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SUMMARY
Two-dimensional (2D) cultures of intestinal and colonic epithelium can be generated using human intestinal stem cells (hISCs) derived

fromprimary tissue sources. These 2Dcultures are emerging as attractive andversatile alternatives to three-dimensional organoid cultures;

however, transgenesis and gene-editing approacheshavenot beendeveloped for hISCs grownas 2Dmonolayers. Using 2D culturedhISCs

we show that electroporation achieves up to 80% transfection in hISCs from six anatomical regions with around 64% survival and pro-

duces 0.15% transgenesis by PiggyBac transposase and 35% gene edited indels by electroporation of Cas9-ribonucleoprotein complexes

at theOLFM4 locus.WecreateOLFM4-emGFPknock-inhISCs, validate the reporter onengineered2Dcrypt devices, anddevelop complete

workflows for high-throughput cloningand expansionof transgenic lines in 3–4weeks.Newfindingsdemonstrate small hISCs expressing

the highestOLFM4 levels exhibit themost organoid forming potential and show utility of the 2D crypt device to evaluate hISC function.
INTRODUCTION

In humans, the lower digestive track is divided into two or-

gans, the small intestine (SI) and colon, which together

orchestrate digestion and uptake of food, oral drugs, water,

and electrolytes (Kiela and Ghishan, 2016). The epithelium

is a one-cell layer, lines the whole inner surface of both or-

gans, carries out region-specific physiological processes,

and creates a strong and selective barrier to luminal con-

tents. The epithelial lining is constantly renewed by actively

dividing intestinal stem cells (ISCs) (Barker, 2014; Cheng

and Leblond, 1974). ISCs give rise to highly proliferative

transit amplifying progenitors that terminally differentiate

intoabsorptiveandsecretorycell types (ChengandLeblond,

1974). The mechanisms underlying ISC-driven epithelial

renewal in physiology, disease, and injury is an active area

of research, and developing improved in vitro methods to

understand these mechanisms has strong potential to

address health conditions affecting the gut.

Until recently, long-term in vitro culture of normal hu-

man ISCs (hISCs) was only possible via three-dimensional

(3D) organoids(Sato et al., 2011). Organoids are spherical

epithelial tissue structures typically smaller than 1 mm

that are cultured in 3D hydrogels with media mimicking

ISC niche signaling (Sato et al., 2009). ISCs in organoids

differentiate stochastically or by induction with native

factors or small molecules (Sato et al., 2009), providing a

highly accurate model of the gut epithelium. However,
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3D organoid utility can be limited by complex 3D culture

methods, lack of simultaneous apical and basolateral ac-

cess, and challenging imaging and quantification through

the Z-planes of 3D hydrogels.

Recent advances in culturing hISCs as two-dimensional

(2D) monolayers offer long-term culture and expansion

of hISCs and resolvemany of the challenges of 3Dorganoid

cultures (Wang et al., 2017a). The 2D hISC monolayer cul-

tures rely on the same cellular startingmaterial and general

media formulations used to generate 3D organoids, but can

be grown in larger culture dishes using inexpensive

collagen hydrogels, applied to Transwells for simultaneous

apical and basolateral access, and easily imaged as cells are

cultured on a planar surface. The 2D hISC monolayers can

be easily converted to and from 3D organoid cultures

(Wang et al., 2017a), differentiated on Transwells to

evaluate barrier function (Wang et al., 2019), applied tomi-

crofabricated devices that recreate 3Dmicroanatomical fea-

tures of crypts and villi (Wang et al., 2017b), or applied to

2D crypt microphysiological systems that compartmental-

ized arrayed ISC and differentiated zones (Kim et al., 2018).

Efficient transfection, transgenesis, and clonal isolation

methods using 2D hISC cultures would enhance hISC

utility formechanistic studies, diseasemodeling, anddevel-

opment of high-content platforms for drug screening, how-

ever, methods have only been reported for 3D organoids

(Fujii et al., 2015; Kashfi et al., 2020; Matano et al., 2015;

Schwank and Clevers, 2016). Compared with other
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methods electroporation resulted in the highest transfec-

tion efficiencies in colonoids (approximately 30%) (Fujii

et al., 2015), and produced up to 75% efficiencies in other

hard to transfect cells cultured as monolayers (Jordan

et al., 2008), thus, we hypothesized that electroporation

could be used to efficiently transfect hISCs cultured as 2D

monolayers.

Here we optimize electroporation parameters, apply

these parameters to transfect 2D hISC monolayers isolated

from six different regions of the human SI and colon, assess

transgenesis efficiency for random integration and site-spe-

cific CRISPR/Cas9 gene editing, and develop clonal isola-

tion and expansionmethods for transgenic hISCs that offer

substantially improved throughput over existing methods.

We then apply this newmethod to create an emerald green

fluorescent protein (emGFP) reporter gene line to identify

hISCs in vitro and use these cells to demonstrate the utility

of a recently developed 2D microphysiological model of

hISC maintenance and differentiation.
RESULTS

A single, high-voltage pulse efficiently transfects hISCs

with high viability

The high transfection efficiency of primary cells offered by

electroporation often comes at the expense of cell viability

(Jordan et al., 2008); thus, we tested electrical field and

pulse conditions to identify conditions that supported

the highest transfection efficiency and viability in hISCs.

hISCs from duodenal, jejunal, and ileal crypts isolated

from a single organ donor were expanded as monolayers

on collagen-coated six-well culture plates in media con-

taining WNT3A, NOGGIN, and R-SPONDIN3 to support

hISC expansion and suppress differentiation (Hinman

et al., 2021;Wang et al., 2017a). Low passage (p < 12) hISCs

were dissociated to single cells, and the Neon electropora-

tion system was used to transfect hISCs with a constitu-

tively expressing enhanced green fluorescent protein

(EGFP) plasmid to quantify electroporation efficiency.

