12%)
demonstrated increased cell numbers relative to that of the
control, with fairly strong or stronger SSMD effect sizes.
A single compound, isorhamnetin (#21, a component of
ginkgo biloba), greatly increased cell numbers in S-phase.
Ginkgo biloba is known to increase cell division in neurons
and appears to have a similar impact on primary colonic
epithelial cells. Nontoxic compounds that decrease or in-
crease colonic epithelial cell proliferation may be useful as
cancer chemopreventatives or in intestinal repair after
insult.
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Figure 6. Impact of dietary compounds and natural products on primary murine colonic monolayers. (A) Percentage of
collagen surface area that was positive for Hoechst 33342 and normalized fluorescence intensity due to EDU incorporation, ALP
activity, or Muc2 staining was plotted against the compound number. EDU, ALP, and Muc2 fluorescence signals were normalized
by summing the fluorescence intensity and dividing by nuclear percent area (ie, an indicator of cell number). Hits were designated
as 6, extremely strong; 5, very strong; 4, strong; 3, fairly strong; 2, moderate; 1, fairly moderate (Moderate and fairly moderate
effects were designated only for compounds within the Muc2 screen). TCultures with extensive cell death (<10% nuclear
coverage). Bars represent the average, and error bar is a single standard deviation. (B) Map of hit compounds. Green and pink
indicate an increased or decreased value, respectively, relative to that of the control (ENR-w). Black indicates cultures with
extensive cell death. (C) Views of raw fluorescence images from screened primary mouse colonic epithelium. (Left) Full-well
composite fluorescence image of primary mouse colonic epithelium in control ENR-w medium. Scale bar = 1 mm. (Right)
Fluorescence images of colony regions with “/” marking ALP* and Muc2™ cells, “ii” marking EDU™ cells, and “jii” denoting Muc2™*
cells. Scale bar = 100 um. (D) Representative fluorescence images from the compound screen. Scale bar = 1 mm.

Dietary metabolites or natural products directing cells data on screens of other cell types or tumor cells, the
into the differentiated colonic lineages are of profound ability of molecules to promote enterocyte or goblet-cell
interest for health maintenance and therapeutics. features was readily evaluated by using the 2-D murine
Although these effects are difficult to extrapolate from monolayers. Four of the 77 molecules (5%) (eucalyptol,
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#42; punicalagin, #31; phytol, #51; indole-3-butyric acid,
#72) directed cells toward the absorptive colonocyte
lineage as indicated by substantially increased ALP activ-
ity (Figure 5C). Eucalyptol (#42, used in flavorings, fra-
grances, and cosmetics) and punicalagin (#31, an
antioxidant found in pomegranates) pushed murine cells
toward the enterocyte lineage reported to block cell
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proliferation, but by an unknown mechanism.*® Other
compounds (phytol, #51, a nuclear-receptor ligand used in
the fragrance industry) directed murine cells toward the
enterocyte lineage but did not reduce cell proliferation,
suggesting a different or multiple modes of action relative
to eucalyptol and punicalagin. A single compound,
N-nitrosoanabasine (#65), increased Muc2 expression
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with a moderate effect size (Figure 6D). These findings
demonstrate the potential of this 2-D format as a high-
content screening system to assay the impact of dietary
compounds and microbial metabolites on intestinal health
and disease.

To demonstrate the utility of 2-D cultures over 3-D
cultures for enhanced compound screening, 14 com-
pounds yielding significant alteration in proliferation or
differentiation of the murine 2-D colonic cells were also
assayed for their impact on the 3-D murine organoids
(Figure 74 and B). The compounds were added to the 3-D
organoids embedded in Matrigel and then assayed in a
manner similar to that for the monolayer. The general
response of the organoids to many of the compounds was
similar to that of the 2-D monolayer (Figure 7C). However,
compound assay on the 3-D organoids was significantly
more complex relative to that on the monolayers, and this
may account for many of the differences that were
observed. The organoids existed in multiple image planes
and underwent uncontrolled shape and size changes during
the fixation/staining process, making quantification of
fluorescence, area, and volume challenging. The surface
area occupied by the Hoechst stain in the monolayers acted
as an easily quantifiable and reliable surrogate for cell
number in the 2-D monolayers; however, for the reasons
stated above, this metric was not possible with the 3-D
organoids when using conventional microscopy. The
inability to use a simple metric such as Hoechst fluores-
cence surface area or intensity to track changes in cell
number highlights the challenges for high-throughput
compound screens using 3D organoids. Staining for ALP
and Mucin2 was a simple process in the 2-D monolayers,
with staining reagents added to the luminal monolayer
surface where these molecules reside. In contrast, reagents
added to the 3-D organoids must diffuse through a hydrogel
and cell layer to access the luminal epithelium of the
organoid. For example, we observed that fragmented or
burst organoids stained more intensely for ALP (located at
the luminal cell surface) relative to intact organoids in
response to the same compound. Tannic acid (#27) signif-
icantly reduced cell growth in the 2-D monolayers but not
in the 3-D organoids. This may be due to the different cell
surfaces (luminal side in 2-D and basal side in 3-D) to
which the compound was added. Tannic acid’s lack of
membrane permeability may have prevented exposure of
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the luminal organoid surface to this molecule. This com-
parison between the monolayers and organoids demon-
strates the fundamental differences in the 2 systems as well
as the significant advantages of the monolayers in screening
applications.

