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Mechanisms underlying aspirin chemoprevention of colorectal cancer remain unclear. Prior studies 

have been limited due to the inability of preclinical models to recapitulate human normal colon 

epithelium or cellular heterogeneity present in mucosal biopsies. To overcome some of these 

obstacles we performed in vitro aspirin treatment of colon organoids derived from normal 

mucosal biopsies to reveal transcriptional networks relevant to aspirin chemoprevention. Colon 

organoids derived from 38 healthy individuals undergoing endoscopy were treated with 50μM 

aspirin or vehicle control for 72 hours and subjected to bulk RNA-sequencing. Paired regression 

analysis using DESeq2 identified differentially expressed genes (DEGs) associated with aspirin 

treatment. Cellular composition was determined using CIBERSORTx. Aspirin treatment was 

associated with 1,154 significant (q<0.10) DEGs prior to deconvolution. We provide replication of 

these findings in an independent population-based RNA-sequencing dataset of mucosal biopsies 

(BarcUVa-Seq), where a significant enrichment for overlap of DEGs was observed (P<2.2E−16). 

Single-cell deconvolution revealed changes in cell composition, including a decrease in transit

amplifying cells following aspirin treatment (P=0.01). Following deconvolution, DEGs included 

novel putative targets for aspirin such as TRABD2A (q=0.055), a negative regulator of Wnt 

signaling. Weighted gene co-expression network analysis identified 12 significant modules, 

including two that contained hubs for EGFR and PTGES2, the latter being previously implicated 

in aspirin chemoprevention. In summary, aspirin treatment of patient-derived colon organoids 

using physiologically relevant doses resulted in transcriptome-wide changes that reveal altered cell 

composition and improved understanding of transcriptional pathways, providing novel insight into 

its chemopreventive properties.

Keywords

aspirin chemoprevention; organoids; colorectal cancer; gene expression profiling; weighted gene 
co-expression network analysis

INTRODUCTION

While global rates of colorectal cancer (CRC) have seen a steady decrease, in part due 

to wider acceptance and implementation of endoscopic screening (1), CRC remains the 

third leading cause of cancer death. A multitude of studies have investigated aspirin 

use as a primary chemoprevention strategy to complement screening and further reduce 

incidence of CRC (2). In 2016, the United States Preventive Services Task Force (USPSTF) 

recommended aspirin use for the primary prevention of CRC among individuals between 

50 and 69 years of age with a >10% ten-year risk of cardiovascular disease. Despite 

this landmark decision, the USPSTF cautioned that additional studies were required to 

clarify aspirin chemopreventive mechanisms before broadening these recommendations and 

suggested implementing precision prevention approaches to identify those most likely to 

benefit.

Determining aspirin’s mode of action has been complicated by a number of factors. 

Population-based cohort studies have examined how aspirin influences gene expression 

using transcriptome-wide RNA-sequencing (RNA-seq) in CRC tissue (3) or from bulk 

epithelial biopsies (4). While powerful, these studies are limited by factors such as cellular 
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heterogeneity, and collection of variable and non-standardized aspirin data prior to tissue 

acquisition (3). Further, mechanisms derived from cancer tissues or immortalized cancer 

cell lines may not reflect modes of primary prevention relevant to normal tissue. Finally, 

mechanisms identified in preclinical mouse models have been limited in their translation to 

humans (5).

Despite these challenges, a framework of interrelated mechanisms centered on prostaglandin 

modulation has been proposed that requires further validation (2). This framework 

incorporates the combined effects of irreversible inhibition of Prostaglandin-Endoperoxide 

Synthase 1 (PTGS-1)-mediated platelet activation (6), PTGS-2 inhibition in epithelium (7), 

and aspirin’s anti-inflammatory properties. A number of PTGS-independent mechanisms, 

such as those involving the Epidermal Growth Factor (EGF) pathway (8) have also been 

proposed to contribute to the potent preventive properties of aspirin.

To overcome previous challenges in chemoprevention modeling, we aimed to interrogate 

aspirin-induced transcriptome-wide changes on healthy epithelial cells in vitro using human 

colon organoids derived from normal mucosal biopsy specimens. Previously, our group has 

used organoids to determine the transcriptomic effect of ethanol exposure, an established 

CRC risk factor, in PDO that demonstrated the capacity for this modeling system to 

recapitulate exogenous exposures inducing pro-tumorigenic signaling in otherwise normal 

cells (9,10).

Through the use of a large prospective biorepository of organoids, we identified a number 

of significant differentially expressed genes (DEG)s following aspirin treatment in vitro. We 

find that a subset of the genes identified have been previously associated with known cell 

markers (11), indicating that aspirin treatment affects cellular composition in a model of 

the colonic crypt. Using single-cell deconvolution approaches, we confirm this finding and 

extend our results to the identification of genes after accounting for cellular composition. 