Twenty-four electroporation conditions (varying voltage,

pulse duration, and pulse number) were tested on hISCs

from three SI regions (Figure 1A and Table S1).

A semi-quantitative approach was used to rapidly assess

and filter transfection efficiencies from the 72 independent

electroporations. By visual inspection, hISCs were binned

into five categories based on estimated percent of EGFP-ex-

pressing cells (i.e., transfection efficiency): negative (no

visible GFP), sub-low (<10%), low (10%–30%), moderate

(30%–50%), and high (>50%) (Figures 1B–1D). Cell survival

was similarly scored by visually comparing cell coverage to

an untransfected negative control 48 h after transfection

(Figures 1C–1E). One electroporation condition (1700 V,
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20 ms, 1 pulse) consistently yielded high transfection effi-

ciency andviability in cells from all three small intestinal re-

gions (Figures 1D and 1E), and this condition was used to

quantify transfection efficiency across all six SI and colon

regions.

Flow cytometric analysis of transfected hISCs demon-

strated robust transfection regardless of hISC anatomical

origin, with transfection efficiencies up to approximately

80% (Figure 2A). Dissociated monolayers yielded an

average of 1.25 3 106 and 0.64 3 106 live single cells per

9.6 cm2 well for SI and colon, respectively (Figure 2B). Thir-

ty-seven independent electroporations over different pas-

sage numbers and three donors (Table S2) resulted in a

mean transfection efficiency of 43.8% ± 18.8% with

64.7% ± 12.6% survival and no significant differences be-

tween SI and colon hISCs (Figures 2C and 2D). A negative

correlation was seen between transfection efficiency and

hISC passage number (p = 0.05; R2 = 0.38), consistent

with reports that transfection efficiencies can decline

over time in other primary cell lines (de Carvalho et al.,

2018; McCoy et al., 2010) (Figure 2E).

New high-throughput methods for transgenic colony

isolation from 2D collagen hydrogels

Clonal colony isolation and subsequent expansion is crit-

ical for developing transgenic hISC lines. The 2D collagen

hydrogels are essential for long-term hISC self-renewal in

2D culture; thus, new methods were developed to achieve

these goals (Wang et al., 2017a). To optimize workflows,

antibiotic resistant hISC colonies were generated on 2D

collagen hydrogels by electroporating a PiggyBAC transpo-

sase plasmid with plasmid containing a puromycin resis-

tance gene flanked by inverted terminal repeats. After

3 days of recovery, hISCs were selected with puromycin

for 6 days, at which point antibiotic-resistant hISC colonies

became visible (Figures 3A and 3B).

To isolate individual clones, a 20-min incubation with

collagenase IV proved highly effective at releasing intact

hISC colonies (Figure 3C). Liberated colonies were trans-

ferred to a 10-cm dish to distribute across a larger surface

for ease of clonal isolation. Individual colonies were

collected by pipet under brightfield microscopy and trans-

ferred to collagen-coated 96-well plates (Figure 3D). Using

this approach, 96 colonies could be isolated in approxi-

mately 45 min. Four days after isolation, 50.6% ± 19.1%

of the isolated colonies attached and expanded as 2D

monolayers (Figures 3E and 3F).

PiggyBac transfection methods efficiently generate

stable single- and multiple-transgene integration

events

Stable transgene integration is commonly used to generate

reporter gene and gain-of-function cell lines. To evaluate
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Figure 1. A single high-voltage pulse efficiently transfects hISCs
(A) Workflow for hISC sourcing and electroporation optimization. Colors represent different isolated regions of the intestinal tract.
(B) Representative images of cell densities used to bin transfection efficiency: negative (no visible GFP, not pictured), sub-low (<10% of
cells expressing GFP), low (10%–30%), moderate (30%–50%), and high (>50%); Scale bars, 2,000 mm.
(C) Representative images of cell densities used to bin cell survival and coverage. For visualization, cell patches are overlaid in red. Survival
was estimated as percent coverage compared to an untransfected control: negative (no surviving cells, not pictured), sub-low (<10%
coverage compared to negative control), low (10%–30%), moderate (30%–50%), and high (>50%); Scale bars, 2,000 mm.
(D) Heatmap of transfection efficiencies from 24 tested electroporation parameters with optimal parameters highlighted.
(E) Heatmap of cell survival/coverage from 24 tested electroporation parameters with optimal parameters highlighted. See also Table S1.
PiggyBac-integration events, we generated four PiggyBac

donor vectors, each containing an antibiotic selection

marker and a different constitutively expressed fluorescent

reporter gene (mTagBFP2, H2B-EGFP, mApple, and

iRFP670) that exhibit a very low spectral overlap (Fig-

ure 4A). To determine the efficiency of integration, fluores-

cent reporter gene plasmids were individually transfected

into dissociated hISCs. Stable integrationwas quantified af-

ter antibiotic selection by counting well-isolated fluores-

cent colonies. Six transfections were performed in parallel

in jejunal and descending colon monolayers, generating

approximately 1,700 antibiotic-resistant fluorescent col-

onies in approximately 3 h. The integration incidence per
105 transfected cells after experimental normalization

was 176 ± 36 colonies (0.18%) in jejunum and 107 ± 15

(0.11%) colonies in descending colon (Figure 4B), approx-

imately three- to four-fold higher than reported PiggyBac

integration efficiency in 3D organoids (Fujii et al., 2015).

Thus, with a typical transfection input of 106 cells, a

mean transfection efficiency of 43.8%, and 100–150 col-

onies per 105 transfected cells, a single PiggyBac transfec-

tion is expected to yield 450–750 colonies on average.

