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Single-cell transcriptomic mapping of intestinal
epithelium that undergoes 3D morphogenesis and
mechanodynamic stimulation in a gut-on-a-chip

Woojung Shin,1,2,3,7 Zhe Su,4,7 S. Stephen Yi,3,4,5,* and Hyun Jung Kim3,4,6,8,*

SUMMARY

The human gut-on-a-chip has demonstrated in vivo-relevant cellular fidelity and
physiological functions of Caco-2 intestinal epithelium compared to its static
cultures. However, transcriptomic dynamics that controls the morphogenic and
mechanodynamic perturbation of Caco-2 epithelium in a microphysiological cul-
ture remain elusive. Single-cell transcriptomic analysis revealed that a gut-on-a-
chip culture drives three clusters that illustrate distinct gene expressions and
their spatial representation in three-dimensional (3D) epithelial layers. A pseudo-
temporal trajectory analysis elucidated the evolutionary transition from a
homogeneous ancestral genotype in Transwell cultures into heterogeneous tran-
scriptomes in gut-on-a-chip cultures, verified in cell cycle perturbation, cytodiffer-
entiation, and intestinal functions in digestion, transport, and drug metabolism.
Furthermore, the inversed transcriptomic signature of oncogenes and tumor-sup-
pressor genes of Caco-2 cells confirmed that gut-on-a-chip cultures induce post-
mitotic reprogramming of cancer-associated genes. Our study suggests that
a physiological gut-on-a-chip culture induces the transcriptomic perturbation of
Caco-2 epithelium to elicit in vivo-relevant morphogenesis and restoration of
normal physiological functions.

INTRODUCTION

The Caco-2 human colon adenocarcinoma line has been extensively used as a gold standard for estimating

the intestinal permeability of drugs in pharmaceutical validation over the past decades.1–3 The Caco-2

epithelium has enterocyte-like phenotypes with transcriptomic signatures of normal small intestinal epithe-

lium when cultured for 2-3 weeks in a static condition despite its cancer origin.4–6 However, Caco-2 cells

cultured as a 2D monolayer have shown a considerable deficiency in physiological 3D morphology, cyto-

differentiation, and essential intestinal functions, including drug metabolism and mucus production.7

Notably, epithelial cultures in a gut-on-a-chip induce the cytodifferentiation and histogenesis of Caco-2

cells under mechanodynamic fluid shear stress and physical deformations.8–10 Notably, the biochemical

gradient and mechanical cues reprogram the phenotypic features, including spontaneous 3Dmorphogen-

esis,8,10,11 lineage-dependent differentiation, mucus production, drug metabolism,9 and flow-dependent

modulation of canonical Wnt signaling and subsequent subcellular morphogenic responses.10 These

observations suggest that the phenotypic reprogramming of Caco-2 cells is remarkable when the cells

undergo microphysiological manipulation during gut-on-a-chip cultures. However, the transcriptomic

perturbation pertinent to phenotypic reprogramming of the Caco-2 epithelium has not been sufficiently

investigated in a single-cell resolution.

In this study, we applied the single-cell RNA sequencing (scRNA-seq) method to compare the transcriptome

profiles of Caco-2 cells cultured in either a gut-on-a-chip or a static Transwell insert to verify how the mecha-

nodynamic on-chip cultures perturb epithelial transcriptomic dynamics that lead to cytohistological and func-

tional reprogramming of intestinal epithelium.We examined the heterogeneity of cell populations depending

on the culture formats by dimensionality reduction, spatial mapping of the selected genes visualized on 3D

epithelial layers, and pseudotemporal trajectory analysis. We also discovered significant transcriptomic per-

turbations of Caco-2 cells associated with intestinal epithelial function, differentiation, and drug transport

and metabolism during on-chip cultures. Finally, the reversion of cancer-specific signatures in Caco-2 cells
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was characterized. We offer mechanistic insight into a gut-on-a-chip culture on cytohistological development

in vitro via single-cell transcriptomics and concomitant spatial visualization.

RESULTS

Single-cell transcriptomic characterization of culture-dependent epithelial heterogeneity

To characterize the epithelial heterogeneity depending on the culture format, Caco-2 cells were cultured in

either a microfluidic gut-on-a-chip or a static Transwell for 5 days upon the formation of a confluent mono-

layer (Figure 1A). Although Caco-2 cells are typically cultured on Transwell inserts for 14-21 days post-con-

fluency to induce differentiation, we performed a 5-day-long culture post-confluency to maintain identical

culture conditions between two different culture formats. For instance, culture conditions such as culture

medium, type of extracellular matrix (ECM) proteins, the concentration of ECMproteins for surface coating,

passage number of Caco-2 cells, and seeding density of dissociated Caco-2 cells were synchronized. In a

Transwell, cells adherent to the ECM-coated porous membrane formed a 2Dmonolayer with intact cell-cell

junctions (Figure 1A, Transwell). On the contrary, Caco-2 epithelium grown in a gut-on-a-chip experienced

physiological flow (50 mL/h, equivalent shear stress at 0.02 dyne/cm2) and peristalsis-like rhythmical

motions (10% in cell strain, 0.15 Hz in frequency), resulting in the regeneration of 3D epithelial layers as

we previously discovered (Figure 1A, Gut-on-a-chip).8–10 Next, we performed scRNA-seq followed

Figure 1. Single-cell transcriptomic characterization of culture-dependent epithelial heterogeneity

(A) An overview of the experimental scRNA-seq analysis of Caco-2 cells cultured in either a static Transwell or a mechanodynamic gut-on-a-chip. Caco-2 cells

cultured in a Transwell insert formed a 2Dmonolayer, whereas the same cells cultured in a gut-on-a-chip under flow and stretchingmotions regenerated a 3D

villi-like epithelial microstructure (Top view, phase-contrast micrographs; Side view, immunofluorescence micrographs; gray dashed lines, location of the

porous basement membrane). Cultured cells were harvested and processed for scRNA-seq analysis by the 10x Genomics platform. Bars, 50 mm.