We have previously employed this method to address the potential confounding effects of 

cellular composition in a largely overlapping cohort of colon organoids treated with ethanol 

(10). Here, we also take advantage of the unique size of this normal organoid dataset to 

perform weighted gene co-expression network analysis (WGCNA), and identify modules of 

co-expression that are altered following aspirin treatment. To the best of our knowledge, 

this study represents the first use of WGCNA in normal organoids/colon epithelial cells, 

shedding additional light upon the coordinated mechanisms by which aspirin exerts its 

chemopreventive effects.

MATERIALS AND METHODS

Patient Population

The majority of subjects (n=34) undergoing standard of care colonoscopy were recruited to 

a biopsy study at the University of Virginia (UVA). For the purpose of UVA recruitment, 

organoids were only generated from healthy individuals, determined as subjects presenting 

with 3 or fewer polyps and no personal or immediate family history of CRC. Four organoid 

lines were also included from patients that were recruited to a clinical trial (“ASPirin 

Intervention for the REDuction of colorectal cancer risk [ASPIRED]; NCT02394769) at 
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Massachusetts General Hospital (MGH) (12). A total of 38 independent organoid lines were 

included in this study. Selected lines were balanced for sex (female = 20, male = 18), colon 

location (right = 18, left = 20), a broad age (22–74; median = 59) and Body Mass Index 

(19.7 – 50.4; median = 27.6). Participants in both studies provided written informed consent 

prior to participating in the research study and all research procedures were approved by 

the Institutional Review Boards (IRB) of UVA (IRB-HSR # 19439 and IRB-HSR#15274) 

and MGH through the Dana-Farber/Harvard Cancer Center IRB (DF/HCC IRB Protocol 

#14–496).

Biopsy Collection and Organoid Culture Derivation

Normal human colon organoids were established using a minimal modification of the 

method described by Sato et al (13). At UVA, biopsies (4 each from right and left colon) 

were taken at the time of colonoscopy using standard forceps and obtained immediately 

distal to the hepatic flexure (right colon) or immediately distal to the splenic flexure (left 

colon). At MGH, the ASPIRED trial protocol has been previously published (12). Biopsies 

were taken from grossly normal appearing distal colorectum mucosa (>15cm from the 

anal verge). While ASPIRED included an aspirin intervention, all organoids included in 

this study were derived from baseline, pre-treatment visits to remain consistent with UVA 

samples. Biopsies were placed immediately into DMEM/F12 media with 10% fetal bovine 

serum (FBS) and 100U/ml penicillin, 100μg/ml streptomycin on ice and transported to 

the laboratory where whole crypts were immediately isolated using methods adapted from 

Miyoshi and Stappenbeck (14) and Sato et al. (13) (Supplemental Methods).

Aspirin Treatment Experiments, Nucleic Acid Extraction, and RNA-seq

A total of 38 independent organoid lines were used in the study. Organoid lines were grown 

in 48-well plates, and seeded at a density of approximately 105 cells per well and allowed 

to grow for approximately 3 days prior to treatment with aspirin. Cells within the treatment 

group were treated with 0.5μL aspirin (100mM Sigma A5376) per 1mL complex media 

(Supplemental Methods), equating to a 50μM dose of aspirin. Vehicle control samples were 

treated with an equal amount of 1M Tris (pH=7.2) with a final concentration of 50μM 

in complex media. In vitro dose selection was extrapolated for standard (325–400 mg) 

dose aspirin based on pharmacodynamic data supporting that the physiologically-relevant 

concentration [Cmax] for low-dose (81–100 mg) aspirin in humans is approximately 10μM 

(15) (see Supplemental Methods; Supplemental Figure 1). RNA was extracted 72 hours 

after the initial treatment (see Supplemental Methods). RNA was checked for quality using 

the Agilent 4200 Tapestation. Only samples with a RIN score > 8.5 were used for library 

preparation and sequencing using the Illumina NovaSeq 6000 (Northwest Genomics Center 

at the University of Washington, Seattle).

Bioinformatic Analysis

A detailed description of bioinformatic methods used in this study is provided in 

Supplemental Methods. Briefly, 100bp paired-end reads were trimmed and aligned to the 

GENCODE reference transcriptome using STAR and reads were quantified using HT-Seq 

(16,17). An average of 49.82 million reads per sample uniquely mapped to the reference 

GENCODE transcriptome. Gene counts were generated for each sample and collated into 

Devall et al. Page 4

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a singular matrix for paired regression analysis in DESeq2 (18). Significant DEGs were 

defined as genes surviving Benjamani-Hochberg False Discovery Rate (FDR) correction 

(q=0.10) using DESeq2 default parameters. Pathway analysis was performed in ToppFun 

(19).