Screening Dietary Metabolites and Natural
Products on Human Tumor Cell Lines and

Primary Human Rectal Cells

Tumor-derived Caco-2 cells have been adopted by
pharmaceutical and biotechnology companies as the in-
dustry standard for drug screening in the intestine. To
determine whether there are different responses of Caco-2
cells and the 2-D primary tissue-derived monolayers, the
impact of 7 of the screened compounds on Caco-2 mono-
layers was assayed and compared with the results obtained
from primary human monolayers. The tumor cells were
cultured in their standard medium and human primary cells
were cultured in HISC for 24 hours, followed by addition of
the library compounds. After 48 hours, the primary human
and Caco-2 cells were stained and evaluated for cell num-
ber, proliferation, absorptive cell phenotype, and goblet cell
attributes as described for murine 2-D cultures (Figure 8B
and c). At least 50% of the measurements trended in the
opposite direction when the response of the 2 cell types to
the compounds was measured (Figure 84). For example,
valproate (#6) decreased nuclear coverage and increased
ALP expression in Caco-2 cells but generated the opposite
responses in the primary cells. Thus, valproate may direct
Caco-2 cells but not primary cells into the absorptive cell
lineage under these conditions. Punicalagin (#31) strongly
reduced EDU incorporation in the primary cells but
generated the opposite effect in the Caco-2 cells. Punicala-
gin slows the growth of primary cells but may encourage
proliferation in the tumor cells. These data demonstrate
distinct differences between the Caco-2 tumor cells and the
2-D primary monolayer for a number of compounds, sug-
gesting that tumor cells might respond differently to dietary
compounds than primary cells. A larger compound screen
would likely reveal a greater number of discrepancies
between the 2 cell types. Nevertheless, these data demon-
strate that the human monolayers are suitable for com-
pound screening in a manner similar to the murine
monolayers.

Figure 7. (See previous page). Assaying a subset of dietary compounds and metabolites on murine 3-D organoids. (A)
Percentage of collagen surface area that was positive for Hoechst 33342 and normalized fluorescence intensity due to EDU
incorporation, ALP activity, or Muc2 staining was plotted against the compound number. EDU, ALP, and Muc2 fluorescence
signals were normalized by summing the fluorescence intensity and dividing by nuclear percent area (ie, an indicator of cell
number). Hits were designated as subtypes: 6, extremely strong; 5, very strong; 4, strong; 3, fairly strong; 2, moderate; 1, fairly
moderate (Moderate and fairly moderate effects were designated only for compounds within the Muc2 screen). tCultures with
extensive cell death (<10% nuclear coverage for 2-D or <2% nuclear coverage for 3-D). Bars represent the average, and error
bar is a single standard deviation. (B) Representative fluorescence images from the assay. Scale bar = 1 mm. (C) (i) and (ii)
Comparison of effect of selected compounds on 2-D monolayer and 3-D organoids. Green and pink indicate increased or
decreased value, respectively, relative to that of the control (ENR-w). Black indicates cultures with extensive cell death. (i)
Direct comparison of responses of 2-D monolayers and 3-D organoids to the compounds. White indicates strong response by
both cultures in same direction (enhanced or diminished effect) or weak response by both cultures. Green-blue indicates
strong response in one culture system but not the other. Orange indicates strong responses in both cultures but in opposite
directions. Grey indicates that no comparison of the 2 cell types was made.
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Figure 8. Impact of 7 dietary compounds and natural products on human primary rectal and tumor Caco-2 cells. (A) SSMD
effect size was plotted against the compound number for the 4 screen readouts: percentage of image surface area that was
positive for Hoechst 33342 and the normalized fluorescence intensity due to EDU incorporation, ALP activity, or Muc2 staining.
EDU, ALP, and Muc2 fluorescence signals were normalized by summing the fluorescence intensity and dividing by nuclear percent
area (ie, indicator of cell number). |SSMD| > 1.645 is required to designate a strong effect size. (B and C) Representative fluo-
rescence images from the assays. Control medium for Caco-2 cells was Dulbecco modified Eagle medium. Scale bar = 1 mm.