Some experimental designs require the integration of

multiple transgenes into the same hISC line. To quantify

integration of multiple plasmids in the same cell, equal

molar ratios of each fluorescent reporter plasmid were
Stem Cell Reports j Vol. 17 j 1493–1506 j June 14, 2022 1495
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Figure 2. Optimized parameters are robust regardless of source region and donor
(A) Flow cytometry density plots of highest transfection efficiency observed for each of six intestinal segments using optimized parameters
(1,700 V, 20 ms, 1 pulse). Insets show matched untransfected controls.
(B) Summary of live (Trypan Blue negative) single cells obtained from each well of a six-well culture plate. p < 0.001, n = 17 independent
experiments per organ, each data point represents the average of three to six dissociated wells. Mean ± SEM.
(C) Summary of flow cytometry-measured transfection efficiencies using chosen parameters, data points represent independent
experiments. Mean ± SEM.
(D) Summary of hemocytometer-measured cell survival after transfection as a percentage of cell numbers in matched untransfected
controls; p = 0.38, n = 6 independent experiments per organ. Mean ± SEM.
(E) Transfection efficiency (from Figure 2C), plotted as a function of passage number with line of best fit. See also Table S2.
mixed together and electroporated into hISCs from the

jejunum and descending colon. Drug-resistant colonies

were evaluated for expression of the four different fluores-

cent reporter genes and the number of different colors ex-

pressed in each colony was quantified under fluorescence

microscopy (Figure 4C). Jejunal hISCs had single plasmid

integration in approximately 45% of colonies, two or three

different plasmids integrated in approximately 20%, and

four plasmids integrated in approximately 10% of colonies

(Figure 4D). Descending colon hISCs had single plasmid

integration in approximately 35% of colonies, two or three

different plasmids integrated in approximately 15%–20%

of clones, and all four plasmids integrated in approxi-
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mately 30%of colonies (Figure 4D). These findings indicate

multiple constructs can be efficiently integrated into the

genome of the same cell.

Optimized electroporation parameters are efficient at

transfecting CRIPSR/Cas9 RNP complexes

An alternative approach to random transgene integration

is loci-directed integration by CRISPR-based gene editing,

which is useful for gain- and loss-of-function studies and

generating lineage reporter gene expression driven by

endogenous regulatory elements (Cong et al., 2013; Mali

et al., 2013). Transfecting ribonucleoprotein (RNP) com-

plexes instead of Cas9-expressing plasmids and guide



A B C D

E F

Figure 3. Colony isolation from 2D collagen monolayers is high throughput
(A–D) Overview of transfection and colony isolation workflow with representative images from each step. Scale bars (A–B), 4,000 mm; (C)
400 mm.
(E) Representative time course of colony attachment and growth after isolation. Asterisk indicates original colony position of non-
adherent colony. Scale bars, 200 mm.
(F) Quantification of colony survival following isolation; p = 0.43, n > 4 independent experiments per organ. Mean ± SEM.
RNAs (gRNAs) independently is attractive for delivering

CRISPR reagents owing to the decreased potential for off-

target cleavage or integration (Liang et al., 2015). As a

candidate locus to test RNP targeting efficiency in hISCs,

OLFM4 was chosen for its robust expression in small intes-

tinal hISCs, as demonstrated by in situ hybridization, im-

munostaining, and single-cell RNA sequencing (Burclaff

and Bliton, 2022; Busslinger et al., 2021; van der Flier

et al., 2009; Gersemann et al., 2012).

A gRNA targeting the 30 UTR of OLFM4 was designed us-

ing CCTop (which identifies and ranks gRNAs according to

predicted off-target activity) (Stemmer et al., 2015) and

selected to minimize risk for off-target cleavage (Table S3).

Assembled Cas9/gRNA RNPs were electroporated into jeju-

nal and descending colon hISCs. Following recovery, bulk
DNA was extracted from transfected cells and the OLFM4

locus was sequenced (Table S4). TIDE analysis, which de-

tects and quantifies insertion/deletion (indel) mutations

by sequencing (Brinkman et al., 2014), showed 34.8% ±

13.4% indel formation efficiency at this locus, with no sig-

nificant difference between SI and colon hISCs (Figure 5A).

These findings show that RNPs are an efficient alternative

to plasmid-dependent Cas9 expression for gene editing us-

ing these methods.

RNP complexes were next used to generate an OLFM4-

emGFP reporter line in duodenal hISCs by co-electroporat-

ing a donor plasmid containing an IRES-emGFP cassette

flanked by approximately 1 kb of wild-type sequence to

facilitate integration through homology-directed repair

(HDR) (Figure 5B). By integrating into the 30 UTR of the
Stem Cell Reports j Vol. 17 j 1493–1506 j June 14, 2022 1497
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B Figure 4. PiggyBac transfection yields
robust single- andmultiple-plasmid inte-
gration
(A) Schematic of plasmids with constitu-
tively expressed fluorophores flanked
by transposase-binding inverted tandem
repeats.
(B) Quantification of colony numbers after
antibiotic selection for PiggyBac integra-
tion, normalized by FACS-measured trans-
fection efficiency; p = 0.037, n = 3 parallel
transfections of different plasmids for
each organ. Mean ± SEM.
(C) Representative images of hISCs trans-
fected with the four fluorescent reporter
plasmids (Figure 4A). Arrow indicates a col-
ony that has integrated all four reporter
plasmids; Scale bars 200 mm.
(D) Quantification of multiple integration
events observed in stably transfected col-
onies as represented in Figure 4C. Each
data point represents the percentage of a
clone type in a different field of view from
a single experiment. Mean ± SEM.
OLFM4 locus, the IRES-emGFP cassette reports the presence

of OLFM4 mRNA without disrupting the OLFM4 coding

sequence (Figure 5B). RNP complexes were electroporated

into approximately 106 hISCs, and visual inspection by

brightfield microscopy estimated approximately 367 anti-

biotic resistant clones survived selection. Fluorescent mi-

croscopy confirmed emGFP expression in 45% of colonies

(Figures 5C and 5D). Forty-eight clones were isolated and

expanded in monolayer culture as described above. Five

emGFP+ clones were evaluated by PCR, with all exhibiting

proper integration of the IRES-emGFP cassette in the 30 UTR

of OLFM4 (Figure S1A). Two clones (D7 and C9) were cho-

sen for further characterization, validating the absence of

off-target mutations (Figure S1B) and karyotypic normality

(Figure S1C). These data demonstrate efficient HDR-medi-

ated gene integration and robust reporter expression from

the OLFM4 locus, highlighting its utility as an hISC re-

porter gene.