For the purpose of single-cell deconvolution, single-cell RNA-sequencing (scRNA-seq) data 

was downloaded from a large, publicly available dataset of colon tissue (11) in which only 

cells derived from healthy donors were considered. We used Seurat V3 (20) to filter cells 

and pre-process cells before transcripts per million were uploaded to CIBERSORTx (21) for 

deconvolution. Four main cell populations were defined: transit-amplifying (TA), immature 

colonocytes, immature goblet cells and stem cells. Cell scores generated using this approach 

were centered to the mean and scaled prior to incorporation into regression models. Single

cell deconvolution was also applied to the BarcUVa-Seq dataset. Previously reported cell 

identities were considered for the current analysis (11), consistent with our prior study (22) 

except that here, endothelial cell subsets were grouped and that innate lymphoid cells were 

removed. This adjustment accounted for context of normal colon tissue used here rather than 

tumor tissue previously used for deconvolution (Supplemental Methods).

Given that small but consistent fold changes were identified at the single gene level, 

WGCNA (23) was performed across all PDO following correction for cell composition 

and sample pairing (24). Resulting modules were correlated with aspirin treatment.

Independent Validation Using BarcUVa-Seq Data

Details of pre-processing and sample acquisition have previously been reported (25). 

Regular aspirin users were defined as those who responded “yes” to whether they had taken 

more than 30 doses, low (81–100mg) or standard (325+mg/day) of aspirin over their lifetime 

(Supplemental File 1). Samples were filtered to exclude individuals with missing phenotypic 

information for adjustment covariates. Only samples derived from white individuals were 

included to minimize the effects of potential population stratification in the analysis. The 

final cohort consisted of RNA-seq data from 387 individuals, of which 31 were considered 

regular aspirin users. A regression model for aspirin use (regular vs no) was performed 

in DESeq2 (18). Sequencing batch, colon location (left/right/transverse), smoking status 

(never/former/current) and gender were included as adjustment covariates.

Annotation of DEGs with CRC-related genes

CRC-related loci identified through genome-wide association studies (GWAS) were 

downloaded from the GWAS catalog (26). Genes were annotated to a SNP if they were 

found to have at least one nucleotide of one exon overlapping a 1Mb window centered on 

the SNP. SNP locations were generated according to their hg38 location. BiomaRt was used 

to determine respective GrCH38 gene coordinates (27).

Data Availability

Raw fastq files and pre-processed count matrix data have been uploaded to Gene Expression 

Omnibus(28), accession number: GSE163282.
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RESULTS

Widespread Transcriptomic Changes in Normal Colon PDO following Aspirin Exposure.

RNA-seq was performed on a large prospective organoid cohort (n=38 patients; 

Supplemental Table 1) subsequently treated in vitro with aspirin or vehicle control. One 

sample pair was considered to be an outlier and was removed (Supplemental Figure 2A). 

Recruitment center had no obvious effect on clustering (Supplemental Figure 2B), therefore, 

MGH and UVA organoids were analyzed together. Principal component analysis (PCA) was 

performed across all genes (Supplemental Figure 3). Overall, the nearest neighbor of each 

control organoid was its aspirin-treated pair. This not only demonstrated unique, intrinsic 

organoid properties, but measurable effect specifically attributable to aspirin treatment. No 

obvious clustering for age, body mass index (BMI) or sex were observed.

A paired regression analysis was performed in DESeq2, which identified 1,154 FDR 

corrected DEGs (Figure 1A). We confirmed the direction of effect for the majority of genes 

considered (7/9) using a subset of organoids (n=4) (Supplemental Methods; Supplemental 

Table 2). Importantly, pathway analysis of DEGs whose expression increased following 

aspirin treatment identified relevant enrichments for genes previously associated with aspirin 

(ctd:D001241; q=1.63E−14), as well as a number of other non-steroidal anti-inflammatory 

drugs (Figure 1B).

Examination of Aspirin-associated DEGs in Large Colon Biopsy Cohort

We extended our in vitro findings to an in vivo human setting by performing a similar 

analysis in an independent population-based RNA-seq dataset (BarcUVa-Seq) of normal 

colon biopsies taken at colonoscopy with available questionnaire-derived data for aspirin 

use (25). One-way Fisher’s exact test confirmed an enrichment for overlap between 

organoid and BarcUVa-Seq DEGs (Odds Ratio = 3.09; P<2.2E−16) (Supplemental Table 

3). These results indicate that in vitro aspirin treatment of PDO results in broadly similar 

transcriptomic profiles observed in mucosal biopsies from individuals reporting aspirin use, 

providing independent replication of our findings.