Conclusions

Studies using 3-D colonic organoids have provided novel
insights into intestinal biology; however, the enclosed
organoid architecture possesses severe limitations in
screening applications and for many basic biomedical in-
vestigations. The organoid lumen buried within a hydrogel
is inaccessible to drugs, toxins, probiotics, microbiota, and
other agents in contrast to the gut lumen of a living animal.
We developed a self-renewing, 2-D monolayer derived from
primary intestinal tissue and possessing all cell lineages
found within the colon. Long-term cell proliferation on the
collagen hydrogel was likely due to its similar chemical
makeup and stiffness relative to those of the basement
membrane underlining the colonic epithelium. Cells of the
organoids expand at a slower rate than those of the
monolayer, potentially as a result of the added requirement
of the hydrogel-embedded cells to remove and remodel the
matrix during expansion. Remarkably, the monolayers self-
pattern to create peripheral stem/proliferative and central
differentiated cell zones. The interior of the monolayer
yields a large surface area occupied predominantly by
differentiated cells, a feature mimicking that of the intestinal
surface area in vivo. Importantly, the chemical environment
of the monolayer is readily manipulated by addition of
compounds to the media overlying the cells. This pro-
grammable feature in combination with the open architec-
ture and accessible luminal face enables facile assay of
drugs, toxins, and metabolites not possible in the organoid
systems. Standard high-content microscopy methods were
readily paired with the 2-D monolayers to identify the

impact of dietary metabolites and natural products on pri-
mary intestinal cells obtained directly from animal models.
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Supplementary Figure 1. Descending plots showing impact of dietary compounds and natural products on primary
mouse colonic epithelium. Percentage of collagen surface area that demonstrated fluorescence due to Hoechst 33342, EDU
incorporation, ALP activity, or Muc2 staining was plotted against the compound number indicated on the x-axis. EDU, ALP,
and Muc2 areas were normalized to the nuclear area. Compounds were ranked by their SSMD effect sizes, and hits were
selected from compounds exceeding SSMD thresholds. Hits were designated as effect subtypes: 6, extremely strong; 5, very
strong; 4, strong; 3, fairly strong; 2, moderate; 1, fairly moderate (Moderate and fairly moderate effects were designated only
for compounds within the Muc2 screen). TCultures with extensive cell death (<10% nuclear coverage); *Control medium;
**Control differentiation medium.
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Supplementary Table 1.Composition of Media Used in This Study

Mouse medium abbreviation Human medium

Reagent name Source ENR-W ENR-w HISC
Wnt-3A Conditioned medium 30 ng/mL 10 ng/mL 100 ng/mL
R-spondin 2 Conditioned medium 75 ng/mL 75 ng/mL 90 ng/mL
Noggin Conditioned medium 71 ng/mL 71 ng/mL 43 ng/mL
EGF Peprotech 50 ng/mL 50 ng/mL 50 ng/mL
n-Acetylcysteine MP Bio 1 mmol/L 1 mmol/L 1.25 mmol/L
HEPES Life Technologies 10 mmol/L 10 mmol/L 10 mmol/L
Gentamicin Life Technologies 5 pug/mL 5 pg/mL 5 pg/mL
A-8301 Sigma-Aldrich 500 nmol/L 500 nmol/L 500 nmol/L?
B27 Life Technologies x1
Nicotinamide Sigma-Aldrich 10 mmol/L
Gastrin AnaSpec 10 nmol/L
SB202190 Sigma-Aldrich 3 umol/L
Prostaglandin E, Cayman Chemicals 10 nmol/L
Y-27632 ApexBio 10 umol/L® 10 wmol/L? 10 wmol/L?

@A-8301, a transforming growth factor-beta inhibitor, was observed to inhibit spreading of human rectal epithelial cells as 2-D|
monolayer, so it was not included for the first 48 hours after plating of human cells.

