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ABSTRACT 

Background: Cigarette smoking displays opposite effects in the two main forms of 

inflammatory bowel disease (IBD), e.g. it promotes and aggravates Crohn’s disease (CD) 

whereas it suppresses ulcerative colitis (UC). Moreover, cigarette smoking predisposes 

for intestinal dysplasia and colon cancer. Recent data indicate that cigarette smoking, 

independently of its opposite effects in CD and UC, promotes colon cell dysplasia in 

IBD patients via unknown mechanisms. Here, we investigated the direct effects of 

cigarette smoke on stemness, proliferation, differentiation and polarization of the 

human colonic epithelium. 

Methods: Human crypt-derived colonic organoids and Caco-2 3D spheroids were 

exposed to various concentrations (0-20%) of cigarette smoke extract (CSE) for 24 h up 

to 7 days. Moreover, CSE-exposed organoids and spheroids were re-cultured in CSE-

free conditions to study irreversible effects of CSE-exposure. Organoid/spheroid size 

and epithelial cell polarity were analyzed by (immuno)fluorescence microscopy. 

Epithelial integrity was analyzed using a FITC-dextran leakage assay. Stem cell and 

epithelial differentiation markers were analyzed by RT-qPCR.  

Results: CSE dose- and time-dependently reduced growth of colonic organoids and the 

expression of the stem cell markers LGR5 and OLFM4, while lumen formation and 

barrier integrity remained intact. Moreover, CSE dose-dependently selectively 

suppressed MUC2 expression, a marker of goblet cells, in differentiated colonic 

organoids. These effects persisted when CSE (24 h)-exposed colonic organoids were re-

cultured for 10-14 days in CSE-free conditions. CSE (10%) time-dependently impaired 

epithelial polarity development of 3D Caco-2 spheroids, which persisted when they 

were re-cultured in CSE-free conditions. 

Conclusions: Cigarette smoke irreversibly impaired stemness, proliferation, 

differentiation and polarization of the human colonic epithelium. These direct and 

long-lasting effects of cigarette smoke on the intestinal epithelium may predispose for 

the development of colon cancer. 
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INTRODUCTION 

Cigarette smoke (CS) is a complex mixture of aerosolized chemicals that contains over 

4,700 compounds, many of them proven or suspected to be harmful, such as oxidants, 

carbon monoxide and carcinogens [1,2]. These chemicals may cause cellular oxidative 

damage and impair immune regulation and tissue regeneration and, as a consequence, 

impair organ function [2,3]. 

CS increases the risk for cancer, including colon cancer [4]. Moreover, cancer patients 

who continue smoking are at increased risk for tumor recurrence, second primary 

cancer development and mortality [2]. CS is also one of the most important 

environmental risk factors for inflammatory bowel disease (IBD), but with a 

remarkable opposite effect in the two main presentations. Thus, whereas CS 

predisposes to and aggravates Crohn's disease (CD) [5] it protects against and 

ameliorates ulcerative colitis (UC) [6]. Smoking UC patients show less severe clinical 

symptoms and undergo less surgical procedures than non-smoking UC patients [7,8], 

however, this may occur at the expense of an increased risk for cancer development. 

Indeed,  CS exposure significantly increased the risk for dysplasia in mice suffering 

from chronic colitis [9]. Our accompanying paper demonstrates for the first time that 

cigarette smoking also increases the risk of dysplasia in both CD and UC patients 

(p=0.005 for CD and p=0.08 for UC; Kimberley W.J. van der Sloot et al.). 

Although CS is primarily associated with effects on the pulmonary system and systemic 

circulation, the gastrointestinal tract is also significantly exposed to CS compounds.  

Gastric fluid contained 10- to 80-fold elevated nicotine levels compared to blood in 

people who smoke. This is largely due to the CS-containing particulate matter 

swallowed by cigarette smokers [10,11].  