Single-cell Deconvolution of Bulk RNA-seq Data.

We identified patterns of expression in nominal (P<0.05) and significant DEGs following 

FDR correction (q<0.10) indicative of a reduction in TA cell content and an increase in more 

differentiated cell populations in organoid (Figure 2A). Similar results were also observed 

when cross referencing DEGs identified in the BarcUVA-Seq cohort with potential markers 

of colon epithelial cell types, where a general reduction in expression of TA cell markers 

and an increase in expression of more differentiated cell markers was also observed in 

aspirin users (Figure 2B) (11). We therefore hypothesized that aspirin may drive cellular 

transcriptomic programs of epithelial cells in organoid towards specific cell states.

To address this hypothesis, we performed in silico single-cell deconvolution to determine 

the abundance of four major cell populations (TA cells, stem cells, immature goblets and 

immature colonocytes) (11,21). We validated our cell abundance scores by confirming 

that they accurately captured expression differences of known cell markers (Supplemental 
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Methods; Supplemental Figure 4A–B). Linear mixed effect regressions of cell scores 

validated our hypothesis, identifying a significant decrease in TA cells (P=0.01; 25 of 37 

organoid) in aspirin treated organoid compared to controls. We also identified a significant 

increase in stem cells (P=0.03; 24 of 37 organoid) and a trend for increase in immature 

goblets (P=0.07; 20 of 37 organoid) in aspirin treated organoid. We similarly measure an 

increase in goblet cells using BarcUVa-Seq (P=0.042) and a trend towards reduction of 

TA cell populations in aspirin users (P=0.12). Taken together, these data imply that aspirin 

treatment results in transcriptomic programming favoring a less overall proliferative state 

highlighted by a reduction in the TA cells.

Controlling for Cellular Composition in Analysis of Colon Organoids

Given the change to cell type markers, we next aimed to define cell type agnostic DEGs 

in organoids, those universally impacted by aspirin treatment, by incorporating cell scores 

as covariates into our paired regression analysis. After adjusting for cell composition, we 

identified 334 additional DEGs (P<0.05) that were only apparent following this correction 

(Figure 3A, red dots, 334 of 1,257 nominally significant DEGs). The remaining 73.4% (923) 

were consistent with DEGs identified in the primary analysis prior to adjustment for cell 

composition (Figure 3A, blue dots). Importantly, several candidate genes within pathways 

postulated to be central to aspirin chemopreventive effects emerged following adjustment 

for cell composition. For example, decreased Prostaglandin E Synthase (PTGES2; P=0.02), 

as well as increased expression ATP-binding cassette sub-family C member 4 (ABCC4; 

P=0.03) (29). An enrichment for overlap with BarcUVa-Seq biopsy data was still present 

in DEGs following cell type adjustment, though reduced (Odds Ratio = 1.44, P=4.31E−05). 

Following FDR correction, 46 DEGs persisted (q<0.10), suggesting this subset of DEGs 

are the most likely to be associated with aspirin treatment across a range of cell types 

(Supplemental Table 4).

Pathway analysis of genes upregulated in aspirin treated organoids following adjustment 

for cell composition revealed enrichment of several chemoprevention related pathways, 

including those associated with aspirin (ctd:D001241; q=1.46E−10), positive regulation 

of cell differentiation (q=1.34E−08), 8-iso-prostaglandin E2 (CID000000158; q=4.33E−06) 

and Wnt signaling (q=2.31E−05). To better determine the effect of aspirin on Wnt, genes 

were mapped to GO pathways with increased granularity (GO:0030178, GO:0090090, 

GO:0090263, GO:0030177), such as positive or negative regulation of Wnt (Figure 3B). 

TraB Domain Containing 2A (TRABD2A; q=0.055) and Forkhead Box O3 (FOXO3; 

q=0.065) both were upregulated in aspirin treated PDOs and both are negative regulators 

of Wnt. To the best of our knowledge, TRABD2A has not previously been implicated in the 

mechanism of action of aspirin.

We stratified our dataset according to colon biopsy location before performing independent 

regression analyses. Initially, more significant DEGs (q<0.10) were observed in proximal 

(206 DEGs) than distal organoids (13 DEGs). Following adjustment for cell composition, 35 

DEGs and 8 DEGs remained, respectively, with no overlap (Supplemental Table 5). Pathway 

analysis revealed that 114 of the 326 GO-terms enriched in DEGs overexpressed in distal 

organoid following aspirin treatment were identical to those enriched in proximal colon. 