PUsed in the first 48 hours after cell plating to prevent dissociation-induced cell apoptosis.
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Supplementary Table 2.List of Dietary Compounds and Natural Products and Their Working Concentration for the Study

Compound Concentration for
No. Category 1 Category 2 name study (mmol/L)
1 Fatty acids Short-chain fatty acids Acetate” 24
2 Butyrate® 1
3 Propionate® 6
4 3-Hydroxybutyrate” 5
5 Formate® 10
6 Valproate' 2
7 Medium-chain fatty acids Capric acid/decanoic acid® 0.1
8 Long-chain fatty acids Docosahexanoic acid’ 0.1
9 Other acids Nicotinic acid® 5
10 Succinic acid® 2
11 Pamoic acid'® 0.001
12 Secondary bile acids Deoxycholic acid"’ 0.001
13 Ursodeoxycholic acid'? 0.188
14 Hyodeoxycholic acid'? 0.188
15 Flavonoids Luteolin'® 0.25
16 Tangeritin'* 0.05
17 Quercetin'® 0.05
18 Kaempferol'® 0.06
19 Myricetin'” 0.04
20 Fisetin'® 0.01
21 Isorhamnetin'® 0.05
22 Phytoestrogens Daidzin®° 0.02
23 Genistin®’ 0.03
24 Daiszein (a glycone of daidzen)*” 0.05
25 Genistein (a glycine of genistin)®® 0.015
26 Phenols Carbolic acid (phenol) 0.034
27 Tannic acid®* 0.034
28 Gallic acid®® 0.02
29 Ellagic acid®® 0.06
30 Chlorogenic acid®® 0.06
31 Punicalagin®’ 0.01
32 Stilbenes Aglycones (staurosporine)?® 0.0003
33 Pinosylvin®® 0.001
34 Resveratrol*’ 0.1
35 Curcuminoids Bisdemethoxycurcumin®° 0.034
36 Demethoxycurcumin 0.034
37 Chalconoids Dihydrochalcone® 0.034
38 Chalcone® 0.02
39 Terpenoids Isoprene®® 5
40 Isovaleric acid** 10
41 Geranyl pyrophosphate®® 0.015
42 Eucalyptol®® 1
43 R-Limonene®” 1
44 Pinene®® 0.3
45 Farnesyl pyrophosphate® 0.015
46 Artemisinin®® 0.1
47 Bisabolol*® 0.005
48 Geranylgeranyl pyrophosphate®’ 0.005
49 Retinol** 0.001
50 Retinal*® 0.000001
51 Phytol** 0.2
52 Taxol (paclitaxel)*® 0.02
53 Forskolin“® 0.005
54 Aphidicolin®’ 0.06
55 Salvinorin*® 0.001
56 Squalene*® 0.05
57 Lanosterol° 0.04
58 Carotenoids 8-carotene® 5
59 Phytosterols B-sitosterol®? 0.13
60 Campesterol®® 0.006
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Supplementary Table 2. Continued

Compound Concentration for
No. Category 1 Category 2 name study (mmol/L)
61 Nitrates Nitrosamines N-nitrosonornicotine®* 0.001
62 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone®® 0.01
63 N-nitrosodimethylamine®® 0.05
64 N-nitrodiethylamine®” 2
65 N-nitrosoanabasine®® 0.989
66 Nitrosoguanidine N-methyl-N-nitroso-p-toluenesulfonamide 0.989
67 Glucosinolates Sinigrin>® 0.989
68 Glucotropaeolin isothiocyanate®® 6
69 Gluconasturtiin®’ 0.1
70 Glucoraphanin®? 1
71 Indoles Indole®® 0.675
72 Indole-3-butyric acid®* 0.058
73 3-Methylindole®® 0.000005
74 Plant lignins Enterodiol®® 0.01
75 Enterolactone®® 0.01
76 Secoisolariciresinol®” 0.1
77 Matairesinol®® 0.05
78 Control ENR-w medium Containing 10 ng/mL Wnt-3A and 1/1000 water
79 ENR-w + DMSO Containing 10 ng/mL Wnt-3A and 1/1000 DMSO
80 ENR Differentiation medium

81 No cells Collagen hydrogel

NOTE. For primary cells, all media were based on ENR-w media that contained 10 ng/mL Wnt-3A. For Caco-2 cells, all media
except #80 were based on Dulbecco modified Eagle medium (DMEM). Caco-2 controls were as follows: #78 is DMEM

medium; #79 is DMEM medium with 1/1000 DMSO; #80 is ENR medium; and #81 is DMEM medium without cells.
DMSO, dimethyl sulfoxide.
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