Olfm4-emGFP hISCs generated by Cas9-mediated

transgenesis display compartmentalized emGFP

expression on a planar crypt-microarray (PCM) device

Since multiple colonies showed OLFM4-emGFP expression

and PCR-validated insertion into the 30 UTR of the OLFM4

locus, we sought to validate that the reporter accurately

reflected endogenous OLFM4 expression. To do this, a

recently developed PCM 2D crypt array system was used

(Kim et al., 2018). The PCM is a microfabricated culture

surface that replaces the fully permeable membrane of a

Transwell insert with an impermeable membrane with
1498 Stem Cell Reports j Vol. 17 j 1493–1506 j June 14, 2022
permeable holes arranged in a grid-like pattern across its sur-

face (Figure 6A). The dimensions of the permeable regions

mimic the scale and distance between crypts in vivo. Tissue

zonation, defined as compartmentalization of proliferative

and differentiated zones, is forced by applying hISC media

to the basal reservoir and differentiationmedia to the apical

reservoir (Figure 6A). The hISCs are only maintained over

permeable holes in the culture surface, which provide ac-

cess to the hISCmedia (basal reservoir), while impermeable

zones lacking access to the hISC media differentiate.

The OLFM4-emGFP hISC reporter lines were applied to

PCMs and the cells were first allowed to expand with

hISCmedia on both the apical and basal sides of the device

(Figure 6B). After the hISCs reached confluence, the hISC

media in the apical reservoir was replaced with differentia-

tion media lacking hISC factors creating a steep gradient of

hISCmaintenance factors over the permeable crypt regions

(Figure 6B). After 4 days, the tissue compartmentalized into

OLFM4-emGFP positive and negative zones that persisted

for at least 2 days, which was the latest time point tested

(Figures 6B, 6C, 6D, and S2A). OLFM4-emGFP was strongly

expressed near permeable zones, peaking 20 mm outside of

the permeable region, but not in intervening regions (Fig-

ure 6C). Immunostaining for the general proliferation

marker (KI67) showed proliferative cells (i.e., hISC/progen-

itors) (Barker et al., 2007) localized primarily around

permeable crypt zones (Figure 6D). By contrast, Cytokera-

tin 20 (KRT20), a pan-marker of differentiated intestinal

epithelial cells (Merlos-Suárez et al., 2011; Moll et al.,

1990), localized primarily to intervening impermeable
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Figure 5. Cas9 RNP transfection pro-
duces efficient HDR at the OLFM4 locus
(A) Percentage of Cas9-induced indels at the
OLFM4 gRNA cleavage site, measured by TIDE
analysis of bulk DNA; p > 0.99, n = 3 inde-
pendent experiments per organ.Mean± SEM.
(B) Schematic of the OLFM4 insertion site
and plasmid used for targeting, showing
IRES-emGFP insertion in the OLFM4 30 UTR
along with a constitutively expressed puro-
mycin resistance gene.
(C) Representative image of OLFM4emGFP col-
onies following antibiotic selection. Scale
bar, 1,000 mm.
(D) Quantification of emGFP + colonies
compared with total colony numbers after
antibiotic selection. See also Tables S3, S4,
and Figure S1.
regions (Figure 6D). Confocal microscopy demonstrated

robust co-localization of OLFM4-emGFP and KI67 over

permeable crypt zones and visibly low or no transgene

expression in intervening zones (Figure 6D). This demon-

strates that the OLFM4-emGFP reporter cells retain hISC

characteristics in that they respond to self-renewal

signaling and can differentiate into post-mitotic lineages.

Additionally, these findings suggest the OLFM4-emGFP re-

porter can distinguish between functional ISCs and differ-

entiated cells in culture.

Olfm4-emGFP cells mimic endogenous OLFM4

expression and allow for isolation of LGR5high/

KRT20low cells with high organoid-forming potential

Cells zonated on the PCMdemonstrated a range ofOLFM4-

emGFP expression levels via flow cytometry, classified as

negative, low (bottom 50% of EGFP + cells), and high

(top 50% of GFP + cells). Gates for fluorescence-activated

cell sorting (FACS) were defined using these three cate-

gories (Figures 7A and S2B). Interestingly, the forward scat-

ter width (FSC-W) parameter indicated a separate density of

cells within the OLFM4-emGFPhigh population, suggesting

a population of cells with a smaller diameter than themain

distribution of cells (HighSm) (Figure 7A). Smaller diameter

was confirmed by measuring sorted cells (Figure 7B), and

additional FACS gates were included to compare the

smaller OLFM4-emGFPhigh cells with the larger OLFM4-

emGFPhigh cells based on the FSC-W parameter (HighLg,

Figure 7A).

To verify that the OLFM4-emGFP signal reflected endog-

enous OLFM4 expression, cells from each gate were FACS

isolated and cDNA was generated for qPCR (Figures 7C

and S2C). OLFM4-emGFP transgene expressionwas consis-

tent with endogenous OLFM4 expression. Markers of ISCs

and proliferation, LGR5 and KI67, tracked with increasing
OLFM4 and the OLFM4-emGFP transgene. Conversely,

the pan-differentiation marker KRT20 negatively corre-

lated with ISC and proliferation marker genes. Interest-

ingly, the smaller OLFM4-emGFPhigh population (HighSm)

expressed significantly higher levels of hISC marker genes

than the larger OLFM4-emGFPhigh population (HighLg).

These results show that cells zonated on PCMs demonstrate

a range ofOLFM4mRNA expression and suggest functional

differences associated with OLFM4-emGFP expression and

cell size.

Organoid-forming capacity from single cells is a com-

mon in vitro test of functional stemness (Sato et al.,

2009). To investigate the relationship between OLFM4-

emGFP expression and stem cell function, single cells

from each OLFM4-emGFP population were FACS-sorted

into Matrigel and assayed for their ability to form organo-

ids. Less than 1% of cells from the GFP-negative and GFP-

low gates formed organoids, while 2.5% of HighLg cells

and 7.7% of HighSm cells formed organoids (p < 0.001) (Fig-

ure 7D). This demonstrates a strong positive correlation be-

tween OLFM4-emGFP expression and organoid-forming

capacity and indicates that smaller OLFM4-EGFPhigh cells

have higher hISC activity in culture.
DISCUSSION

Here, we present new methods for generating and

isolating transgenic small intestinal and colonic hISCs

grown as 2D monolayers. We optimize electroporation pa-

rameters and demonstrate robust transfection of hISCs iso-

lated from six regions of the intestinal tract with a high

incidence of cell survival. We show these parameters effi-

ciently transfect both DNA (PiggyBac plasmids) and pro-

tein (Cas9 RNP complexes) and demonstrate utility by
Stem Cell Reports j Vol. 17 j 1493–1506 j June 14, 2022 1499
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Figure 6. An OLFM4emGFP hISC line on engineered 2D crypt arrays reports proliferative high-Wnt zones
(A) Planar crypt-microarray (PCM) used for hISC zonation. An array of microholes in an impermeable membrane restricts access to the hISC
media reservoir, promoting stem cell maintenance only over the holes.
(B) Overview of growth and zonation protocol for hISCs grown on PCMs. Cells are grown 4 days with hISC media in both compartments
followed by 4 days with differentiation media in the apical compartment. Scale bars, 200 mm.
(C) Distribution of OLFM4-emGFP signal measured by averaging the pixel intensity on concentric circles overlaid on 16 confocal images of
different microholes. Inset is a representative image overlaid with the concentric circles used. Scale bar, 100 mm. Mean ± SEM.
(D) Confocal microscopy of immunostained OLFM4emGFP hISCs grown on PCMs. Scale bars: Low Mag, 400 mm; High Mag, 100 mm. See also
Figure S2.
generating and validating a novel and robust OLFM4-

emGFP hISC reporter line.

Our data demonstrate a broad range of transfection effi-

ciencies ranging from 15% to 80%, despite using optimized

electroporation parameters. While the exact mechanisms

mediating this variability are not well understood, several

factors may contribute. Cell passage number has been

shown in other reports to impact transfection efficiencies

(de Carvalho et al., 2018; McCoy et al., 2010). Our findings

are consistent with this as there was a negative correlation

between transfection efficiency and increasing cell passage

number. Proliferative state and cell density can also affect

transfection efficiency (Prasanna and Panda, 1997). We did

not explore the impact of these parameters in this study as

transfection efficiencies were sufficiency high for most ap-

plications. hISC media components that impact prolifera-

tion and stem cell states are numerous, highly variable,
1500 Stem Cell Reports j Vol. 17 j 1493–1506 j June 14, 2022
and could contribute the inconsistencies in transfection ef-

ficiencies, transgenesis, and gene editing (Hinman et al.,

2021). Standardization of critical hISCmaintenance factors

(i.e., WNT3A, NOGGIN, R-SPONDIN, etc) produced by cell

lines, and FBS as an essential culture component (Wang

et al., 2017a), is very challenging as these reagents are

composed of unknown components, variable growth factor

concentrations, and heterogeneous production practices

(Honn et al., 1975). Thus, cell passage number, proliferative

state, density of hISCs, and media standardization could be

further optimized and should be considered during experi-

mental design when very high transfections efficiencies

are required.

A major challenge in genetic engineering is isolating col-

onies that are truly clonal, that is, colonies that come from

a single gene-edited cell. The likelihood of obtaining clonal

populations is significantly improved by a culture system
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Figure 7. Small OLFM4High cells demonstrate increased organoid forming efficiency in vitro
(A) FACS density plot of OLFM4emGFP cells isolated from a zonated PCM, overlaid with gates used for sorting. Insets show WT negative con-
trol and a contour plot of the High gate.
(B) Microscopy-measured cell diameters for cells sorted from each FACS gate in Figure 7A n > 27 cells per gate. ***p < 0.001. Mean ± SEM.
(C) Relative gene expression measured by qRT-PCR on FACS-sorted cells obtained from each gate in Figure 7A. Data normalized to Neg for
OFLM4, LGR5, and KI67, and to Highsm for KRT20; *p < 0.05, **p < 0.01, ***p < 0.001. Mean ± SEM.
(D) Quantification of organoid formation by FACS-isolated single cells obtained from zonated PCMs; *p < 0.05, ***p < 0.001, each data
point represents the percentage of cells that formed organoids following seeding of 500 single cells into a separate Matrigel patty. Mean ±
SEM. See also Figure S2.
the facilitates spatial separation of colonies following anti-

biotic selection. Experimental design to achieve well-iso-

lated clones is dependenton transfection efficiency, payload

integration efficiency, and the number of transfected cells.

For instances, the high efficiency and integration of

PiggyBac-mediated transgenesis in our study yielded many

antibiotic-resistant clones that merged as they grew. By

contrast, the lower efficiency of HDR yielded far less anti-

biotic-resistant clones with more spatial separation. Thus,

when transfection efficiencies are high, serial dilution of

transfected hISCs is recommended to limit the merging of

clones with independent transgenesis or gene-editing

events.
Transgenesis and gene editing using 2D cultures of hISCs

has a number of advantages including improved thr-

oughput and substantial cost savings over transgenesis in

3D organoid cultures. The familiarity of 2D culture in labo-

ratory settings reduces training time and failures inherent

withmore complex 3Dhydrogel culture systems.When us-

ing hISCs expanded in 3D hydrogels, many wells of Matri-

gel patties are required to generate the numbers of hISCs for

transfection. For example, one highly cited report recom-

mends up to 24 patties to obtain 5 3 105 live single cells

for a single targeted knock-in experiment (Fujii et al.,

2015). By contrast, our findings show one well of a conven-

tional six-well plate yields an average of 0.64 3 106 to
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1.253 106 live single cells (Figure 2B), comparable with the

yield of 30–60Matrigel patties. The culture-well form factor

and the low cost of collagen hydrogels used in 2D hISC

expansion significantly reduces the cost of transgenesis

projects. Based on the above numbers and current prices

we estimate that 2D hISC expansionmethods reduces costs

to produce equivalent numbers of hISCs by 16- to 32-fold.

Transgenic hISC lines that report cell lineage states are

powerful tools to investigate various aspects of gut epithe-

lial biology, and delineate important differences and

confirm findings in murine models of human physiology

and disease. In this study we generated and characterized

an OLFM4-emGFP hISC line. OLFM4 has been shown by

in situ hybridization and scRNA sequencing to be robustly

expressed by human crypt-base columnar cells (CBCs),

with gradually decreasing expression up the crypt axis (Bur-

claff and Bliton, 2022; Busslinger et al., 2021; van der Flier

et al., 2009). While OLFM4 demonstrates broader crypt

expression than LGR5, single-cell RNAseq data show that

the highest OLFM4 expression overlaps with the highest

LGR5 expression (Burclaff and Bliton, 2022). Using engi-

neered gut epithelial tissue constructs generated on

planar-cryptmicroarrays (PCMs), our data revealed a robust

gradient of OLFM4-emGFP expression levels with a direct

correlation with endogenous OLFM4, LGR5, and KI67

levels, and highest hISC organoid forming capacity corre-

lated with highest OLFM4-emGFP expression and smaller

cell diameter. While the functional implications of cell

size are not well understood, small cell size has been corre-

lated with high stem cell function in several stem cell types

(Kucia et al., 2006; Paiva et al., 2006). Together these results

show that OLFM4-emGFP reporter hISCs have functional

ISC activity, respond to hISC maintenance signals, and

differentiate when removed from these signals.

Transgenesis and gene editing in hISCs cultured as 2D

monolayers holds enormous potential for studying intesti-

nal biology and disease in physiologically relevant culture

systems. Additionally, targeted genetic manipulation in

hISCs could be leveraged for high-throughput drug

screening and development of cell-based therapies for a

number of human health conditions. Our study provides

robust, reproducible, and easily scalable methods that are

essential for progress toward these goals.
EXPERIMENTAL PROCEDURES

hISC media and plate preparation
Maintenance media (MM) for hISC culture was prepared as previ-

ously described (Hinman et al., 2021). Briefly, L cells expressing

transgenic WNT3A, NOGGIN, and RSPONDIN3 (ATCC CRL-

3276) were cultured in L-WRN medium (Table S5). Media was

collected and replaced every 24h for 12 days. Collected condi-

tioned medium (CM) was then pooled, filtered, and frozen into al-
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iquots stored at �80�C. Thawed CM aliquots were mixed 1:1 with

basal medium (Table S5). For plating of primary crypts and after

passaging, MM was supplemented with 10 mM Y27632 (MM + Y,

Selleck Chemical S6390). Collagen-coated plates for monolayer

culture were prepared as previously described (Wang et al., 2017a).

Tissue procurement and dissection
Intestinal tissuewas obtained postmortem fromHonorBridge from

three organ donorswithno knownhistory of intestinal disease and

negative for an infectious disease panel (Table S2). Following trim-

ming of adipose tissue, the first 20 cm of the SI was isolated. A

9-cm2 tissue sample was taken from the center of this piece (duo-

denum). The remaining SI was divided in half, and tissue samples

were taken from the middle of each half (jejunum and ileum). The

colon was divided into three equal length pieces, and tissue sam-

ples were taken from the center of each piece (ascending, trans-

verse, and descending colon). Tissue samples were stored in

Advanced DMEM/F12 + 10 mM Y27632 and 200 mg/mL Primocin

during dissection, immediately followed by crypt isolation.

Crypt isolation and hISC expansion
After dissection, tissue sections were incubated in cold

PBS +10 mM N-acetylcysteine with gentle agitation for 15 min.

They were then rinsed briefly in isolation buffer (IB, Table S5),

transferred to IB + 2 mM EDTA (Corning 46-034-Cl) + 0.5 mM

DTT (ThermoFisher Scientific BP172-5), and incubated for

30 min with gentle agitation. Tubes were shaken vigorously for

2 min, after which sections were transferred to new tubes of IB +

EDTA + DTTand rocked gently for 10min. This process of shaking,

transfer, and rocking was repeated six times. Buffer aliquots were

analyzed under widefield microscopy to quantify villi and crypt

numbers, and crypt-enriched sampleswere pooled. Crypt numbers

were counted and seeded on collagen plates in hISC expansionme-

dia with Y27632 (MM + Y, described above), 200 mg/mL Primocin,

200 mg/mL Gentamycin (Sigma Aldrich G1914), and 0.5 mg/mL

amphotericin B (Sigma-Aldrich A2942) (+antibiotics) at 5,000

crypts per well of a six-well plate. Plates were incubated at 37�C
and media was changed daily with fresh MM + antibiotics.