Devall et al. Page 7

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These findings suggest that while some pathways may be commonly impacted by aspirin 

treatment, colon location may be relevant to consider with regard to aspirin effects. Future 

studies specifically powered to examine location, while accounting for cellular composition 

will be needed to confirm these findings.

Combined, these data underscore the potential importance of cell context for future aspirin 

mechanism studies. Relevant DEGs may be lost in the noise of cellular heterogeneity, and 

single-cell studies may help explain why novel targets have yet to emerge from, and strong 

putative mechanisms have yet to be validated by, prior RNA-seq studies of bulk tissue 

samples.

Aspirin associated DEGs and CRC related Genes

To better understand the potential relationship of identified DEGs with CRC risk and 

chemoprevention, we cross referenced nominally significant DEGs in aspirin treated 

organoids with genes previously associated with inherited CRC risk loci identified through 

GWAS (Supplemental Table 6) (26). We identified 90 DEGs that are within the vicinity of 

CRC-related GWAS loci (see Methods), ten of which were also present in BarcUVa-Seq, 

with the same direction of effect. Of the 90, six survived FDR correction, including 

increased expression of Laminin Subunit Gamma-1 (LAMC1) (q=0.095), CEA Cell 

Adhesion Molecule 7 (CEACAM7) (q=0.059) and Acyl-COA Synthetase Long Chain 

Family Member 5 (ACSL5) (q=0.02).

WGCNA of aspirin treatment in PDOs

WGCNA was performed to identify networks of genes impacted by aspirin treatment 

(see Methods, Supplemental Figures 5 and 6, Supplemental File 2). WGCNA identifies 

correlations between gene expression without bias from prior knowledge of function. 

Strongly correlated genes are then grouped into modules and these modules are 

subsequently tested for their association to a trait (aspirin response). We identified 32 

modules of co-expression in our organoid dataset. Module gene lists were cross-referenced 

with genes in the vicinity of CRC GWAS loci (Supplemental File 3). Of these, 13 

were nominally associated with treatment condition (P<0.05), of which 12 survived FDR 

correction (q<0.05). Hub genes were determined for each module (Figure 4). The tan and 

skyblue2 modules emerged as potentially the most relevant for aspirin chemoprevention 

based upon the overall significance of a module to the treatment conditions, and on a priori 
knowledge of aspirin mechanism.

The tan module contained 13 genes previously found to be associated with aspirin response, 

including EGFR (30) (Supplemental Figure 7). Surprisingly, we find that EGFR expression 

positively correlates with aspirin treatment and is a central hub to the tan module, despite 

data showing evidence that at high doses, aspirin leads to EGFR inhibition in colon 

epithelial cells (31). Interestingly, the sixth most representative hub gene within this 

module was SMAD Family Member 3 (SMAD3) (26,32). This module was also enriched 

for pathways associated with cell adhesion (q=6.02E−07), epithelial cell development 

(q=4.87E−05) and positive regulation of cell differentiation (q=0.02), further supporting a 

potential role for aspirin in promoting differentiation.
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Examining the skyblue2 module we find a node containing PTGES2, a gene responsible 

for PGE2 synthesis (Supplemental Figure 8). PTGES2 was nominally downregulated 

in our adjusted model at a single gene level (P=0.021) and displayed a high module 

membership (r=0.75, P=1.26E−14) with the skyblue2 module. This module also contained 

13 of the top 20 genes that were identified through other gene-gene networks investigating 

the interactions of PTGES2 (33), indicating some reproducibility of this co-expression 

module in prior research. This module was enriched for prostaglandin E2 related 

processes (q=7.60E−03), as well as for processes such as apoptotic mitochondrial changes 

(q=9.96E−03) and positive regulation of apoptotic signaling pathway (q=0.05), highlighting 

the translational potential of the use of colon organoids.

We used an independent method to validate the co-expression of significant modules. 

Gene lists were imported into STRING (34) to construct protein-protein interaction (PPI) 

networks. For each significant module, a PPI enrichment P-value was calculated (Figure 4). 

Intuitively, if co-expression within modules exists, gene lists should be enriched for PPI. 

Indeed, all but one significant module (AntiqueWhite4) was enriched for PPI (P=0.087). 

Further, when considering STRING analysis of the tan module, EGFR appeared central 

to the generated PPI (Supplemental Figure 9), concordant with its relationship to the 

tan module. For comparison, this approach was then applied to the grey module, the 

default color assigned to a module comprised of genes with limited, if any co-expression. 