(B) A non-linear dimensionality reduction displayed in a UMAP that plots single cells from both culture formats. Cells from the Transwell culture have a

homogeneous population (TW1), whereas the gut-on-a-chip culture demonstrated three heterogeneous subclusters (CHIP1, CHIP2, and CHIP3).

(C) A heatmap showing the top 15 genes differentially expressed in each cluster. The cluster colors illustrated in B are repeated. A complete list of selected

genes is provided in Table S1.
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by the bioinformatic process including data quality control, variable gene selection, dimensionality

reduction, and cell clustering using Seurat 3.12 Differential gene expression from scRNA-seq resolved

four clusters mapped on a Uni-formMani-fold Approximation and Projection (UMAP)13 (Figure 1B). Indeed,

the physiologically dynamic culture in the gut-on-a-chip was the only source of variations in three clusters

(CHIP1, CHIP2, and CHIP3), whereas the static Transwell culture resulted in a single isolated cluster (TW1).

Interestingly, a heatmap that plots the top 15 genes most differentially expressed in each cluster (Table S1)

involved the genes that regulate intestinal epithelial functions such as proliferation, regeneration, cell cy-

cle, and differentiated intestinal functions such as molecular transport and drug metabolism (Figure 1C).

For instance, CHIP1 cluster highlighted genes pertinent to the regulation of cell cycle and growth

(CDK1,14 AREG,15 and UBE2C16) and mucosal barrier formation (MUC13).17 CHIP2 showed a significant up-

regulation of genes associated with cell division and mitosis germane to 3D morphogenesis (PTTG1,18

CDC20,19 CCNB1,20 DDX21,21 and MYC22). In CHIP3, genes related to absorption and drug transport

(SLC2A3, SLC6A8, FXYD3, SLC11A2, and APOA4)23 were distinctively upregulated. TW1 cluster, in

contrast, included upregulated genes related to cell mitosis (HEPACAM2),24 mitogens (FGB, FGG,

FGA),25 and a colorectal cancer marker (PHGR1).26 It is noted that the mitosis-related genes (CDK1 and

UBE2C) upregulated in CHIP1 were significantly downregulated in CHIP2, suggesting that a heteroge-

neous transcriptional process occurred in individual clusters of cells during the gut-on-a-chip culture. How-

ever, cell type-specific marker genes annotating enterocytes, goblet, enteroendocrine, enterochromaffin,

tuft, Paneth, and microfold (M) cells27 did not exclusively represent a particular cell cluster (Figure S1).

Nonetheless, several genes representing each cell type were considerably upregulated in a particular

cell cluster. For instance, CHIP3 showed higher expression of a couple of genes associated with Goblet

cell characteristics compared to the other cell clusters. The Paneth cell-associated genes in CHIP1 and

CHIP2 were also expressed more than those in CHIP3. This observation suggested that the CHIP clusters

may possess spatial information within the formed 3D epithelial layers in a gut-on-a-chip.

Cluster-dependent spatial mapping in a gut-on-a-chip

Based on the primary clustering (Figure 1) and the expression of cell type marker genes (Figure S1), we

retroactively verified if each cell cluster may encode spatial information in the 3D epithelial layer recreated

in a gut-on-a-chip. We visually verified this hypothesis in the established histogenic structure in the gut-on-

a-chip platform. Among the top 15 differentially expressed genes (Figure 1C), we choseMUC13 and CDK1

(CHIP1), CCNB1 (CHIP2), and SLC11A2 and SLC6A8 (CHIP3), where the expression level in one cluster was

significantly higher than the other clusters (Figure 2A and 2B). Next, we performed immunofluorescence

confocal microscopic imaging by targeting the encoded proteins on 3D epithelial layers. The 3D rendered

vertical cross-cut views (Figure 2C) revealed that the fluorescence signal of each marker illustrated the

localized niche on the 3D epithelial layers recreated in the gut-on-a-chip (Figure 2D, top-down views

focused on each designated location). The spatial signal of MUC13 and CDK1 (CHIP1) as well as CCNB1

(CHIP2) was predominantly localized in the middle-lower region near the basement membrane. On the

contrary, multiple cells expressing SLC11A2 and SLC6A8 (CHIP3) were positioned in the upper-middle re-

gion of the 3D epithelial layer (Figure 2E). We also applied the previously annotated genes,28 spatially zo-

nated in the middle-upper (i.e., Top landmark genes) or the middle-lower region (i.e., Bottom landmark

genes), to examine cluster-dependent spatial correlation. We found that CHIP3 showed higher expression

of the Top landmark genes than the other clusters (Figure 2F, left), supporting the results of our spatial

mapping. The expression of the Bottom landmark genes, however, was scattered across all CHIP clusters

(Figure 2F, right).

Heterogeneous reprogramming in the developmental process and cell cycle

The spatial expression of the representative genes in each cluster (Figure 2) and the selected top 15 genes

(Figure 1C) suggested that CHIP3 contains the most differentiated cell population, whereas CHIP1 and

CHIP2 are dominated by proliferative cells that are transient to a differentiated stage. An unbiased pseu-

dotemporal trajectory analysis additionally characterized this cellular and morphological reprogramming

process to dissect the evolutionary transition of the Caco-2 cells and their subclusters depending on the

culture format (Figure 3A). The merged 2D trajectory of all the clusters outlined a pseudotemporal prop-

agation from the ancestral heredity (i.e., pseudotime is zero; dark blue) toward bifurcated branches

(i.e., bright blue). When we determined TW1 cluster at the most ancestral position as a control (e.g., the

left end branch), the cells in CHIP1 showed the most extensive spectrum of pseudotemporal distribution.

On the contrary, the pseudotemporal points in CHIP2 and CHIP3 were found at the farthest positions from

the ancestral TW1 cluster, suggesting that the cells cultured in the gut-on-a-chip were significantly evolved
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in the pseudotime configuration than in the static Transwell culture. This result shows a good agreement

with the identified spatial information of the cell clusters verified in Figure 2.

The cell cycle analysis displayed on the UMAP (Figure 3B, left) reveals that the cells in CHIP1 and CHIP2

clusters showed higher populations of G2/M� and S-phases than the cells grown in the Transwell

(Figure 3B, right). The cells in the TW1 cluster were composed of the most extensive G1 phase (68.18%)

and the least G2/M (13.72%) and S phase (18.10%). Interestingly, the cell cycle frequency in the CHIP3

cluster (64.33, 15.24, and 20.43% of G1, G2M, and S phases, respectively) showed the highest similarity

to the frequency in TW1, suggesting that the cellular dynamics of proliferation characterized by the cell

Figure 2. Spatial mapping of translated gene products after mechanodynamic cellular reprogramming

(A) The expression of 5 representative genes depicting each CHIP cluster is highlighted in the UMAP.

(B) Violin plots of scRNA-seq results corresponding to the selected genes in (A).

(C) Spatial localization of the selected gene products in 3D reconstruction views visualized by immunofluorescence confocal microscopy. Gray, F-actin;

Magenta, corresponding proteins. Bars, 100 mm.

(D) Top-down confocal views of each corresponding marker expressed at different locations of the 3D epithelial layer. The focal plane of each image was

designated in the schematic at lower (L), middle (M), or upper region (U). Bar, 50 mm.

(E) Quantifications of fluorescence signals in spatially resolved regions along the vertical direction. The upper, middle, and lower regions were determined

by the location from the epithelial surface to the 1/3 location (Upper), from the 1/3 to the 2/3 location from the epithelial surface (middle), and from the 2/3

location to the bottom (Lower). N = 4. ns, not significant. *p < 0.05, **p < 0.001, ***p < 0.0001. Error bars, standard error of the mean.

(F) Dot plots that display the expression of the landmark genes relevant to villus zonation in each cluster. The average expression of the genes in each cluster

is presented as a color scale and the proportion of cells expressing each gene is demonstrated as Percent expression (size of the dots). The landmark genes

were adopted from a ref.28 and listed in alphabetical order.
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cycle analysis is minimal in both clusters. Regardless of the similar cell cycle patterns, it is noted that the

morphological and spatial transcriptomic signatures of the Caco-2 cells cultured in the gut-on-a-chip

were distinct from the ones prepared in the Transwell, indicating that mechanodynamic on-chip cultures

dramatically induce cellular reprogramming of Caco-2 cells in shapes and functions with greater in vivo

relevance than static Transwell cultures. The profile of mitochondrial genes (%MT) also showed a good

agreement with the cell cycle analysis (Figure S2).29,30 Indeed, both CHIP1 and CHIP2 clusters showed a

significantly elevated population of cells (<75%) in G2/M or S phase than CHIP3 (Figure 3B), suggesting

that the dynamics of cell cycle and mitosis was perturbed to be heterogeneous when cells were cultured

in the mechanodynamic gut-on-a-chip device.

It is notable that the heterogeneity of transcriptomic signature regarding cell proliferation was also repre-

sented in the expression of genes encoding proto-oncogenic transcription factor (MYC),22 proliferation

(MKI67),31 and stem cells (SOX9),32 in which both CHIP1 and CHIP2 clusters showed the remarkable eleva-

tion of those genes than CHIP3 and TW1 clusters (Figure 3C). Interestingly, although the CHIP3 cluster

showed similar patterns in cell cycle and proliferation with TW1, a representative Wnt-antagonizing

gene, Dickkopf-related protein 1 (DKK1),33 that is critical for intestinal morphogenesis in a gut-on-a-

chip10,11 was minimally expressed in all the CHIP clusters, whereas TW1 was a dominant cluster that shows

considerable upregulation of DKK1 (Figure 3D). This result shows good accordance with our previous

finding that the removal of basolaterally secreted DKK1 molecules in a gut-on-a-chip leads to 3D epithelial

morphogenesis, whereas a static Transwell culture that accumulates extracellular DKK-1 considerably re-

stricts the morphogenic process regardless of the culture period.9,10 The transcriptomic heterogeneity

of epithelial growth dynamics was also verified by a couple of gene ontology (GO) snapshots on the

Figure 3. Heterogeneous cellular reprogramming in cell cycle and developmental process

(A) The collective pseudotemporal trajectory of single cells cultured in either a Transwell or a gut-on-a-chip (left) and individual pseudotemporal profiles with

a cluster-dependent resolution (right). (Left) The cells in the TW1 cluster (dark blue) were assigned as the ancestral pseudotime, in which the cells in CHIP

clusters were widely distributed in branched pseudotemporal trajectories (lighter blue), indicating the heterogeneous evolutionary reprogramming. The

branching points are labeled in circled numbers. The inset schematics illustrate the shape of a cell layer in TW1 (left top; 2D) or CHIP (right bottom; 3D).

(Right) The pseudotemporal distribution of individual clusters that have the paired color coordination with Figure 1B.

(B) Distribution of individual single cells that show distinct cell cycles in G1 (gray), G2/M (orange), or S phase (sky blue) plotted on the UMAP (left) and the

frequency of single cells in each cluster.

(C and D) Violin plots that represent the significant upregulation of (C)MYC,MKI67, and SOX9 in CHIP1 and CHIP2 clusters and (D) the elevated expression of

DKK1 in the TW1 cluster.
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heterogeneous signaling perturbations of Wnt (Figure S3), Notch (Figure S4), and bone morphogenetic

protein (BMP) pathways (Figure S5). The genes regulating planar cell polarity showed the least expression

in CHIP3, while themost upregulation was confirmed in CHIP2 that also support the spatial information that

the CHIP clusters possess (Figure S6). It is noted that a considerable number of genes displayed in these

cell signaling pathways were upregulated in CHIP clusters than TW1.

Transcriptomic perturbation in epithelial functions and drug metabolism

Next, we examined the heterogeneity of transcriptomes in each cluster related to fundamental epithelial

functions such as nutrient absorption and transport, biosynthetic process, and drug metabolism. We found

that the expression of genes pertinent to monosaccharide transport, sugar transmembrane transporter ac-

tivity, carbohydrate transporter activity, and sodium channel regulator activity (Figure 4A), glucose cata-

bolic process, and fatty acid biosynthesis (Figure 4B) were all significantly higher in CHIP3 than the other

clusters. This result is well matched with the spatial information that the cells in CHIP3 are located in the

mid-upper region of the 3D epithelial layer because these transport activities, catabolism, and fatty acid

biosynthesis are regulated at the mucosal surface mainly by enterocytes.34 The gene set enrichment anal-

ysis (GSEA) that compares the most significant 33 GO terms also verified that the gene sets associated with

Figure 4. Transcriptomic perturbation of the genes associated with intestinal epithelial functions and drug metabolism

(A) A heatmap that summarizes the expression of the genes associated with the GO terms of monosaccharide transport (BP), sugar transmembrane

transporter activity (MF), carbohydrate transporter activity (MF), and sodium channel regulator activity (MF). BP, biological process, MF, molecular function.

Vertical color bars indicate the genes corresponding to the associated BP or MF.

(B) A heatmap that profiles the expression of genes involved in the GO terms of glucose catabolic process (BP) and fatty acid biosynthetic process (BP).

(C) A dot plot that displays the reprogrammed single-cell transcriptomes pertinent to drug transport.

(D) Violin plots that highlight the elevated expression of CYP1A1 and CYP2S1 in CHIP clusters compared to TW1.

(E) A dot plot that visualizes the perturbed expression of genes regulating the drug-metabolizing process.
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intestinal molecular transport (e.g., monosaccharide transport, sugar transmembrane transporter activity,

sodium channel regulator activity, carbohydrate transporter activity, and other biosynthetic activity) were

upregulated in CHIP3 compared to both CHIP1 and CHIP2 clusters (Figure S7A). This result also shows a

strong correlation with the results provided in Figure 4A. When the most significant 33 GO terms were

compared between TW1 and all the CHIP clusters (Figure S7B), we found that the gene set associated

with glucose catabolic process significantly upregulated in the CHIP clusters, which showed good

agreement with the results in Figure 4B as the genes germane to glucose catabolic process (BP) were sub-

stantially downregulated in the TW cluster. We additionally mapped an overall transcriptome profile of

transporters targeting water, vitamin, bile salt, lipid, organic solute, inorganic solute, amino acid, nucleo-

tide, metal ion, and sugar, confirming heterogeneous reprogrammed features of Caco-2 cells cultured in

the gut-on-a-chip (Figure S8). Some of the genes of the SLC26 family (ion exchanger) and SLC9 family (Na+/

H+ exchanger or scaffold) that are often characterized in Caco-2 models showed distinctively higher ex-

pressions in either CHIP3 or TW1 cluster. For instance, SLC26A2, SLC26A6, and SLC9A2 showed the high-

est expressions in CHIP3, and SLC26A3 and SLC9A3R1 showed higher expressions in TW1. Notably,

approximately two-thirds of the genes linked to the GO Drug Transport process were considerably upre-

gulated in CHIP clusters (e.g., SLC1A5, RALBP1, GAL, TCN2, SYT8, and SLC25A5), while the genes high-

lighted in TW1 cluster represented conserved epithelial functions such as glutamate transport

(SLC1A1)35 or acid-base homeostasis (CA2; Figure 4C).36 Moreover, the gut-on-a-chip culture elicited

Caco-2 cells to show reprogrammed drug-metabolizing characteristics,9 where the heterogeneous popu-

lation of single cells harvested from the gut-on-a-chip showed elevated expression of genes encoding

Phase I (CYP1A1, CYP2S1, and ALDH1A1; Figures 4D and S9) and Phase II (AHCY) enzymes as well as a

Phase III transporter (SLC6A8; Figure 4E).37

Transcriptomic perturbation of cancer-associated genes

Notably, the Caco-2 cells that underwent the on-chip mechanodynamic cultures showed a significant tran-

scriptomic perturbation of genes germane to oncogenic or tumor-suppressive functions. Using the Cancer

Gene Census database,38 we selected the genes associated with colorectal cancer, then regrouped them

into oncogenes and tumor suppressor genes. The oncogene group revealed a decreased expression in all

the CHIP clusters compared to the TW1 cluster (Figure 5A). On the contrary, the tumor-suppressor genes

showed substantial upregulations in all the CHIP clusters, especially in CHIP3, compared to TW1 (Fig-

ure 5B). We confirmed that colon-specific cancer stem cell markers including PHGR1,26 PROM1 (encoding

CD133),39 andDPP440 also showed a significant reduction of expressions (Figure 5C), suggesting that ame-

chanodynamic gut-on-a-chip culture of Caco-2 cells drives a post-mitotic reprogramming of cancer-asso-

ciated phenotypes along with other essential epithelial functions.

DISCUSSION

In this study, we used the Transwell format as a static control culture, given that Caco-2 cells cultured on a

Transwell is one of themost popular culture setups to establish intestinal mucosal barrier and test intestinal

permeability.5,6 While Caco-2 cells have been predominantly cultured and utilized in static Transwell cul-

tures, in vivo-relevant phenotypic heterogeneity has only been demonstrated in mechanodynamic gut-

on-a-chip cultures.9 The investigation of single-cell transcriptomics in the current study supports the pre-

vious findings of cellular reprogramming by showing spatially localized heterogeneous cell populations,

pseudotemporal development, physiological functions, and reversion of cancer-related transcriptomes.

In the current study, we observed that the identified cell clusters did not exclusively represent specific cell

types. Possible explanations are as follows. First, the cytodifferentiation may not be sufficiently induced

within a 5-day-long gut-on-a-chip culture. The analysis of actual temporal transcriptomic dynamics as a

function of the culture period (rather than the pseudotemporal dynamics as we performed in this study)

may be a possible direction to provide greater biological insights in the future. Second, cell type annota-

tion based on single-cell transcriptomes is still a developing technology in the bioinformatics research

field41 and is in part subjective because the gene expression is in continuum and not binary.42–44 Finally,

some transcriptomes of Caco-2 cells may be unresponsive to biomechanical and physiological stimulations

during the on-chip cultures.

The spatial mapping of the selected genes in each CHIP cluster suggested that the clusters derived from a

gut-on-a-chip culture may undergo distinct spatial organization of proliferative and differentiated cells

along the migration axis from the basement membrane toward the upper region of a mucosal surface,
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reminiscent of the crypt-villus axis in vivo. We previously reported a similar epithelial behavior using a gut-

on-a-chip, where EdU-positive proliferative cells migrated from the basal region near the basement mem-

brane to the epithelial tip.9 The result was also, in part, correlated with the physiological functions of genes

that we highlighted in this analysis. For instance, CDK1 represented in the CHIP1 cluster showed higher

expression in the proliferating basal area, which is involved in the cell cycle and apoptotic regulations.45

CHIP2 representing CCNB1 that encodes cyclin B1 regulates the transition process from G2 to M phase

in the cell cycle.46 Therefore, the localized expression of CCNB1 in the middle-lower region of the 3D

epithelial layer agrees with its known roles and spatial location in vivo. The selected genes for CHIP3,

SLC6A8, and SLC11A2 are a Na+ Cl� dependent creatine transporter and a metal transporter,47,48 respec-

tively. These transporters are known to be expressed predominantly in the intestinal villi rather than the

crypt in vivo, which was visually confirmed in our study. It is noted that the in vitro 3D morphogenesis

that spontaneously occurs in a gut-on-a-chip10 offers a compelling spatial mapping with visual modalities

of the selected genes pertinent to transcriptomic perturbations. When we analyzed the expression of villus

zonation genes,28 however, the Bottom landmark genes did not show significantly higher expressions in

CHIP1 and CHIP2. We suppose this is because the 3D Caco-2 epithelium cultured in a gut-on-a-chip

Figure 5. Reprogrammed transcriptomic feature of cancer inheritance on Caco-2 cells

(A) A dot plot that summarizes the reduced expression of transcriptomic signature of oncogenes in the mechanodynamic

gut-on-a-chip cultures than the static Transwell cultures.

(B) A dot plot that displays the enhanced expression of tumor-suppressor genes in the mechanodynamic gut-on-a-chip

cultures than the static Transwell cultures.

(C) Violin plots that visualize the expression of representative markers of colon cancer stem cells, PHGR1, PROM1, and

DPP4 between clusters.
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contains an actively proliferating cell population (i.e., CHIP1 and CHIP2), whereas the zonation marker

genes were distinguished based onmouse villi that are composed of fully differentiated cells. Further visual

characterization of such zonation markers by integrating single-cell spatial transcriptomics at molecular

and cellular levels will be of great interest in future studies.

The genes regulating planar cellular polarity showed the least expression in the CHIP3 cluster, while the

most upregulation was confirmed in the CHIP2 cluster. This result supports our observation because cell

polarity is thought to be reduced at or near the villus tip in vivo because of shedding-out cells at the tip

of the intestinal epithelium.49 It is noted that the cells in CHIP3 are located more in the upper region of

3D epithelium formed in a gut-on-a-chip.

We found significantly increased expression of oncogenes in TW1 compared to CHIP clusters, whereas

MYC showed lower expression in TW1. Although MYC family proteins are often considered proto-onco-

genes, they are also the transcription factors that regulate the expression of multiple pro-proliferative

stem cells while inhibiting the differentiation of cells in normal intestinal regeneration.22 Furthermore,

not all cancer cells show overexpression of theMYC gene, whereas lowMYC-expressing cancer cells often

have a highermetastatic capability.50 Notably, we applied the same culture medium containing a high-con-

tent serum (e.g., 20% FBS, v/v) in both cultures, suggesting that the culture medium is not a factor that

orchestrates the distinctive expression of MYC between TW1 and CHIP clusters. Importantly, when

Caco-2 cells form a 3D epithelial microarchitecture, proliferative cells in the basal area spontaneously

migrate upward to the epithelial tip, then are shed out (Kim and Ingber, Integr. Biol., 2013). On the contrary,

Caco-2 cells grown on a Transwell insert do not show this histogenic behavior because they only have a 2D

monolayer regardless of culture medium or serum content. Upon this morphological difference, the dy-

namic turnover of Caco-2 cells proliferative and migrating in the basal layer may contribute to showing

the elevated level of MYC expression in the gut-on-a-chip, representing CHIP1 and CHIP2 in the current

study. The mechanodynamic microenvironment established in a gut-on-a-chip may be a prerequisite for

perturbing transcriptomic profiles of Caco-2 cells, including MYC, MKI67, SOX9, and DKK1 which are crit-

ical to inducing the intestinal developmental process.

Our study also provides intriguing insights into various transporter genes with cluster-dependent spatial

characteristics. The expression of SLC26A3 (chloride anion exchanger) in the CHIP clusters was relatively

lower than that in the TW cluster (Figure S8, ‘‘Inorganic solute’’). Among the CHIP clusters, its expression

was the least in CHIP2, where CHIP1 and CHIP3 showed comparable expression levels with each other. One

possibility is that CHIP2 has the highest population of proliferating cells. Thus, less population of differen-

tiated cells is anticipated in this cluster. We found that the expression of SLC9A2 (sodium-hydrogen

exchanger 2 or NHE2; Figure S8, ‘‘Metal ion’’) is the highest in CHIP3. It is noted that the spatial expression

of SLC9A2 is known to be species-dependent. For instance, NHE2 is expressed in the crypts in mice or on

the whole surface of the villus or upper half of the colonic crypt in rabbits.51,52 Yet, no published report

shows the expression of NHE2 in the human intestine. At the mRNA level, however, NHE2 is expressed

throughout the vertical axis of the crypt in the human colon.53 Therefore, it may be necessary to perform

comparative analyses between the in vitro epithelium formed in a gut-on-a-chip and actual human intesti-

nal tissue. We also found that the epithelial sodium channel (ENaC, SCNN1A) shows the highest expression

in CHIP3 (Figure S8, ‘‘Metal ion’’), which aligns well with the existing knowledge that ENaC is expressed on

the surface of the intestinal epithelium.

Our study presents several disseminating impacts. First, the legitimacy and validity of Caco-2 cells in phar-

maceutical applications may be repurposed when the cells undergo mechanodynamic stimulations and 3D

morphogenesis in a gut-on-a-chip. Since Caco-2 cells have been used in pharmaceutical and biomedical

studies over the past couple of decades, it may be an attractive option to induce directional reprogram-

ming of Caco-2 cells and enhance the utility for defined applications. Second, this study did not involve

cellular and molecular engineering (e.g., CRISPR-based genome engineering) nor surrounding cellular

components (e.g., stromal cells, immune cells, or microbiome) that can alter cellular plasticity at various

disease milieus. Hereby, we confirmed that a mechanodynamic gut-on-a-chip culture is necessary and

sufficient for Caco-2 cells to be reprogrammed to elicit in vivo-relevant heterogeneous physiological func-

tions. Finally, the reversion of cancerous characteristics to the normal by simply culturing cells in a gut-on-a-

chip suggests a novel avenue of mechanistic cancer studies. Our results suggest that conventional static

in vitro cultures, from immortalized cell lines to patient-derived organoid cultures, may need to be
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significantly improved by adapting mechanodynamic on-chip cultures because in vitro static cultures

neither restore the in vivo-relevant original phenotypic characteristics nor recapitulate physiological and

pathological responses. Indeed, the human gut-on-a-chip may suggest an alternative culture platform

to accurately manipulate the tissue microenvironment to investigate cellular developmental process, mo-

lecular interactions in a spatiotemporal landscape, selected stimulation with a directional configuration

(e.g., apical vs. basolateral), and time-resolved multi-modal assessments.

In summary, we elucidated that a mechanodynamic culture in a human gut-on-a-chip enhances intestinal

physiological functions of Caco-2 cells, where notably, the chemical and nutritional environment was iden-

tical to the static Transwell cultures. We verified that Caco-2 cells spontaneously undergo reprogramming

of transcriptomic signature, pseudotemporal trajectory, spatial reorganization of epithelium in a basal-

mucosal axis, restoration of genes associated with normal intestinal functions, and reversion from

cancerous to normal transcriptomic patterns when cultured in a mechanodynamic gut-on-a-chip. We envi-

sion that our proof-of-principle study will disseminate a practical and implementable approach to be appli-

cable to other tissue-derived or iPSC-derived primary cells under a defined biomechanical, chemical, and

physiological condition.

Limitations of the study

The current study employed an immortalized Caco-2 adenocarcinoma line to verify the impact of mechano-

dynamic gut-on-a-chip cultures on transcriptomic perturbation and reprogramming. Thus, the formed 3D

epithelium may not sufficiently reflect the characteristics of the normal intestine. Also, since the on-chip cul-

tures begin with a monolayer of Caco-2 cells, there are neither crypt-like spatial loci nor clear villus compart-

mentalization even after the cells form 3D epithelial microarchitecture. This circumstance may cause ‘‘piled-

up’’ cells near the basal area; nonetheless, the middle-upper region of the 3D epithelial layers reproducibly

shows a single monolayer of epithelial cells as a landmark morphology of intestinal epithelium in vivo. As dis-

cussed previously, our current study only conveys intestinal epithelium, by which the impact of surrounding

cells such as stromal cells, immune cells, or gut microbiota may need to be additionally investigated. Also,

the single-cell transcriptomic profile in this study does not provide a complete set of cell type-specific clusters.

This circumstance may result in limited expressions of some prospective genes with a lack of cluster-depen-

dent characteristic accordance. For instance, we found that the distribution of drug transporters in our current

study does not thoroughly fit with the protein distribution in the normal human intestine, suggesting that the

expression patterns of individual genes do not always match the spatial information we identified in the CHIP

clusters. Hence, additional single-cell transcriptomic studies using human primary intestinal epithelial cells

cultured in the same gut-on-a-chip device may be required to understand if this discrepancy may be driven

by the innate nature of the cancer cell line that conveys multiple truncated mutations.54,55
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the Lead Contact, Hyun Jung Kim (kimh19@ccf.org).

Materials availability

Materials generated in this study are available from the lead contact with a completed Materials Transfer

Agreement.
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Antibodies

Mouse monoclonal anti-MUC13 Abcam Cat#ab231158

Rabbit monoclonal anti-CDK1 Abcam Cat#ab133327; RRID: AB_11155333

Rabbit polyclonal anti-Cyclin B1 Cell Signaling Technology Cat#4138T

Rabbit polyclonal anti-DMT1 Abcam Cat#ab123085; RRID: AB_10971807

Rabbit polyclonal SLC6A8 ThermoFisher Scientific Cat#PA5-98276; RRID: AB_2812889

DyLight 488-conjugated goat

anti-mouse antibody

Abcam Cat#ab96871; RRID: AB_10680543

Alexa Fluor 555-conjugated goat

anti-rabbit antibody

Abcam Cat#ab150078; RRID: AB_2722519

Chemicals, peptides, and recombinant proteins

SYLGARD 184 Silicone Elastomer Kit Dow Corning Cat#4019862

Rat tail collagen type I Gibco Cat#A10483-01

Matrigel Corning Cat#356235

Paraformaldehyde, 4% in PBS Thermo Scientific Cat#J19943.K2

Triton X-100 VWR International Cat#97062-208

CruzFluor 647 conjugated phalloidin Santa Cruz Biotechnology Cat#sc-363797

40,6-diamidino-2-phenylindole dihydrochloride Thermo Scientific Cat#62248

Bovine serum albumin Cytiva Cat#SH30574.02

Deposited data

Raw and analyzed data This paper GEO: GSE199796

Experimental models: Cell lines

Human: Caco-2 BBE Harvard Digestive Disease Center N/A

Software and algorithms

GraphPad Prism GraphPad Software https://www.graphpad.com/

LAS X Leica Microsystems https://www.leica-microsystems.com/

products/microscope-software/p/leica-las-x-ls/
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ImageJ National Institute of Health https://imagej.nih.gov/ij/
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single-cell-gene-expression/

software/downloads/latest
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Data and code availability

d The raw data in this study was deposited to Gene Expression Omnibus of the National Center for

Biotechnology Information, with the accession number, GSE199796.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Caco-2 BBE line (Harvard Digestive Disease Center) used in this study was routinely cultured in a T75 culture

flask using Dulbecco’s Modified Eagle medium (DMEM; Gibco) supplemented with 20% (v/v) fetal bovine

serum (FBS, heat inactivated; Gibco) and antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin, final

concentration; Gibco) at 37�C under 5% CO2. The cell line is originally derived from a male donor.

METHOD DETAILS

Microfabrication of a gut-on-a-chip

A gut-on-a-chip device was fabricated using polydimethylsiloxane (PDMS; SYLGARD 184 silicone elas-

tomer kit, Dow Corning) by following general soft lithography method.11 Briefly, silicon molds that are

patterned with SU-8 (Microchem) with the designs of upper (1 mm in width, 10 mm in length, and

500 mm in height) and lower microchannels (1 mm in width, 10 mm in length, and 200 mm in height) of a

gut-on-a-chip were prepared via a photolithography method. A silicon mold that has an array of pillars

(10 mm in diameter, 25 mm in height, and 25 mm in spacing) was used to fabricate a PDMS porous mem-

brane. Uncured PDMS mixture was prepared by vigorously mixing base silicone polymer and curing agent

(15:1, w/w) and degassing it in a vacuum desiccator at room temperature for 20 min. Degassed PDMS mix

was then poured on the silicon molds with target thicknesses of 7 and 1 mm for making an upper and a

lower microchannel layer, respectively, then cured in a dry oven at 60�C for >4 h. To fabricate a porous

membrane layer, �1 mL of uncured degassed PDMS mix was poured on a membrane wafer, spread,

and covered with a sheet of fluoropolymer-coated polyester film (3M Scotchpak Release Liner, 3M), then

pressed with a weight (3 kg) while curing in a dry oven at 60�C for >6 h. After punching holes (diameter,

2 mm) in an upper layer for connecting silicone tubing, the upper layer was sequentially bonded to a mem-

brane layer followed by a lower microchannel layer using a handheld corona treater (Electro-Technic). A

complete gut-on-a-chip device was connected with silicon tubing (Tygon 3350; Saint-Gobain), sterilized

with 70% ethanol, and dried in a dry oven at 60�C for overnight until use.

Culture of Caco-2 cells in a transwell and a gut-on-a-chip

To culture Caco-2 cells in a Transwell insert, dissociated Caco-2 cells (final density, 13106 cells/mL) were

seeded on the porous insert (0.4 mm in pores; Corning) pre-coated with a mixture of extracellular matrix solu-

tion (ECM; 1003 diluted Matrigel (Corning) and 30 mg/mL of collagen type I (Gibco)) and incubated in a hu-

midified CO2 incubator at 37�C by changing culture medium every other day. Once the cells formed a

confluent monolayer, cells were further cultured for 5 days. To culture Caco-2 cells in a gut-on-a-chip, the sur-

face of microchannels in a fabricated device was activated with ultraviolet/ozone treatment for 40 min (UVO,

Zelight Company Inc.), then coated with the same ECM mixture (Matrigel and collagen I) that we used in the

Transwell culture in a humidified CO2 incubator at 37
�C for 1 h. After the ECM solution in the microchannels

was replaced with a serum-containing culture medium, dissociated Caco-2 cells (final density, 13107 cells/mL)

were seeded in the upper microchannel and incubated in a humidified CO2 incubator at 37
�C for 1 h for cell

attachment. Unbound cells were washed by flowing the culture medium and flow in the upper channel was

maintained (volumetric flow rate at 30 mL/h, shear stress at 0.02 dyne/cm2) until the cells form a confluent

monolayer (24–36 h). The culture was further maintained under flow in both upper and lower microchannels

at a flow rate of 50 mL/h and rhythmical stretching motions (10% strain, 0.15 Hz frequency) for 5 days.

Sample preparation for scRNA-seq analysis

To harvest the cells cultured in the Transwell, three inserts were washed with phosphate buffered saline

(PBS, Ca2+- and Mg2+-free; Gibco) and treated with 200 mL of pre-warmed trypsin/EDTA (0.25% Trypsin

and 0.913 mM EDTA; Gibco) for cell detachment at 37�C for 5 min. Cells were collected in a 15 mL conical

tube, then mixed with 5 mL of serum-containing cell culture medium to inactivate trypsin. The dissociated

cell suspension was filtered through a 20 mm cell strainer (pluriSelect) to remove cell clumps, and
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centrifuged at 3003g at 4�C for 3 min. The cell pellet was then resuspended in 500 mL of freezing medium

(10%, v/v, dimethyl sulfoxide in FBS), frozen at�80�C in a cell freezing container, and kept in liquid nitrogen

until use. To harvest cells from the gut-on-a-chip culture, the channels were washed with 500 mL of PBS, and

incubated with 300 mL of pre-warmed trypsin/EDTA at 37�C for 5 min. The dissociated cell suspension was

collected in a 15 mL conical tube and incubated with 5 mL of a serum-containing cell culture medium for

trypsin inactivation. The dissociated cells were filtered through a 20 mm cell strainer (pluriSelect) to remove

cell clumps, centrifuged at 3003g at 4�C for 3min, resuspended in 500 mL of freezingmedium, then stocked

in liquid nitrogen. For library preparation, the frozen cells were thawed and resuspended in 10 mL of 2%

(w/v) bovine serum albumin (BSA; MP Biomedicals) dissolved in PBS. Cells were then washed by repeating

centrifugation (3003g, 4�C, for 3 min), aspiration, and resuspension (in 500 mL of 2% BSA solution). Cell sus-

pensions were run through the Chromium (10x Genomics) using the Single Cell 30 Reagent Kits v3, following
the manufacturer’s protocol. The library-prepared samples were run for sequencing on the Illumina HiSeq

Series with 50,000 target reads per cell.

Image analysis

Cell morphologies were routinely monitored by phase contrast microscopy (DMi1, Leica Microsystems). To

visualize the contour of cell morphology formed in a Transwell insert and a gut-on-a-chip, we fixed the cells

with 4% (w/v) paraformaldehyde (PFA; Alfa Aesar) for 10 min, permeabilized with 0.3% (v/v) Triton X-100

(VWR International) for 10 min, and stained with a mixture of CruzFluor 647 conjugated phalloidin (for

F-actin; Santa Cruz Biotechnology) and 40,6-diamidino-2-phenylindole dihydrochloride (DAPI for nuclei;

final concentration, 1 mg/mL; Thermo Scientific) for 30 min, sequentially at room temperature under light

protection. In each step, cells were rinsed with PBS to remove residual reagents.

To perform antibody-based immunofluorescence staining, cells were fixed (4% PFA, 10min), permeabilized

(0.3% Triton X-100 in 2% BSA, 30 min), and blocked (2% BSA, 1 h) at room temperature. Between steps, cells

were washed with PBS. Primary antibody solutions (mousemonoclonal anti-MUC13, 10 mg/mL, Abcam; rab-

bit monoclonal anti-CDK1, 1:50 dilution, Abcam; rabbit polyclonal anti-Cyclin B1, 1:100 dilution, Cell

Signaling Technology; rabbit polyclonal anti-DMT1, 4 mg/mL, Abcam; rabbit polyclonal SLC6A8, 1:50 dilu-

tion, ThermoFisher Scientific) were incubated with the cells at room temperature for 3 h. After washing the

cells with PBS, secondary antibody solutions (DyLight 488-conjugated goat anti-mouse antibody, Abcam;

Alexa Fluor 555-conjugated goat anti-rabbit antibody, Abcam) were incubated with the cells at room tem-

perature in dark for 3 h. A mixture of CruzFluor 647 conjugated phalloidin (13 concentration) and DAPI

(1 mg/mL, final concentration) was subsequently introduced for the counter staining of F-actin and nuclei,

respectively, under light protection at room temperature for 30 min. Fluorescence imaging analysis was

performed via a laser-scanning confocal microscope (DMi8, Leica Microsystems) using a 253 objective

(NA 0.95, water immersion, Leica) coupled with the TCS SPE confocal system with solid state excitation

laser sources of 405, 488, 532, and 635 nm and an Ultra high dynamic PMT detector. To investigate the

spatial expression in a gut-on-a-chip, z-stacked images were rendered in 3D using a 3D module on LAS

X (Leica Microsystems) followed by additional deconvolution and reconstructing process using IMARIS

(Oxford Instruments). To analyze spatially localized fluorescence signals of the epithelial layers formed in

gut-on-a-chip devices, the height of epithelial cells was measured from the 3D reconstructed images.

The measured heights were divided into three sections (upper, middle, and lower) and the intensity of

each section was quantified using ImageJ (Ver. 1.52i). The upper, middle, and lower regions were deter-

mined by the location from the epithelial surface to the 1/3 location (Upper), from the 1/3 to the 2/3 location

from the epithelial surface (middle), and from the 2/3 location to the bottom (Lower). The measured inten-

sity was transformed into the percent intensity for quantitation.

Mapping and aggregation

The sequence read files were imported to Cell Ranger count (v3.0, 10x Genomics) to align to the human

reference and generate the unique molecular identifier (UMI) counts of gene-cell matrix by sample. After

quality control, 3,920 and 1,348 cells were captured from the gut-on-a-chip and the Transwell, respectively.

Then Cell Ranger ‘aggr’ was used to aggregate the UMI counts matrixes of the two samples with batch ef-

fect correction.12

Quality control and single-cell transcriptomic analyses

Using Seurat 3.0, quality control was performed on Cell Ranger filtered counts. The cells and genes

meeting the following conditions were selected for analyses: i) a gene was detected at least in 3 cells; ii)
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a cell contained more than 2,000 and less than 6,000 detectable genes; and iii) for a cell, the percentage of

total mitochondrial gene UMI was less than 20%. Then, a global-scaling normalization (‘logNormalize’,

scale factor is 10,000 by default) was performed and 200 highly variable features were listed. After cell cycle

scoring, regression, and scaling of the data, variable features were used for principal component analysis

(PCA) process.56 The number of principal components was determined using a gene correlation matrix by

the ‘elbow’ method. Based on the Shared Nearest Neighbor (SNN) method, cells were classified into

distinct clusters on the dimensional reduction plots. Finally, the UMAP13 was used for non-linear dimen-

sional reduction to reveal transcriptional characteristics of distinct cellular clusters. For cell clustering

and non-linear dimensional reduction, 13 statistically significant principal component (PC) dimensions

were used.

Pseudotemporal trajectory analysis

The normalized and log-transformed gene-cell matrix from Seurat-processed data was imported to

Monocle 2. The top 10 differential expressed genes of all the 4 cell clusters calculated by ‘FindAllMakers’

in Seurat were collected, then the genes that contained the GO term ‘GO_CELL_CYCLE’ were filtered out.

Next, the rest were used as the ordering genes for cell trajectory analysis. Cells of TW1 were set as the root –

time zero for the pseudotemporal trajectory analysis for the CHIP subclusters.57

Identification of marker genes and gene set enrichment analysis

‘FindMarkers’ in Seurat 3.0 was used for analyzing the average log fold changes between two cell clusters.

After ranking the log-fold changes of all expressed genes, the gene set enrichment analysis (GSEA) was

performed with C5 ontology gene sets (GO items) for the paired two groups - CHIP3 versus CHIP1 and

CHIP2 and CHIP clusters versus TW1.58

Correction of batch effect, data normalization, and concatenation

Technical batch effects often occur in scRNA-seq libraries prepared for sequencing in different experi-

ments. To establish meaningful cross-dataset comparisons, initial QC filtered data were normalized by

total counts in all cells using the global-scaling linear regression method ‘‘LogNormalize’’ with default

parameters in Seurat 3.0 to correct batch effects. For comparative purposes, data from independent

replicates and different conditions were aggregated and standardized to the same sequencing depth,

resulting in a concatenated gene-barcode matrix of all samples. To further improve the analysis, we also

implemented dimensionality reduction to the input dataset for comparative analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis in Figure 2E was performed using GraphPad Prism 9. To evaluate the statistical signifi-

cance between groups, ordinary one-way analysis of variance (ANOVA) tests with multiple comparisons

were performed. Error bars in the bar charts indicate standard error of the mean (SEM). Other statistical

analyses were performed in Seurat 3.0.
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