hISC monolayer culture and passaging
Human ISCs were cultured at 37�C, 5% CO2 in 3 mL of MM as

described above, replacing the media every 2 days. Cells were

passaged 1:3 every 4–7 days based on cell density, with a pre-pas-

sage confluency of greater than 60%. We added 10 mM Y27632 to

each well at least 1 h before passaging. To passage, 1 mL of media

was removed from eachwell into a conical tube and the remaining

media aspirated. Collagen patties were dislodged with a pipet tip

and transferred to the tube. 100 mL of 5,000 U/mL collagenase IV

(ThermoFisher Scientific LS004189) in HBSS (Gibco 14175-095)

was added to each tube and the collagen patties were broken up

by pipetting with a 5-mL serological pipet. This solution was incu-

bated at 37�C for 20 min, mixing every 5 min, then pelleted at

8003 g for 3 min. Supernatant was aspirated and the cell pellet re-

suspended in 5 mL pre-warmed 13 PBS +10 mM Y27632. PBS sus-

pensions were incubated at 37�C for 5 min, then pelleted at

800 3 g for 3 min. PBS was aspirated and cell pellets were resus-

pended in 200 mL TrypLE Express (Gibco 12605-010) and



incubated at 37�C for 5 min. TrypLE solutions were pipetted

approximately 15 times with a P1000 pipet tip to dissociate cells,

then neutralized with 2 mL MM and pelleted again at 800 3 g

for 3 min. Supernatant was aspirated and the cells were resus-

pended in 9 mLMM+ Yper dissociated well and plated onto three

new pre-rinsed collagen-coated wells (3 mL/well).

OLFM4 targeting plasmid generation and gRNA

selection
OLFM4 homology regions were amplified from donor gDNA

with CloneAmp HiFi PCR Premix (Takara 639298) using primers

KB39 + KB40 and KB69 + KB38 (Table S4), which included 20 bp

of overlapping homology to plasmid backbone elements, and

purified on a silica minicolumn. IRES-emGFP and vector back-

bone were isolated from a pre-existing plasmid by restriction

digestion and assembled with PCR-amplified homology arms us-

ing an In-Fusion HD Cloning Kit (Takara 638920). The

final products were verified by enzymatic digestion and

sequencing. The OLFM4 gRNA was designed using CCTop (Stem-

mer et al., 2015) and were selected based on location in the

proximal 30 UTR and low probability of off-target cleavage

(Table S3).

Preparation of transfection reagents
Super PiggyBac Transposase Expression Vector (System Biosci-

ences, PB210PA-1) was added at 5 ng/mL in transfection mix.

All other plasmids were prepared from bacterial stocks using a

QIAGEN HiSpeed Maxi kit (QIAGEN 12662) and concentrated

to 1–2 mg/mL in TE Buffer. pMax-GFP plasmid was added at

100 ng/mL of transfection mix. All other plasmids were added at

50 ng/mL. For gRNA and Cas9 transfections, crRNA, and tracrRNA

oligos were purchased from IDT (Alt-R� CRISPR-Cas9 system)

and resuspended at 100 pmol/mL in nuclease-free dH2O (Corn-

ing 46-000-Cl). We combined 2 mL (200 pmol) each of gRNA

and tracRNA with 2 mL of 5X annealing buffer (ThermoFisher

Scientific 100061876) and 4 mL nuclease-free dH2O and

annealed in a thermocycler (95�C – 5 min, 95�C to 78�C
at �2�C/s, 78�C – 10 min, 78�C to 25�C at �0.1�C/s, 25�C –

5 min), then immediately transferred to ice. We added 3 mL (60

pmol) of this mix to 2 mL TrueCut Cas9v2 (approximately 60

pmol, ThermoFisher Scientific A36498), incubated at room tem-

perature for 15 min to promote formation of RNP complexes,

then stored on ice until use.

Single-cell dissociation for transfection and flow

cytometry
To improve cell dissociation for transfection, several changes were

made to the passaging protocol described above. The length of the

37�C PBS incubation was extended to 10 min, with gentle mixing

after the first 5 min. Next, 20 mL of 5,000 U/mL collagenase IV was

added to the 200 mL TrypLE for dissociation. Following the 5 min

incubation in TrypLE + collagenase, cells were first dissociated by

pipetting approximately 15 times with a P1000 pipet tip as above,

then further dissociated by gently pipetting with a 28G insulin sy-

ringe (BD Biosciences 329,424) 5–7 times. Dissociated TrypLE solu-

tions were neutralized, centrifuged, and aspirated normally, but

were resuspended in 1 mL 13 room temperature PBS. We removed
10 mL of this cell suspension and it mixed 1:1 with Trypan blue and

cell numberswere quantifiedwith a hemocytometer. PBS solutions

were again pelleted at 8003 g for 3min, the supernatant aspirated,

and the cell pellet resuspended in cold Neon Buffer R

(ThermoFisher MPK10096) at a concentration of 5,000–20,000

cells/mL. Flow cytometry was performed using a Sony SH800ZF

cell sorter (SN 1500005).

Electroporation and antibiotic selection
For electroporation, cells were dissociated to singlets as

described above. For testing of electroporation conditions, cells

were resuspended at a concentration of 20,000 cells/mL in

Neon Buffer R, and pMax-GFP was added at 100 ng/mL of buffer.

After electroporation with a 10 mL Neon tip (ThermoFisher

MPK1096), cells were seeded onto a single well of a collagen-

coated 24-well plate with MM + Y and allowed to recover over-

night at 37�C. Media were replaced after 24 h with MM, and

cells were analyzed for transfection and survival after 72 h. After

optimization, all other transfections were performed using the

Neon Electroporator 100 mL tips (ThermoFisher Scientific

MPK10096) with preset #5 (1,700 V, 1 pulse, 20 ms), electropo-

rating 6,000–12,000 cells/mL and plating onto a single collagen-

coated well of a six-well plate. Media was changed after 24 h

with MM. For transfections requiring selection, media were

changed with MM + puromycin (2 mg/mL, Sigma P8833) after

72 h and every other day thereafter for 7 days. To account for

experimental variability in single plasmid integration rates, the

transfection efficiency for each plasmid was normalized to the

efficiency of a control transfection using a constitutively ex-

pressing EGFP plasmid (Figure 4B).