This module was not significantly enriched for PPI (P=0.698). These findings confirm 

that the modules identified in our network analysis are plausibly correlated. Further 

inspection of all 32 modules identified in our WGCNA analysis revealed that modules 

significantly associated with aspirin response appeared more likely to be enriched for 

aspirin-related pathways. In total, five of 12 (41.7%) significant modules (light cyan, light 

green, darkorange2, green and violet) as well as the nominally significant brown module 

were all enriched for aspirin-related processes. In contrast, only three of 19 (15.8%) non

significant modules had evidence for a relationship with aspirin: darkorange, blue and 

skyblue3. Taken together, these findings suggest that WGCNA analysis employed here 

captured plausible modules, and that differences occurring across significant modules are 

likely direct measured effects of aspirin treatment, which may have novel and significant 

functional consequences.

DISCUSSION

Numerous observational studies and randomized control trials have reported positive 

associations between the routine administration of aspirin and reduced CRC risk (7,12,35–

38). However, while a number of known targets for aspirin response have been identified 

(2), transcriptome-wide analysis of population-based studies have typically identified few, 

if any, consistently modulated genes associated with aspirin use (3,4). Here, we identify 

DEGs associated with in vitro aspirin treatment of normal colon organoids including novel 

and previously proposed genes related to aspirin chemoprevention that particularly emerge 

following adjustment for cell composition. Aspirin also induces transcriptomic profiles 

that favor the reduction of rapidly cycling TA cells for increased goblet or stem cell 

states, and modulation of several gene networks that may be central to aspirin’s pleiotropic 
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protective effects. These findings were validated in a novel analysis of an independent large 

observational cohort with RNA-seq of mucosal biopsies and aspirin use data.

Previous inconsistencies in transcriptomic signatures associated with aspirin use in 

normal colon epithelium may have been impacted by limitations of study design. In 

combination with factors such as small sample size, inconsistent dosing, and cellular 

heterogeneity, the subtle effects of aspirin on colon epithelial cells may be one reason 

why previous studies have been unable to identify gene expression responses in studies 

of aspirin in bulk epithelium (4), despite strong clinical and epidemiologic evidence for 

its chemopreventive capacity (2). Specifically, our results underscore the importance of 

cell context in understanding aspirin’s transcriptomic effects and disentangling putative 

chemopreventive mechanisms in normal epithelial cells derived from organoids or mucosal 

biopsies. For example, modulated expression of PTGES2 and ABCC4, two genes central 

to the hypothesized mechanism of action of aspirin (2), only emerged following single-cell 

deconvolution and adjustment for cell composition in PDOs.

Basic cell composition and individual-level factor differences also appear to persist 

following organoid derivation. Additional sources of variation, including individual (i.e., 

age, sex, BMI, etc.) or technical (i.e., colon biopsy location or clinical site) factors, may 

also contribute to cellular heterogeneity and/or noise in transcriptome-wide profiling studies. 

In the current study, we have attempted to account for possible interindividual differences 

using several approaches, especially age and BMI which have previously been hypothesized 

to significantly modify aspirin’s chemopreventive effects (2). First, every individual served 

as their own experimental control. We used a large, paired study design, which reduces 

the effects of subject-level confounding (39). By comparison, in vitro studies typically 

use a small (n=3–5) number of lines. Second, we explored and found no obvious effect 

for age, gender, BMI, or clinical site (UVA or MGH). However, we do note a potential 

differential response to aspirin in proximally-derived organoids compared to distal organoids 

that persisted, but was substantially attenuated following adjustment for cell composition. 

The identification of this finding is intriguing, and may allude to biological differences 

across the colon that affect organoids response to aspirin. Future studies should consider 

matching proximal and distal lines from the sane individual to account for potential genetic 

heterogeneity that may, in part, account for this finding Combined, these results highlight 

that despite uniform in vitro conditions, additional adjustment for cell composition is 

important for mechanistic interrogation using bulk RNA-seq of normal epithelial cells to 

clarify cell context, especially when biopsies are derived from different colon locations 

within the same study. Data generated by clinical trials with available scRNA-seq data 

paired with epithelial cell RNA-seq data may be able to specifically validate these 

differences. Further, the application of single-cell deconvolution approaches to other existing 

datasets may provide new insight and replication.

Our results also extend previous findings that aspirin reduces Wnt signaling in mice 

and small intestinal organoids (40), a mechanism previously associated with both PTGS

dependent and independent mechanisms of aspirin response (41), by using human colon 

organoids, more physiologically relevant doses of aspirin, and a shorter window from 

initial treatment. Further, Wnt signaling is crucial for early progenitor cell proliferation and 
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dysregulation is a hallmark of CRC (42). Our network analysis identified an enrichment for 

DEGs in Wnt signaling pathways. Both highly significant increased DEGs (TRABD2A and 

FOXO3) are negative regulators of Wnt, supporting that aspirin promotes Wnt inhibition. 