The intestinal epithelium is the one of the most rapidly self-renewing tissue in the 

healthy human body with an average cell lifespan of 4-5 days [12]. Crypt-based 

intestinal stem cells (ISCs) continuously proliferate, thereby generating daughter cells 

that differentiate and migrate up along the crypt-villus axis in order to compensate for 

the constant shedding of intestinal epithelial cells at the tip of the villus. The various 
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mature epithelial cells, such as enterocytes, goblet cells, enteroendocrine cells and 

Paneth cells, all serve specific absorptive and/or secretory function to maintain a 

healthy barrier between the host tissue and compounds with the gut lumen [13-

15]. Impaired intestinal barrier function allows for the translocation of microbial 

products, viral infections and predisposes for colorectal cancer [16-19]. CS has been 

shown to decrease the intestinal barrier function in mice which, in part, may be due to 

tissue hypoxia [20,21]. Activation of the hypoxia-inducible pathway leads to enhanced 

mucosal vascularization, a phenomenon observed both in CS-exposed mice and CD 

patients who smoke [20]. In combination with the IBD genetic factor ATG16L1, CS has 

been shown to regulate apoptotic signaling in the intestinal epithelium, possibly in a 

cell type (Paneth cell)-specific manner [22]. However, little is known about the direct 

effects of CS on the human intestinal epithelium. Here, we used 3D human colonic 

organoid and Caco-2 spheroid model systems to investigate the direct effects of CS 

exposure on stemness, proliferation, differentiation and polarization of the human 

colonic epithelium. 
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MATERIAL AND METHODS  

Human colonic crypts isolation, three-dimensional (3D), and two-dimensional (2D) 

organoid culture 

Colon tissue was obtained from the healthy flanking regions in surgical resection 

specimen of colon cancer patients undergoing surgery. Informed consent was obtained 

for all tissue used in this study. Crypt-derived colonic organoids were generated and 

cultured as described [23-26]. In short, colonic tissue was cut into small pieces and 

washed with cold HBSS until the supernatant was clean. Tissue fragments were 

incubated in 1 ml TrypLE Express (Gibco, Groningen, The Netherlands) containing 10 

nmol/L Y-27632 (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 min at 37°C. 

Then isolated crypts were pelleted, resuspended in 20 µl Matrigel (Corning, New York, 

US)  and 10 µl HGF- medium (500 ml advanced DMEM/F12 containing 1X GlutaMAX, 10 

mmol/L HEPES, 50 µg/ml gentamycin, 100 U/ml penicillin, and 100 µg/ml streptomycin 

(all from Gibco)) and embedded in Matrigel (Corning). After polymerization of the 

crypt-containing Matrigel droplets, 500 µl expansion medium (EM) was added, 

containing the following growth factors:  45% (v/v) HGF-medium, 50% (v/v) Wnt3-

conditioned medium, 100 ng/ml R-Spondin-1 (R&D Systems, Abingdon, UK), 100 ng/ml 

Noggin (R&D Systems), 1X B27 (Gibco), 1.25 mmol/L N-acetylcysteine (Sigma-Aldrich), 

50 ng/ml EGF (Gibco), 10 mmol/L nicotinamide (Sigma-Aldrich), 10 µmol/L SB202190 

(Sigma-Aldrich), 10 µmol/L Y-27632 (Sigma-Aldrich) and 0.5 µmol/L A83 (Tocris 

Bioscience, Minneapolis, US). Organoid differentiation medium (DM) also contained 

these ingredients, except for the absence of Wnt3-conditioned medium, nicotinamide 

(Sigma-Aldrich), SB202190 (Sigma-Aldrich) and y-27632 (Sigma-Aldrich).  

For analyzing the reversibility of cigarette smoke-induced effects, human intestinal 

epithelium was exposed for 24 h to 10% CSE when grown in 2D on glass coverslips: 3D 

colonic organoids were harvested, washed with cold HBSS to remove the Matrigel 

(Corning) and pelleted. Organoids were broken mechanically, resuspended in 500 µl 

EM and seeded in 24-well culture plates containing glass coverslips until a confluence 

of approximately 70%. Next, 2D grown human intestinal epithelium was exposed for 
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24 h to 10% CSE, after which the cells were trypsinized to single cells and incorporated 

in Matrigel droplets and EM to allow 3D organoid formation again. Organoid size and 

lumen formation were analyzed during 10 days. Part of the organoids were harvested 

after 10 days for further analysis, while others were shifted to DM for an additional 4 

days and harvested. 

Organoids images were captured with a Leica DMI6000B microscope (Leica 

Microsystems, Wetzlar, Germany). Diameters of organoid were measured using LAS X 

Core 3.7.1 (Leica Microsystems). The presence or absence of a lumen was evaluated by 

light microscopy. A total of 100 organoids per experimental group were analyzed.  

3D culture of Caco-2 cells 

Caco-2 cells were cultured in DMEM medium supplemented with glutamine, penicillin, 

and streptomycin (all from Life Technologies, Bleiswijk, The Netherlands), and 10% 

fetal bovine serum at 37°C with 5% CO2 in ambient air [27]. Caco-2 cells were grown to 

~85% confluence, detached with trypsin and ethylene diamine-tetraacetic acid (EDTA), 

and resuspended in culture medium supplemented with 2% (v/v) Matrigel. Cells were 

seeded at a concentration of 1.5*104 cells/ml in the well of an 8-well plate, which 

were pre-coated with 100% (v/v) Matrigel and cultured for up to 7-8 days.  

CSE exposure 

CSE was prepared as described previously [28]. In short, two standard Kentucky 3R4F 

research-grade cigarettes (The Tobacco Research Institute, University of Kentucky, 

Lexington, KY, USA) without filters were smoked in 10 min using a smoking machine at 

a constant airflow and the smoke was passed through 25 ml of HGF- or Caco-2 cell 

culture medium. This solution was considered as 100% CSE. For treatment, 100% CSE 

was diluted in EM, DM or Caco-2 cell culture medium to the indicated concentrations.  
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RNA Isolation, Reverse-Transcription, and Real-Time Polymerase Chain Reaction (RT-

qPCR) 

RT-qPCR was performed as previously described [29]. Total mRNA was extracted from 

colonic organoids using TRIzol reagent (Thermo Fisher Scientific, Waltham, USA) 

according to the supplier’s protocol and stored at −80°C. RNA concentrations were 

determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). 

cDNA was prepared with 1 µg of mRNA with random primers and M-MLV reverse 

transcriptase (Invitrogen, Carlsbad, USA). RT-qPCR was performed with equal amounts 

of cDNA on a 7900HT Fast Real-Time PCR system (Applied Biosystems, Bleiswijk, The 

Netherlands). TaqMan primer and probe sequences are listed in Supplementary 

Table S1.    

Fluorescence microscopy 

3D Caco-2 cell cultures were fixed with 4% paraformaldehyde for 60 min at 37°C. Then 

spheres were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 20 min and 

blocked with 3% bovine serum albumin/HBSS solution.  For immunostaining, spheres 

were incubated with primary polyclonal rabbit anti-β-catenin (1:100; BD Biosciences, 

San Diego, US), polyclonal rabbit anti-ZO-1 (1:100; Invitrogen), and monoclonal mouse 

anti-ZO-1 antibodies for 90 min at 37°C.  Then spheres were washed 3 times with HBSS 

and incubated with secondary Alexa-fluor488 conjugated goat anti-rabbit and Alexa-

Fluor488 conjugated goat anti-mouse antibodies (1:1,500; Molecular Probes, Leiden, 

The Netherlands) for 60 min at room temperature. Filamentous actin was stained with 

tetramethylrhodamine isothiocyanate-phalloidin (1:1,000; Sigma-Aldrich) or 

tetramethylrhodamine isothiocyanate-phalloidin-688 (1:1,000; Sigma-Aldrich). Nuclei 

were visualized with 4’,6-diamidino-2-phenylindole (DAPI; 1:1,000). Spheres were 

observed with a Leica DMI6000 fluorescence microscope or Leica SP8 confocal laser 

scanning microscope (Leica Microsystems).  
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Measurement of tight junction integrity. 

Tight junction integrity measurement was performed as described [27,30]. In short, 

colonic organoids and Caco-2 monolayers were treated with CSE and were exposed to 

fluorescein isothothiocyanate (FITC)-labeled dextran of 4 kDa (FD4, Sigma-Aldrich) for 

30 or 60 min. Then organoids/spheroids were observed with a Leica SP8 confocal laser 

scanning microscope (Leica Microsystems) to document the fluorescence inside the 

lumen of the organoids/spheroids. 

Statistics 

Chi-square tests or two-tailed t-tests was used to analyze statistical differences 

between two experimental conditions. Comparisons across more groups were 

analyzed by Dunnett's multiple comparison tests. Parametric tests were performed 

after normality tests. Data are representative of at least three independent 

experiments. A value of p<0.05 was considered to be statistically significant. GraphPad 

Prism 7.0 software (San Diego, CA, USA) was used for statistical analyses. 
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RESULTS 

Short-term (24 h) CSE treatment reduces expression of stem cell markers in human 

colonic organoids 

Preformed human colonic organoids were exposed to increasing concentrations (0-

20%) CSE to determine short-term (24 h) effects of cigarette smoke on the human 

colonic epithelium, grown under stem cell-specific conditions (in Expansion Medium: 

EM) (Figure 1). CSE exposure did not cause evident morphological changes in the 

colonic organoids (Figure 1A), which retained their normal spherical phenotype and 

size (Figure 1B) with clear lumens up to the highest concentration CSE. CSE dose-

dependently induced CYP1A1 mRNA (Figure 1C, p<0.05 at 5% CSE and higher) a gene 

highly responsive to cigarette smoke [31]. In contrast, mRNA levels of the stem cell 

markers LGR5 (p<0.05 at CSE≥10%) and OLFM4 (p<0.05 at CSE≥5%) were dose-

dependently reduced by CSE (Figure 1D, E). Transcript levels of markers of epithelial 

barrier function, TJP1 and OCLN, were not significantly changed by 24 h CSE exposures 

(Figure 1F, G). In line, CSE-exposed colonic organoids remained impermeable for FITC-

labeled 4 kDa-Dextran (FD-4), confirming that the epithelial barrier in the organoids 

was not compromised by exposure to cigarette smoke (Figure 1H). Human organoids 

exposed to 2 mM EGTA, included as a positive control for breaking the epithelial 

integrity, revealed clear luminal penetration of FD-4 (Figure 1H). These results suggest 

that short-term CSE exposure suppresses the expression of stem cell markers in human 

colonic organoids, while remaining viable and keeping the epithelial barrier intact.  
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Figure 1. The effect of short-term (24 h) CSE exposure on colonic organoid. (A) Bright light 
microscopic visualization of colonic organoids. Colonic stem cells developed lumen-forming 
organoids in 3D culture in EM. Short-term (24 h) exposure of CSE (0% to 20%) did not impair 
colonic organoid morphogenesis or polarity. (B) Quantification of the organoids size show that 
short-term (24 h) exposure of CSE did not inhibit the growth of colonic organoid. (C-E) CSE 
exposure dose-dependently induced CYP1A1 and reduced LGR5 and OLFM4 gene expression of 
colonic organoids. But it did not have effect on TJP1 and OCLN gene expression (F and G). (H) 
Short-term CSE exposure did not lead to the leakage of FD4 into the lumen of organoids 
(green), while EGTA did. * p<0.05, *** p<0.001. n=3, Data are presented as Mean ± SD. 
Bars=150 μm. EM, expansion medium; FD4, fluorescein isothothiocyanate-labeled dextran of 4 
kDa; CSE, cigarette smoke extract. 
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Long-term (7 days) CSE exposure inhibits growth of colonic organoids  

In order to determine whether the response of preformed human colonic epithelium 

to CSE exposure leads to morphological and functional effects on longer term, human 

colonic organoids were exposed to 0-20% CSE for 7 day (Figure 2). While the number 

and lumen-forming capacity of organoids was not affected by CSE exposure (Figure 2A, 

B), CSE did dose-dependently reduced their size (Figure 2C, p<0.05 at CSE≥10%). 

Similar as for the 24 h exposure, 7 day CSE exposure lead to strongly elevated CYP1A1 

mRNA levels (Figure 2D), while the reduction in LGR5 and OLFM4 gene expression was 

even more pronounced compared to 24 h CSE exposure (Figure 2E, F). Still, 7-day CSE 

exposure did not change the mRNA levels of TJP1 and OCLN (Figure 2G, H), nor did it 

cause leakage of FD-4 into the organoid lumens (Figure 2I).  
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Figure 2. (A-C) Human colonic organoid survived in long-term (7 day) exposure to CSE up to 
20%. Long-term 10% and 20% CSE treatment did not evidently affect the lumen-forming ability 
but significantly inhibited the growth of human colonic organoids. (D-F) CSE exposure induced 
CYP1A1 expression and downregulated LGR5 and OLFM4 gene expression of colonic organoids. 
Long-term CSE exposure did not affect TJP1 and OCLN gene expression (G and H) or perturb 
the integrity of colonic organoids. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. n=3, Data 
are presented as Mean ± SD. Bars= 150 μm. CSE, cigarette smoke extract. 
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Short-term CSE exposure affects the differentiation of colonic organoids 

As CSE exposure reduced the expression of intestinal stem cell markers, we next 

analyzed whether this was accompanied by epithelial differentiation. Organoids were 

cultured for 3 days in differentiation medium (DM), followed by 24 h CSE exposure 

(Figure 3). Similar to the 24 h CSE exposure in EM (Figure 1), CSE dose-dependently 

induced the expression of CYP1A1 when organoids were cultured in DM (Figure 3A; 

p<0.05 at CSE≥5%). In contrast, mRNA levels of MUC2, a marker for goblet cells, was 

dose-dependently reduced by CSE (Figure 3B; p<0.05 at CSE≥10%), while expression of 

VIL1 (epithelial cells), ALP1 (enterocytes), LYZ (Paneth cells) and CHGA 

(enteroendocrine cells) was not affected (Figure 3C-F). Similar to 1- and 7-day exposed 

organoids cultured in EM (Figure 1 and 2), expression of TJP1 and OCLN was not 

changed by CSE (Figure 3G, H).  
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Figure 3. Short-term (24 h) CSE exposure influences the differentiation of colonic organoids. 
Colonic organoids were cultured with DM in 3D for 3 day and were exposed to 0%-20% CSE for 
24 h afterwards. (A) CSE induced CYP1A1 expression in differentiated colonic organoids. and (B) 
significantly decreased MUC2 gene expression of colonic organoids. (C-H) But CSE did not 
affect VIL1, ALPI, LYZ, CHGA, TJP1, and OCLN expression of colonic organoids. * p<0.05, ** 
p<0.01, *** p<0.001. n=3, Data are presented as Mean ± SD. CSE, cigarette smoke extract; DM, 
differentiation medium. 
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CSE exposure irreversibly enhances CYP1A1 expression and impairs organoid growth  

Next, we determined whether CSE exposure induced long-lasting effects in human 

intestinal stem cells. Human colonic organoid-derived intestinal epithelium grown in 

2D and cultured in EM was exposed for 24 h to 10% CSE (control cells exposed to 0% 

CSE), trypsinized to single cells and seeded in Matrigel droplets to allow the formation 

of organoids in EM medium without CSE. To study long-lasting effects of CSE on 

epithelial differentiation, a subset of organoid cultures was next shifted to DM for 4 

additional days. Colonic organoids developed in EM within 2 days from (control) 

intestinal cells not pre-exposed to CSE and steadily increased in size (upper panels in 

Figure 4A, diameters quantified in B). Organoids also developed (in EM without CSE) 

from CSE-pre-exposed intestinal cells, but at a significantly reduced growth rate 

(bottom panels in Figure 4A, diameters quantified in B; p<0.05 at day 6 and 10). Ten 

days after culture in CSE-free conditions, CSE-pre-exposed colonic organoids still 

showed elevated CYP1A1 and reduced LGR5 and OLFM levels compared to intestinal 

cells that had not been pre-exposed to CSE (Figure 4C-E). Moreover, MUC2 levels were 

significantly reduced after an additional 4 day culture time in DM (without CSE) when 

intestinal epithelial cells had been pre-exposed to CSE (14 days earlier), compared to 

cells that had not been pre-exposed to CSE (Figure 4F). These data indicate that short-

term CSE exposure has long-lasting effects on the human intestinal epithelium that 

impairs stemness, growth rate and epithelial differentiation.  
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Figure 4. CSE pre-exposure leads to a persistent inhibition on growth of colonic organoids. (A 
and B) Bright light microscopic and quantification results show 10% CSE treatment significantly 
inhibited growth of colonic organoid. (C-E) Pre-exposure of 10% CSE persistently enhanced the 
CYP1A1 expression and reduced LGR5, OLFM4, and MUC2 gene expression. * p<0.05, **** 
p<0.001. n=3, Data are presented as Mean ± SD.  Bars: 150 μm. CSE, cigarette smoke extract. 

 

Short-term (24 h) CSE exposure does not impair epithelial barrier function of 

preformed Caco-2 spheroids  

Human colonic organoids terminally differentiate and decease after 4 days culturing in 

DM, precluding the establishment of long-term effects of CSE on differentiated 

epithelial cells. Alternatively, Caco-2 cells can be grown in 3D spheroids for extended 
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time periods as a model for the intestinal epithelium, in particular as model for 

enterocytes [27,30,32]. The morphology of mature preformed Caco-2 3D spheroids 

was not evidently affected by short-term (24 h) CSE exposure (Figure 5), similar as 

observed for primary human colonic organoids.  Fluorescence microscopy revealed 

that both the location of tight junction protein ZO-1 at the apical cell-cell contact sites, 

as well as the location of apical F-actin (stained by phalloidin) was similar in control 

and CSE-exposed Caco-2 3D spheroids (Figure 5A). Moreover, CSE exposure did not 

lead to leakage of FD-4 into the lumen of Caco-2 3D spheroids, suggesting that the 

epithelial barrier remained intact (Figure 5B), similar as observed for human colonic 

organoids.  

 

Figure 5. CSE does not perturb the integrity of preformed Caco-2 cell spheroids. (A) Caco-2 
cells developed into lumen-forming spheroids after 7-day 3D culture. They showed an apical 
enrichment of F-actin (labeled with phalloidin in red) and ZO-1 (labeled in green). Spheroids 
which were treated with 10% CSE (right panel) for 24 h showed no difference with control-
grown spheroids (left panel). (C) Exposure of Caco-2 spheroids to CSE did not lead to the 
leakage of FD4 into the spheroid lumen. Bars=30 μm. FD4, fluorescein isothothiocyanate-
labeled dextran of 4 kDa; CSE, cigarette smoke extract. 



Chapter 2 

  44 

Long-term (7 day) CSE exposure impairs de novo morphogenesis of Caco-2 3D 
spheroids 

It takes approximately 7 day for Caco-2 cells to form mature 3D spheroids with clear 

lumens after initial seeding single cells in Matrigel (Figure 6A, left panel) [27,30]. The 

formation of such lumen-containing 3D spheroids was significantly reduced when 

Caco-2 cells were exposed to 10% CSE during these 7-day period (p<0.05; Figure 6A, 

right panel and quantification in B), and such Caco-2 cell clusters were smaller than 

non-treated Caco-2 cell clusters (Figure 6C). The typical location of ZO-1 at apical-

oriented cell-cell contact sites and apical location of F-actin in correctly polarized 

intestinal epithelium (Figure 6D, E) was strongly disturbed in 7-day CSE-exposed Caco-

2 3D spheroids (Figure 6F, G). In contrast, laminin accumulated at the outer surface of 

both the control-grown and CSE-exposed Caco-2 spheroids (Figure 6E and G). These 

results indicate that CSE exposure impairs proper polarity development in de novo 

assembling Caco-2 spheroids, resulting in abnormal epithelial morphogenesis.  
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Figure 6. CSE impairs the de novo establishment of epithelial Caco-2 spheroids morphogenesis 
and polarity. (A) White light microscopical images of Caco-2 cell clusters formed during 7-day 
3D culture in normal culture medium supplemented without or with CSE. Note the presence of 
a monolayers of cells surrounding a single central lumen in control cells and the absence of a 
monolayer organization and lumen in CSE-exposed clusters. (B and C) Effects of CSE treatment 
on the percentage of single lumen-forming spheroids and cell cluster size in comparison to the 
control condition. Staining of nuclei (blue), F-actin (red), ZO-1 (green), and laminin (green) of 
Caco-2 spheroids after 7 day of 3D culture in normal medium (D and E) and in normal medium 
supplemented with 10% CSE (F and G). * p<0.05. Spheroid size is presented as (normalized) 
Mean ± SD, n ≥ 3. Spheroid formation is represented as normalized fraction, error bar is range.  
Bars=30 μm. CSE, cigarette smoke extract. 

 
CSE exposure irreversibly impairs normal morphogenesis of Caco-2 3D spheroids.  

To establish whether CSE, like in primary human epithelium, induces irreversible 

effects in Caco-2 cells, we exposed 2D-grown Caco-2 cells for 24 h to 10% CSE and after 

trypsinization to single cells, allowed them to form 3D spheroids for 7 days in the 
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absence of CSE. Caco-2 cells that were pre-exposed to CSE formed 3D spheroids in 

similar numbers and of similar size as untreated Caco-2 cells (Figure 7A). However, the 

formation of a clear lumen was strongly reduced in the CSE-pre-exposed Caco-2 cells, 

compared to the control Caco-2 cells (Figure 7B). 

 

Figure 7. Effect of CSE-induced impairment of polarity and morphogenesis on Caco-2 spheroids 
penetrate to next generations. (A-B) Effects of pre-exposure to CSE on the cell cluster size and 
the percentage of single lumen-forming spheroids in comparison to the control condition. * 
p<0.05. Spheroid size is presented as (normalized) Mean ± SD, n ≥ 3. Spheroid formation is 
represented as normalized fraction, error bar is range. CSE, cigarette smoke extract. 

 

Taken together, our data reveal that CSE exposure irreversibly impairs intestinal stem 

cell function and intestinal epithelial differentiation.  
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DISCUSSION 

In this study, we show that CSE suppresses growth of human colonic organoids and 

antagonizes the expression of stem cell markers and capacity to properly differentiate, 

in particular towards mucin-producing goblet cells. These changes persisted after 

cessation of CSE exposure. Moreover, CSE irreversibly impaired epithelial 

morphogenesis of 3D Caco-2 spheroids, as model for enterocyte polarity development. 

Notably, the epithelial barrier remained intact while these CSE-mediated changes were 

induced. These data unveil direct and long-lasting effects of CS on the human intestinal 

epithelium that may predispose for chronic intestinal disease and gastro-intestinal 

cancer later in life, even after cessation of cigarette smoking.  

The healthy intestinal epithelium is an effective barrier for potential harmful 

substances and microbes in the gut lumen [33]. However, epithelia are sensitive to 

exposure to cigarette smoke. This is particularly well-documented for airway epithelia 

as CS is primarily associated with lung disease. Both in vitro and in vivo studies have 

shown that CS impairs pulmonary and sinonasal epithelial barrier integrity [34,35], 

which is accompanied by reduced levels of multiple tight junction proteins [36]. CS, 

however, did not lower expression mRNA levels of key tight junction protein in human 

colonic organoids, nor did it block ZO-1 protein expression. In fact, the epithelial 

barrier remained tight for 4-FD even when exposed for 7 days to 20% CSE. The exact 

translation of the CSE concentrations used in such in vitro experiments to the actual 

exposure of active and/or passive smokers remains a matter of debate. However, as 

the integrity of airway epithelia in vitro is disrupted at clearly lower CSE concentrations 

(5-10%) [37,38]  this suggests that the human intestinal epithelial barrier is highly 

resistant to CS. However, CS irreversibly lowered the expression of key genes marking 

the stemness of the human intestinal epithelium (LGR5 and OLFM4), which was 

accompanied by reduced organoid growth. This impairs the regenerative capacity of 

the intestinal epithelium, which is in line with clinical data showing that 

gastrointestinal ulcer healing is delayed in patients who smoke [39,40]. In apparent 

contradiction is the fact that cigarette smoking seems protective against ulcerative 

colitis [10]. Earlier, we found that CSE protects intestinal epithelial cells from cytokine-
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induced apoptosis, which may contribute to the protective effect of smoking in UC [22]. 

In the current study, we did not analyze the effect of CSE on human organoids exposed 

to inflammatory conditions. Stem cell-based human intestinal organoids can be 

differentiated in vitro by removing Wnt3, nicotinamide, SB202190, and y-27632 [24] 

that blocks expression of LGR5 and enriches organoids with enterocytes, goblet cells, 

Paneth cells and enteroendocrine cells. CS specifically reduced MUC2 expression in 

differentiated colonic organoids, suggesting a specific effect on mucus-producing 

goblet cells. In fact, MUC2 expression was also reduced when intestinal stem cells 

were exposed to CSE, re-cultured for 10 days in EM without CSE and differentiated for 

4 days in DM. Thus, besides an irreversible effect on stemness, CSE also irreversibly 

changes the capacity of stem cells to properly differentiate. MUC2 is the predominant 

mucin produced by intestinal goblet cells and is a main component of the mucus layer 

covering the colonic crypts and forms a major line of defense for the intestinal mucosa 

against gut luminal toxins and pathogens [41,42]. The effect of CSE on goblet cell 

function is also analyzed in detail for airway epithelia. Typically, CSE induces mucin 

production, in particular that of the MUC5AC, and leads to goblet cell hyperplasia [43]. 

The intestinal epithelium appears to respond in an opposite manner to CSE, at least 

with respect to MUC2 levels. CSE may have indeed tissue-specific effects on mucus 

production, as it was also shown to deplete goblet cells in Eustachian tube mucosa in 

rats [44]. Paneth cells with the ATG16L1T300A variant that predisposes for CD [45]. It 

may therefore be that intestinal goblet cell function is actually more sensitive to CSE 

exposure, as this was reproducibly observed in independent colon organoids lines 

included in this study. However, detailed genetic information of the organoid lines was 

not available to us, thus it remains to be determined whether genetic factors may act 

in concert with CSE to control goblet cell function.  

CSE also impaired normal polarity development of Caco-2 cells grown in 3D spheres, 

while cell growth itself was not impaired. This suggest a transformation to a malignant 

phenotype. This is in line with many clinical studies that smoking predisposes for 

colorectal cancer [46,47]. In particular the observation that short-term CSE exposure 

causes irreversible impairment in epithelial morphogenesis provides possible 



Cigarette smoke decreases stemness, proliferation, differentiation and polarization 

 49 

2 

mechanistic insight in our clinical observation that CS exposure during childhood 

significantly increased the risk for CD patients to develop dysplasia (accompanying 

manuscript by Kimberley W.J. van der Sloot et al.). The irreversible change may be 

caused by genetic mutations and/or epigenetic modifications. Indeed, cigarette 

smoking has been shown to alter DNA methylation, remodel chromatin, induce histone 

modifications and alter miRNA expression [48] and maternal smoking can transmit 

such changes to the next generation [49,50].  

Taken together, our data show that the human intestinal epithelium is irreversible 

changed by short-term exposure to CSE, while remaining viable and keeping the 

epithelial barrier intact. This impairs epithelial regeneration and differentiation, and 

predisposes for adopting a malignant phenotype. These data may explain why early 

exposure to (passive) cigarette smoking enhances the risk for dysplasia in IBD. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. TaqMan primer and probe sequences used in this study. 

Gene TaqMan primers and probes 

CYP1A1 Forward GAAGATGGTCAAGGAGCACTACAA 
 Reverse GCTCAATCAGGCTGTCTGTGAT 
 Probe CTTTGAGAAGGGCCACATCCGGG 
LGR5 Forward TGTTTCAGGCTCAAGATGAACGT 
 Reverse AGCAGGTGTTCACAGGGTTTG 
 Probe CCCTTCATTCAGTGCAGTGTTCACCTTCC 
OLFM4 Forward TGTTCACCACACCACCATGAC 
 Reverse TGAAAGAGTGTGAGGCCTCTAAAGA 
 Probe CAAAACACCCCTGTCGTCCACCCTC 
TJP1 Forward CAGTGCCTAAAGCTATTCCTGTGA 
 Reverse GCACGCCCCCATTGC 
 Probe TGGCCACAGCCCGAGGCATATTT 
OCLN Forward GATGAGCAGCCCCCCAAT 
 Reverse GGTGAAGGCACGTCCTGTGT 
 Probe TGCAGACACATTTTTAACCCACTCCTCGA 
VIL1 Forward TGACCCTGAGACCCCCATC 
 Reverse TCAGCAGTGATCTGGCTCCA 
 Probe TTGTGGTGAAGCAGGGACACGAGC 
MUC2 Forward CCTGCAGAGCTATTCAGAATTCC 
 Reverse ATCTTCTGCATGTTCCCAAACTC 
 Probe CTCTGACGGCGTGCTCTTCAGTCCC 
LYZ Forward CAAAACCCCAGGAGCAGTTAAT 
 Reverse GCTACAGCATCAGCGATGTTATCT 
 Probe CCTGTCATTTATCCTGCAGTGCTTTGCTG 
CHGA Forward CCGCTGTCCTGGCTCTTCT 
 Reverse CCTTTATTCATAGGGCTGTTCACA 
 Probe CTCTGCGCCGGGCAAGTCACTG 
18S Forward CGGCTACCACATCCAAGGA 
 Reverse CCAATTACAGGGCCTCGAAA 
 Probe CGCGCAAATTACCCACTCCCGA 
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Supplementary Figure S1. Colonic organoids in expansion medium (A) or differentiation medium 
for 4 day (B) in 3D culture. 
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