Colony isolation and expansion
To isolate transgenic colonies after antibiotic selection, 300 mL of

5,000 U/mL collagenase IV was added to each well and incubated

at 37�C for 20 min. Supernatant and dislodged colonies were

collected and pelleted at 6003 g. Media was aspirated and the cells

gently resuspended in 10 mL PBS +10 mM Y27632 (PBS + Y). Cells

were re-pelleted, and suspended in a new aliquot of 15 mL PBS + Y

and added to a 10-cm tissue culture dish. This dish was transferred

to an inverted light microscope, and colonies were manually

pipetted into a collagen-coated 96-well culture plate containing

100 mL/well MM + Y. After isolation, colony media was changed

every other day with MM + Y. Upon reaching confluency or after

2 weeks, colonies were serially passaged to collagen-coated

48-well, 12-well, and 6-well culture plates.

PCM fabrication
The PCMs were fabricated as previously described (Kim et al.,

2018). Briefly, an array of 20 3 20 microholes (50 mm in diameter)

were micropatterned onto a thin, impermeable 1002F-10 photore-

sist film using a photomask (Front Range Photomask) and UV

photolithography (Pai et al., 2007). The micropatterned film was

then mounted onto a bottomless 12-well Transwell insert

using 3M double-sided medical tape and coated with 200 mL of

1 mg/mL neutralized rat tail collagen I (Corning 354,236).

Collagen-coated PCMswere incubated in a humidified 37�C cham-

ber for 1 h to promote formation of a uniform gel, dried overnight
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in a 40�C oven, then stored at room temperature. Before seeding

cells, PCM Transwells were sterilized with ethanol, then

rehydrated with 50 mg/mL rat tail collagen I in PBS overnight at

37�C.
Culturing hISCs on PCMdevices and immunostaining
Confluent six-well monolayers of OLFM4-emGFP cells were disso-

ciated as previously described, passaging onewell of a six-well plate

to three PCM devices in MM + Y, adding 500 mL medium with

dissociated cells to the upper compartment and 1.5 mL medium

(without cells) to the lower compartment.Mediawas changed after

48 h with fresh MM + Y. On the fourth day after seeding, medium

in the upper compartmentwas replacedwith differentiationmedia

(Table S5), and medium in the lower compartment was replaced

with MM (no Y). Media were changed daily for 4 days. On the

eighth day after seeding, cells were either isolated for FACS (see

below) or rinsed with PBS and fixed with 4% PFA (ThermoFisher

Scientific AC416780250) for 15 min. Following fixation, cells

were rinsed with PBS, permeabilized with 0.5% Triton X-100

(ThermoFisher Scientific AC215682500) in PBS for 20 min at

room temperature, then rinsed twice with PBS +3% BSA

(FisherScientific BP1600-1, diluted in PBS). Blocking was per-

formed for 30min at room temperature in 3% BSA. After blocking,

cells were incubatedwith KRT20 primary antibody (1:200 dilution,

Cell Signaling D9Z1Z) in 3% BSA for 48 h at 4�C, rinsed with 3%

BSA, then incubatedwith a donkey anti-rabbit Cy3 secondary anti-

body (Jackson ImmunoResearch 711-166-152) and APC-conju-

gated KI67 antibody (Invitrogen 17-5698-83) for 1 h at room

temperature. Cells were rinsed twice with 3% BSA, and nuclei

were stained with bisbenzimide A (10 mg/mL, SigmaAldrich

B1155) in 3% BSA for 5 min, then rinsed and stored in 3% BSA

for microscopic analysis.
FACS, qPCR, and organoid formation
After growth and compartmentalization of PCM devices, culture

media was aspirated and replaced with 4 mL warm PBS + Y, incu-

bating for 5 min at 37�C. PBS was then aspirated, and 500 mL

warm TrypLE was added to both the upper and lower compart-

ments. Devices were incubated for 10min at 37�C, pipetting vigor-
ously after 5 and 10 min. Dislodged cells were then further

dissociated with a 28G insulin syringe, and TrypLEwas neutralized

by adding 4 mL of culture media. Cells were pelleted at 8003 g for

3 min, resuspended in 1 mL PBS then re-pelleted. Cells were resus-

pended in MM + Y and sorted by FACS using an Aria II cell sorter

(UNC Flow Cytometry Core). FSC-A, BSC-A, FSC-H, and BSC-H pa-

rameterswereused to enrich for live single cells, andFSC-HandGFP

parameterswereused to sort populations expressingdifferent levels

of emGFP into cold MM + Y. For qPCR, RNAwas isolated using the

RNAqueous Micro Kit (Invitrogen AM1931). We performed cDNA

amplification and qPCR with SsoAdvanced Universal Probe Super-

mix (Bio-Rad 1725281), using TaqMan probes Hs00197437_m1

(OLFM4), Hs00969442_m1 (LGR5), Hs04260396_g1 (MKI67),

Hs00300643_m1 (KRT20), and Hs03003631_g1 (18S). To quantify

organoid formation, 5,000 single cells (2,500 cells for negative pop-

ulation)were sorted into separate tubes and resuspended in10mLof

ice-coldGFRMatrigel (Corning354230)per500cells.Wedispensed

10 mL aliquots of cells into separate wells of a 96-well culture plate,
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incubated for 25min at 37�C to facilitate gel formation, then over-

laid with 100 mLMM + Y. Media was changed every other day with

freshMM for 7 days, at which point organoids were fixed with pre-

warmed 4% PFA for 15 min for quantification.

Statistics
Due to non-normality, statistical analysis of biological replicates in

Figures 2B, 2C, 2D, 3F, and 5Awere performed using aMann-Whit-

ney U test, and Figure 2E used a Kruskal-Wallis test. Analysis of

technical replicates used t-tests, with Figures 4 and 7B using a Stu-

dent t-test, Figure 7D usingWelch’s t test due to the expectation of

unequal variance between samples, and qPCR data comparing

D18S values between samples using a Student t-test.
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