This relationship also extended to nominal DEGs, where 62.5% of overexpressed DEGs 

were negative regulators of Wnt, including E-Cadherin (CDH1). High doses of aspirin have 

previously been shown to increase E-Cadherin expression in CRC cell lines (40). However, 

to the best of our knowledge, this is the first report describingTRABD2A as an aspirin 

target.

The identification of multiple novel aspirin associated DEGs that map to CRC GWAS 

loci presents an interesting avenue to explore interplay between genotype and environment. 

Environmental risk factors play a major role in contributing to CRC risk and protection. 

Further, GWAS associations between risk SNPs and reported genes are often limited by a 

lack of functional follow up. Here we identify an aspirin associated increased expression of 

CEACAM7, which is found to be decreased in rectal neoplasia compared to normal mucosa 

(43). Further, we also find that aspirin treatment increases ACSL5 and LAMC1 expression. 

Low expression of ACSL5 has previously been associated with CRC tumor recurrence (44). 

Lamc1 has previously led to epithelial hyperplasia in mice (45). In the context of CRC, 

LAMC1 has been previously shown to be elevated in tumor versus normal adjacent tissue 

(46). Increased cellular heterogeneity of tumors compared to early neoplasia may contribute 

to this relationship, as duodenal levels of Lamc1 were shown to be greater in mesenchymal 

than epithelial tissues (45), thus the epithelial to mesenchymal transition of cancer cells 

may in part account for increased LAMC1, further supporting the important context cell 

composition can have in interpreting preventive mechanisms.

Moreover, many genes that may have clinical relevance and key roles in anti-cancer effects 

in colon epithelial cells may be overlooked in single-gene approaches. To the best of our 

knowledge, this study represents the first WGCNA of normal organoids and our findings 

highlight several possible modules encompassing existing and novel networks through 

which aspirin may exert its anti-cancer effects that are in need of future validation and 

deeper mechanistic interrogation. The skyblue2 module emerged as one characterized by 

PTGS-dependent genes including PTGES2, which has been shown in preclinical models 

to be critical to PGE2-mediated tumorigenesis (47). In addition, we identify several other 

modules of coordinated gene expression changes associated with aspirin treatment, the most 

significant of which was the tan module. The central hub gene for the tan module was 

EGFR. Previous preclinical studies in immortalized or transformed cell lines have found that 

aspirin leads to reduced EGFR expression, but these studies typically required high doses of 

aspirin that often ranged beyond therapeutic dose (31), perhaps a consequence of the model 

selection. While our results suggest that EGFR may play a significant role in potentiating the 

cancer protective properties of aspirin, this mechanism requires further validation. While the 

tan module appeared primarily driven by EGFR, SMAD3 was the sixth most representative 

hub gene identified, indicating an important role for SMAD3 in this module. Further, 33 

of the 365 genes identified within the tan module were related to CRC through GWAS 

loci, including SMAD3 and CEACAM7. WGCNA performance benefits from increased 

sample sizes, and confirmation of these modules in larger studies may provide novel insight 
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into how well-characterized GWAS-related genes may play an important role in defining a 

coordinated gene expression response to aspirin.

Our study does have limitations. organoid models enrich for stem cells and progenitor 

cell populations. This model lacks both immune and stromal cell types, which may play 

important additional roles in aspirin chemoprevention. However, as intestinal stem cells 

and their progenitors are the most recognized tumor initiating cell population (48), these 

populations may provide the best model for chemoprevention studies. Further, we exposed 

organoids to a single dose of aspirin for 72 hours to observe the prolonged effects of single 

dose of aspirin that is consistent with pharmacodynamically expected and physiologically 

relevant concentrations in the colon. While we note this limitation in the modelling of 

aspirin, we are able to provide strong replication of our findings in BarcUVa-Seq for regular 

aspirin use. Similarly, an important strength of the current study is the validation of in vitro 
findings in this real-world data. However, the measurement recorded for regular aspirin use 

is not as rigorous as the doses employed in our in vitro work or other more rigorous human 

studies. Future studies would benefit from the collection of more precise measurements 

and/or large controlled trials of aspirin. Future studies should also consider repeat, daily 

dosing, at a larger range of doses, including lower doses representative of 81–100 mg dose, 

so as to better mimic the widespread use of low dose aspirin in the population for primary 

prevention. A range of doses may also unveil possible relationships with additional factors, 

such as height, weight, or body mass index, which have been determined to influence 

bioavailability (49,50). Nonetheless, while dose-dependent effects of aspirin have been 

previously documented, studies should consider limiting in vitro doses to those that remain 

clinically relevant (micromolar range).

In conclusion, we identify several genes and pathways differentially expressed in response to 

aspirin administered in vitro at a therapeutic dose in a large biorepository of patient-derived 

human colon organoids. Single-cell deconvolution revealed cellular composition changes, 

and adjustment for cellular composition identified novel targets related to chemoprevention. 

WGCNA further elucidated networks of genes, especially those previously hypothesized to 

be central to the mode of action of aspirin including prostaglandin inhibition. Overall, our 

results demonstrate that the use of organoids from normal mucosal specimens along with 

single-cell deconvolution methods may overcome limitations associated with prior cancer 

prevention studies and provide a suitable experimental model system in which to interrogate 

the chemopreventive mechanism of aspirin.
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Refer to Web version on PubMed Central for supplementary material.
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PPI protein-protein interaction
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qPCR quantitative PCR
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scRNA single-cell RNA-sequencing

SERPINB8 Serpin Family B Member 8

SMAD3 SMAD Family Member 3

TA transit-amplifying

TRABD2A TraB Domain Containing 2A

USPSTF United States Preventive Services Task Force

UVA University of Virginia

WGCNA Weighted Gene Co-expression Network Analysis
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Prevention Relevance:

Numerous studies have highlighted a role for aspirin in colorectal cancer 

chemoprevention, though the mechanisms driving this association remain unclear. We 

addressed this by showing that aspirin treatment of normal colon organoids diminished 

the transit-amplifying cell population, inhibited prostaglandin synthesis, and dysregulated 

expression of novel genes implicated in colon tumorigenesis.

Devall et al. Page 18

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Differential expression analysis of aspirin treated colon organoids.
A) Volcano plot of DEGs. DEGs with FDR corrected q-values that met significance 

(red dots) appear above the FDR threshold (horizontal hashed line). Positive log2fold 

changes (right of vertical hashed line) indicate higher expression in aspirin treated samples 

compared to vehicle controls, whereas negative log2fold changes (left of vertical hashed 
line) indicate lower expression compared to vehicle controls. Connectors were placed to 

highlight the most significant 20 DEGs associated with aspirin exposure. B) Plot of five 

most significantly enriched Gene Ontology terms for each category: Biological Process 

(BP); Cellular Component (CC) and Molecular Function (MF). Direction corresponds to 

whether nominally over-expressed (triangle) or under-expressed (circle) DEGs were used for 

pathway enrichment analysis. Size of each pathway corresponds to the overlap (%) of DEGs 

identified in aspirin response versus the total number of genes in the pathway annotation.
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Figure 2: Single-cell deconvolution of bulk RNA-seq from aspirin exposed colon organoids.
Nominally significant (P=0.05; light blue) and FDR corrected (q=0.10; dark blue) DEGs 

were overlaid with known cell markers of colon cell types as identified through scRNA-seq. 

Positive values indicate the number of genes displaying increased expression, while negative 

values indicate number of genes with reduced expression in A) aspirin treated organoids or 

B) regular users of aspirin.
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Figure 3: Differential expression analysis of aspirin-treated colon organoids following 
adjustment for cell composition.
A) Volcano plot of significant DEGs that were also identified in original analysis (blue) 

and novel (red). B) Inspection of fold change of nominal DEGs that are positively (orange) 

or negatively (blue) correlated with Wnt signaling, ranked from left to right in order of 

significance.
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Figure 4: Bar plot to show significance of modules defined through WGCNA with relation to 
aspirin treatment status.
Extent of positive correlation to aspirin treatment can be visualized as deepening red 

hue. For each significant module, the genes with the highest module memberships were 

annotated. PPI enrichment analysis was performed for each significant module by uploading 

genes found in each module to STRING. Significance of PPI enrichment can be observed 

by a deepening blue hue next to the relevant module. Size of circle refers to the number 

generated when dividing the number of observed edges in the PPI network by the number of 

expected edges given the size of the network analyzed.

Devall et al. Page 22

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Patient Population
	Biopsy Collection and Organoid Culture Derivation
	Aspirin Treatment Experiments, Nucleic Acid Extraction, and RNA-seq
	Bioinformatic Analysis
	Independent Validation Using BarcUVa-Seq Data
	Annotation of DEGs with CRC-related genes
	Data Availability

	RESULTS
	Widespread Transcriptomic Changes in Normal Colon PDO following Aspirin Exposure.
	Examination of Aspirin-associated DEGs in Large Colon Biopsy Cohort
	Single-cell Deconvolution of Bulk RNA-seq Data.
	Controlling for Cellular Composition in Analysis of Colon Organoids
	Aspirin associated DEGs and CRC related Genes
	WGCNA of aspirin treatment in PDOs

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:

