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Abstract 

 

Combinations of oncogenic mutations drive inter-tumor heterogeneity in colorectal cancer (CRC), which 

promotes distinct phenotypes and affects therapeutic efficacy. We recently demonstrated that combinations of 

mutations in mouse small intestinal organoids lead to unique changes in microRNA (miRNA) expression 

profiles. However, it remains unknown how different mutational backgrounds shape miRNA profiles in the 

human colon. We leveraged human colonic organoid models, termed colonoids, with gene edits targeting genes 

commonly mutated in CRC to profile genotype-specific changes in miRNA expression. By small RNA-

sequencing we characterized genotype-specific miRNA profiles. We identified one group of miRNAs, including 

mir-34a-5p and mir-10a-5p, that is strongly downregulated in APC/KRAS/TP53 mutant (AKP-mutant) 

colonoids. Using chromatin run-on sequencing, we showed that most miRNA alterations in AKP-mutant 

colonoids are concordant with transcriptional changes. Transcription factor (TF) motif enrichment analysis 

using transcriptional regulatory elements with increased activity in AKP-mutant colonoids revealed an 

enrichment of binding sites for multiple oncogenic TFs. Several of these harbor predicted binding sites for mir-

10a-5p and/or mir-34a-5p, suggesting these miRNAs may play a role in regulating transcriptional programs in 

AKP-mutant contexts. Ultimately, our study offers a glimpse into regulatory mechanisms that drive inter-tumor 

heterogeneity, and we highlight candidate therapeutic targets for the advancement of precision medicine.  
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Introduction 

 

 According to estimates from the World Health Organization, colorectal cancer (CRC) is the third most 

common cancer and second leading cause of cancer-related mortality worldwide [1]. Advances in therapeutic 

strategies for CRC have relied in part on understanding how molecular variation across patients’ tumors, or 

inter-tumor heterogeneity, affects tumor biology [2-4]. By leveraging this information, clinicians can customize 

tumor-specific therapeutic regimens for improved patient outcomes. One notable example is how patients with 

microsatellite instable tumors are more responsive to anti-PD1 antibodies [5]. Somatic mutations are one major 

driver of inter-tumoral heterogeneity and can have a significant impact on tumor behavior [6-8]. Traditionally, 

studies have focused on the effects of individual somatic mutations on tumor phenotypes. However, it has 

recently been shown that distinct combinations of mutations can result in unique tumor phenotypes that affect 

the efficacy of specific therapeutics [9-11]. For example, mouse intestinal organoids with oncogenic mutations 

in Kras, Rspo3, Tp53, and Smad4 exhibit a unique resistance to WNT inhibition [9]. These recent findings 

highlight the need to investigate how various combinations of oncogenic mutations drive changes in the 

molecular biology of CRC tumors and ultimately affect cancer phenotypes. 

 MicroRNAs (miRNAs) are small non-coding RNAs, ~22 nucleotides, that function as negative 

regulators of gene expression. Several studies have shown that miRNAs are important regulators of oncogenic 

phenotypes in various cancers, including CRC [12-15]. Furthermore, multiple pre-clinical studies have 

demonstrated promise for miRNA-based therapeutics for treating cancer [16-18] and some have even gone on 

to clinical trials [19, 20]. Primary miRNA transcripts are transcribed by RNA polymerase II/III but undergo 

further processing steps to produce the mature ~22 nt transcript that is loaded onto the RNA-induced silencing 

complex [21]. MiRNAs can be modified post-transcriptionally to generate functionally distinct miRNA 

isoforms and/or affect stability [21]. 
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 Previous studies across numerous tumor types have shown that individual oncogenic mutations regulate 

tumor phenotypes through alterations in gene regulatory mechanisms, such as miRNA and transcriptional 

regulation [22-24]. However, these studies do not explore the effects of combinations of mutations on gene 

regulatory mechanisms. Recently, our group showed that mouse small intestinal organoids with various 

combinations of oncogenic mutations exhibit genotype-specific miRNA expression profiles [12]. Furthermore, 

we highlighted miR-24 as a genotype-independent regulator of cell survival in colorectal cancer. However, 

because the study relied on murine enteroids, there remains an important need to establish the relationship 

between different combinations of oncogenic mutations and miRNA expression profiles in a human colon 

context. To our knowledge, no prior studies have profiled how combinations of oncogenic mutations affect 

transcriptional and post-transcriptional regulation of miRNA abundance in human models of CRC.  

 Historically, a major challenge in evaluating genotype-specific patterns of miRNA expression in a 

human colon context has been the lack of appropriate cell models. CRC primary cell lines and tumor organoids 

harbor tens to hundreds of mutations in protein coding genes, which hinders the assessment of specific 

mutations or mutational combinations of interest [25, 26]. Genetically-modified mouse organoids are powerful 

models, but still limited in their ability to recapitulate the biology of the human colon [27]. To address these 

limitations, researchers have developed stem cell-derived human colonic organoids, termed colonoids, that 

harbor all the cell types present in the human colonic epithelium [28, 29]. By leveraging genetic editing tools 

(CRISPR/Cas9, Cre), researchers can induce desired genetic mutations to study how specific mutations or 

mutational combinations affect gene expression, pathway activity, and cellular phenotypes [28]. These human-

based model systems are unique resources that can be leveraged to evaluate the regulation of miRNAs in 

different mutational contexts. 

 In this study we first perform small RNA-seq (smRNA-seq) on genetically-modified colonoids [28] with 

alterations in activity for the following genes: APC (A) mutant, APC/KRAS (AK) mutant, APC/KRAS/TP53 

(AKP) mutant, and iGFP control. Results from this analysis show that mutant colonoids exhibit genotype-

specific patterns of miRNA expression. Furthermore, we define 10 distinct patterns of miRNA expression 
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across colonoid models. We highlight one group of miRNAs, which includes tumor suppressors mir-34a [30, 

31] and mir-10a [32], that is uniquely downregulated only in AKP-mutant colonoids.  To better understand the 

regulation of these miRNAs, we perform length extension Chromatin Run-On Sequencing (leChRO-seq) to 

define patterns of miRNA transcription. We find that colonoid models exhibit genotype-specific patterns of 

miRNA transcription. Additionally, we show that altered miRNA expression in AKP-mutant colonoids is 

generally concordant with changes in miRNA transcription. However, one notable exception is mir-10a, for 

which we find that change in expression is driven primarily by post-transcriptional regulation. Finally, we 

leveraged leChRO-seq to quantify the activity of transcriptional regulatory elements (TREs), which consist of 

promoters and enhancers, to better understand how genotype affects transcriptional programs. We find that TRE 

activity stratifies mutant colonoids better than miRNA expression and transcription profiles. We observed an 

enrichment of binding sites for multiple oncogenic transcription factors (HIF-2α, LRF, SP2) in TREs 

upregulated in AKP-mutants relative to iGFP. Many of these transcription factors harbor mir-10a and/or mir-

34a predicted binding sites. To our knowledge, this study provides the first characterization of miRNA 

transcription and expression patterns in different mutational contexts in human models of colorectal cancer. 

Ultimately, this work provides novel insight into the molecular mechanisms that promote inter-tumor 

heterogeneity and can contribute in the long-run toward the advancement of precision medicine for treating 

CRC patients.  

 

Material & Methods 

 

Generation of genetically modified human colonoids. hESC-derived colonoids were generated using a 

modified protocol based on Crespo et al. 2017 [28]. To differentiate cells to definitive endoderm, 1x106 HUES8 

cells were seeded in Matrigel coated wells from a 6-well plate on Day 0. When cell confluency reached 80-

90%, HUES8 cells were treated with 3μM CHIR99021 (CHIR, Stem-RD, Hoover, AL) and 100 ng/mL Activin 
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A (AA, R&D systems, Minneapolis, MN) in RPMI media (Cellgro, Manassas, Virginia) for 1 day. On day 2, 

cells were treated with 100 ng/mL AA and 0.2% FBS. HUES8 cells were treated with 100 ng/mL AA and 2% 

FBS on day 3. To generate midgut and hindgut endoderm, cells were treated with 3 uM CHIR and 500 ng/mL 

fibroblast growth factor 4 (FGF4, Peprotech, Cranbury, NJ) in RPMI+B27 media (Gibco, Gaithersburg, MD) 

for 2 days. Next, posteriorization was prompted by treating cells with 100 ng/mL bone morphogenetic protein 2 

(BMP2), 500 ng/mL FGF4 and 3 uM CHIR for 2 days. Afterwards, cells were collected and embedded in 

Matrigel. To differentiate to colonic epithelium, cells were treated with 3 uM CHIR, 300 nM LDN193189 

(LDN, Axon, Scottsdale, AZ) and 100 ng/mL epidermal growth factor (EGF, R&D systems, Minneapolis, MN) 

in Advanced DMEM/F12 (Invitrogen, Waltham, MA) +B27 media for 39 days.  

APC (A) mutants were generated in HUES8 cells using sgRNA targeting to generate an indel at exon 8. 

Colonoids with alterations in KRAS (K) signaling were generated by using TALEN to insert a KRASG12V mutant 

allele. TP53 (P) knockout mutations in colonoids were generated using a dox inducible CRISPR/Cas9. 

Lentiviral transduction was used to deliver sgRNAs that target exon 4 of the TP53 gene (Supp Fig 1). To 

induce KRAS and TP53 alterations, colonoids were treated with doxycycline after differentiation for 30 days 

(media was changed accordingly).  

 

RNA isolation. Cellular RNA was isolated using the Norgen Total RNA Purification Kit (Norgen Biotek, 

Thorold, ON, Canada) in accordance with the manufacturer’s protocol. Nanodrop 2000 (Thermo Fisher 

Scientific, Waltham, MA) was used to determine RNA concentration and purity. RNA integrity was determined 

by the Cornell University Biotechnology Resource Center using the Agilent 5200 Fragment Analyzer (Agilent, 

Santa Clara, CA).  

 

Small RNA library preparation and sequencing. Library preparation and sequencing was performed by the 

Genome Sequencing Facility of the Greehey Children’s Cancer Research Institute (University of Texas Health 
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Science Center, San Antonio, TX). Libraries were prepared using the CleanTag Small RNA Library Kit 

(TriLink Biotechnologies, San Diego, CA). Single-end 75x sequencing was performed using the NextSeq 500 

platform (Illumina, San Diego, CA). 

 

Small RNA-seq analysis. FastQC was used to evaluate read quality. MiRquant2.0 was used for adapter 

trimming, mapping to the hg19 genome and miRNA quantification as previously described [12, 33]. Small 

RNA-seq integrity metric (SIM) was calculated to assess small RNA intactness, as described in Shumway et al., 

(2022) [34]. In short, the percentage of reads between 18-24 and 30-33 nucleotides were summed together. 

RNAs in this size range are enriched for miRNAs and tRNA-derived RNAs (tDRs), respectively. SIM is 

calculated as the percentage of reads in the miRNA and tDR size ranges divided by the percentage of reads 

outside of these size windows. Counts were normalized and differential expression was calculated using 

DESeq2 [35]. SIM and shipping batch were incorporated as covariates in the DESeq2 model. Modules of 

miRNA expression across genotypes were defined as previously described [12]. In short, miRNAs with an 

annotation in the 5000s were removed from the analysis as these are considered products of degradation. 

DESeq2 was used to perform a likelihood ratio-test on raw miRNA counts produced by miRquant2.0. MiRNAs 

of interest were defined as those with an adjusted p-value below 0.05 and baseMean above 100. Raw counts for 

these miRNAs underwent an rlog transformation. Modules of miRNAs with similar patterns of expression were 

defined using DEGReport (v1.26.0; minc = 5) [36]. Fold change heatmaps were generated by subtracting rlog 

miRNA expression for each colonoid sample by the average iGFP+dox rlog expression. Visualization was 

performed by using the pheatmap R package (v1.0.12).  

 

Quantitative PCR. Gene reverse-transcription was performed using the High-Capacity RNA-to-cDNA kit 

(ThermoFisher Scientific, Waltham, MA) according to manufacturer’s instructions. Gene quantification was 

completed using the TaqMan Gene Expression Master Mix (ThermoFisher Scientific, Waltham, MA) and 
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normalized to RPS9. Gene TaqMan assays: EPAS1 (assay ID: Hs01026149_m1), ZBTB7A (assay ID: 

Hs00252415_s1), SP2 (assay ID: Hs00175262_m1), and RPS9 (assay ID: Hs02339424_g1).  

 

The Cancer Genome Atlas (TCGA) analysis. TCGA data was downloaded and analyzed as described in 

Villanueva et al. 2022 [12]. Normalized miRNA quantification files (reads per million miRNAs mapped; 

RPMMM) for primary colon adenocarcinoma samples (n=371) were downloaded using the NIHGDC Data 

Transfer Tool. The 371 samples were further filtered down to the 326 with simple somatic mutation (TCGA 

v32.0) and copy number variation (TCGA v31.0; CNV) data. Samples with an APC (A) mutation were defined 

as tumors harboring a non-synonymous mutation and/or CNV loss in APC. Samples with an KRAS (K) mutation 

were defined as tumors harboring a non-synonymous mutation and/or CNV gain in KRAS. Samples with an 

TP53 (P) mutation were defined as tumors harboring a non-synonymous mutation and/or CNV loss in TP53. 

Samples with a CNV loss and non-synonymous mutation were not labeled oncogenic KRAS mutants for our 

analyses. For APC and TP53, samples with a CNV gain and non-synonymous mutation were not labeled 

oncogenic mutants for our analyses.  

 

Length Extension Chromatin Run-On Sequencing (leChRO-seq) library preparation and sequencing. 

ChRO-seq was completed with >1 million cells per sample as described previously [12, 37]. In short, 1 mL 1X 

NUN buffer containing 50 units/mL RNase cocktail enzyme mix (Ambion, Austin, TX), 1 mM DTT 

(ThermoFisher Scientific, Waltham, MA), and 1X protease inhibitor cocktail (Pierce Biotechnology, Waltham, 

MA) was added to each cell pellet. Samples were vortexed for 1 minute to lyse the cells. An additional 0.5 mL 

1X NUN buffer was added to each sample and the tubes were incubated in an Eppendorf Thermomixer at 12°C 

while being shaken for 30 minutes at 2000 rpm. Samples were vortexed again for 1 minute. Chromatin was 

pelleted (centrifuge 12,5000 xg for 30 minutes at 4°C) and then washed 3 times (1 mL 50 mM Tris-HCl pH = 

7.5 with 40 units/mL SUPERase In RNase Inhibitor). Supernatant was removed and chromatin pellets were 
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resuspended in 40 µL 1X DNase I reaction buffer (NEB, Ipswich, MA) containing 1 mM DTT, 50 units/mL 

SuperaseIN RNase Inhibitor (Life Technologies, Carlsbad, CA), and 1X protease inhibitor cocktail. Chromatin 

was solubilized by adding 10 µL of 2U/µL DNase I enzyme (NEB, Ipswich, MA) to each sample, gently 

vortexing and incubating in an Eppendorf Thermomixer at 37°C for 5 minutes at 1000 rpm. Run-on reaction 

was completed by adding 50 µL of 2X run-on reaction mix containing 10 mM Tris-HCl (pH=8.0), 5 mM 

MgCl2,  1 mM DTT, 300 mM KCl, 400 µM ATP, 0.8 µM CTP, 400 µM GTP, 400 µM UTP, 40 µM Biotin-11-

CTP (Perkin Elmer, Waltham, MA), 100 ng yeast tRNA (VWR, Radnor, PA), 0.8 units/ µL SUPERase In 

RNase Inhibitor, and 1% Sarkosyl (ThermoFisher Scientific, Waltham, MA) to solubilized chromatin. Samples 

were incubated in Eppendorf Thermomixer at 37°C for 5 minutes at 750 rpm. Reaction was terminated by 

adding 300 µL TRI Reagent LS (Molecular Research Center, Cincinnati, OH).  

RNA was purified by performing a phenol-chloroform extraction (BCP was used instead of chloroform; 

Molecular Research Center, Cincinnati, OH) followed by an ethanol precipitation. Samples were further 

purified by performing a buffer exchange using P-30 columns (Bio-Rad, Hercules, CA) and another ethanol 

precipitation. Ligation of the RNA 3’ Adapter (RA3) was achieved by using T4 RNA Ligase 1 (NEB, Ipswich, 

MA) according to manufacturer’s instructions. RNA was concentrated using streptavidin magnetic beads (NEB, 

Ipswich, MA) and washed using high salt wash buffer (50 mM 1M Tris-HCl pH = 7.4, 2 M NaCl, 0.5% Triton 

X-100, 50% DEPC water), low salt wash buffer (5 mM 1M Tris-HCl pH = 7.4, 2 M NaCl, 0.1% Triton X-100, 

98.5% DEPC water) and DEPC water (Amresco, Dallas, TX). RppH (NEB, Ipswich, MA) was used to remove 

the RNA 5’ cap according to manufacturer’s instructions. RNA was concentrated using streptavidin magnetic 

beads and washed. T4 PNK (NEB, Ipswich, MA) was used to phosphorylate the 5’ end of RNA according to 

manufacturer’s instructions. Ligation of the 5’ Adapter (DRAS-6N) was achieved using T4 RNA Ligase 1. 

RNA was enriched using streptavidin magnetic beads and washed. Superscript III Reverse Transcriptase (Life 

Technologies, Carlsbad, CA) was used to produce cDNA. Library amplification was achieved by using Q5 

High-Fidelity DNA Polymerase (NEB, Ipswich, MA). Exo I (NEB, Ipswich, MA) was used to enzymatically 
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clean samples and all sample libraries were pooled together for PAGE purification. Pair-end sequencing was 

performed by Novogene (Sacramento, CA) using the NovaSeq platform. 

 

leChRO-seq analysis. FASTQ files were processed as described in the proseq2.0 pipeline 

(https://github.com/Danko-Lab/proseq2.0) in paired-end mode [37]. Reads were mapped to the hg38 genome. 

Genes were annotated using the human gencodeV25 annotation. For gene quantification, the first 500 bp of 

gene annotations were removed to account for polymerase pausing at promoters. Genes below 1000 bp were 

excluded from the analysis to reduce bias for shorter gene bodies. Gene normalization and differential 

expression were performed using DESeq2.  

MiRNAs were annotated using the human gencodeV33 annotation. Given gencode annotations are for 

processed miRNAs, we expanded the window for each miRNA 5000 bp upstream from the annotated start site 

and 5000 bp downstream from the annotated miRNA end. For miRNA quantification, this strategy captures 

ChRO-seq signal produced from transcribing a proxy region for the primary miRNA transcript. MiRNA 

normalization and differential expression were performed using DESeq2. Sequencing batch and genotype were 

incorporated as covariates in the DESeq2 model. To visualize changes in miRNA transcription, rlog 

transformation and limma batch correction for sequencing batch were applied to raw counts. Patterns of miRNA 

transcription were defined as described above under “Small RNA-seq analysis” (baseMean cutoff > 10 

normalized counts, padj < 0.05, minc = 5).  

Genes were annotated using the human gencode V25 annotation. Reads within the first 500 bp of the 

annotated transcription start site were not included to account for the polymerase pause peak. Normalization and 

differential expression were performed using DESeq2. Sequencing batch and genotype were incorporated as 

covariates in the DESeq2 model. 
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Defining transcription factor regulators in AKP colonoids. To define changes in transcriptional regulatory 

elements (TREs), bigwig files output from proseq2.0 were merged. Merged signal was input to dREG 

(https://dreg.dnasequence.org/) [38, 39] to identify active TREs. ChRO-seq signal was mapped and annotated 

using dREG defined TREs. For intragenic TREs, ChRO-seq signal on the strand overlapping with a protein 

coding gene was not incorporated and the signal on the opposite strand of the gene was doubled. This accounts 

for changes in ChRO-seq signal that may be a result of changes in gene transcription as opposed to TRE 

transcription. Normalization and differential expression analyses were performed using DESeq2. Sequencing 

batch and genotype were included as covariates. For visualization, an rlog transformation and limma batch 

correction for sequencing batch were applied to raw counts. Significantly upregulated TREs (DESeq2 

baseMean > 5 normalized counts, fold change > 1.5x, padj  <  0.05) input into HOMER [40] to perform a 

transcription factor motif enrichment analysis. TREs with a fold change < 1.5x or a padj > 0.2 were used as a 

control dataset for HOMER. Transcription factors with a leChRO-seq baseMean > 5 and HOMER q-value < 

0.05 were considered to have a statistically significant enrichment of binding sites from the list of input TREs. 

 

Defining post-transcriptionally regulated miRNAs. Post-transcriptionally regulated miRNAs were defined 

according to a DESeq2 two-factor analysis. One factor was defined by the genotype (AKP vs iGFP) while the 

other referred to the assay used (smRNA-seq vs ChRO-seq). Post-transcriptionally regulated miRNAs were 

defined as those with a smRNA-seq baseMean > 100 normalized counts, smRNA-seq fold change > 1.5x, 

smRNA-seq padj < 0.05, ChRO-seq baseMean > 10 normalized counts, ChRO-seq padj > 0.1, and a DESeq2 

two-factor padj < 0.05 for the interaction term. 

 

RNA-seq library preparation and sequencing. Library preparation and sequencing was performed by the 

Cornell Transcriptional Regulation & Expression Facility (Cornell University, Ithaca, NY). Libraries were 
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prepared using the Qiagen HMR kit (Qiagen, Hilden, Germany). Paired-end sequencing was performed using 

the NextSeq 500 platform (Illumina, San Diego, CA). 

 

RNA-seq analysis. FastQC was used to evaluate read quality. STAR (v2.7.9a) was used to align reads to the 

hg38 genome and Salmon (v1.4.0) was used for quantification. Counts normalization and differential expression 

were calculated using DESeq2 [35]. RNA Integrity Number (RIN) was incorporated as a covariate in the 

DESeq2 model. 

 

Results 

 

Unique combinations of oncogenic mutations in human colonoids result in distinct miRNA expression 

profiles 

 To evaluate the effects of different mutational contexts on miRNA expression profiles, we generated 

genetically modified human colonic organoids (termed colonoids) using a combination of CRISPR/Cas9 and 

transcription activator-like effector nuclease (TALEN). (Supp Fig 1) [28]. These colonoids harbor 

modifications for genes commonly mutated in colon cancer, as reported by The Cancer Genome Atlas (TCGA) 

[25]: APC (261/387 tumors), KRAS (154/387 tumors), and TP53 (213/387 tumors). A small RNA-seq analysis 

was then performed on APC  mutant (A-mutant; n=3), APC/KRAS mutant (AK-mutant; n=4), APC/KRAS/TP53 

mutant (AKP-mutant; n=2), and iGFP control (n=4) human colonoids (Fig 1A, Supp Table 1). A substantial 

number of colon tumors from TCGA harbor combinations of mutations in these three genes [25]. Because 

genetic alterations for KRAS and TP53 are dox-inducible, all colonoid samples received dox treatment. The 

effect of dox on miRNA expression was minimal (Supp Fig 2). Principal component analysis (PCA) reveals 

that miRNA profiles stratify colonoids by genotype (Fig 1B). 
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AKP-mutant colonoids exhibit the largest number of differentially expressed miRNAs (46 upregulated, 

56 downregulated; DESeq2 smRNA-seq baseMean >100, fold change >1.5x, p-adj < 0.05) relative to iGFP 

control samples, whereas A-mutant colonoids exhibit the fewest number of differentially expressed miRNAs (6 

upregulated, 9 downregulated; DESeq2 smRNA-seq baseMean >100, fold change >1.5x, p-adj < 0.05) relative 

to controls (Fig 1C). Three miRNAs are commonly downregulated (mir-205-5p, mir-1224-5p, mir-375_+_1) 

and two are commonly upregulated (hsa-mir-10b-5p_+_1, hsa-mir-10b-5p) across all three mutant genotypes 

(DESeq2 smRNA-seq baseMean >100, fold change >1.5x, p-adj < 0.05; Fig 1D, Fig 1E, Supp Fig 3). We have 

previously shown that expression of mir-375, a tumor suppressive miRNA in colon cancer [41-43], is 

negatively regulated by WNT/β-catenin signaling in murine enteroids [44]. While it is unknown whether mir-

1224-5p and mir-205-5p are regulated by WNT/β-catenin, both have been shown to function as tumor 

suppressors in colon cancer [45-48] and negatively regulate WNT signaling [49, 50]. Inversely, elevated mir-

10b-5p has been shown to support colon tumor development [51, 52] and promote WNT signaling in multiple 

tissue contexts [44, 53, 54].  

Interestingly, five miRNAs (mir-25-5p, mir-92a-1-5p, mir-708-5p, let-7b-5p, and mir-196b-5p) are 

significantly upregulated in one mutational context and significantly downregulated in another (DESeq2 

smRNA-seq baseMean >100, fold change >1.5x, p-adj < 0.05; Fig 1D, Fig 1E, Supp Fig 3). Mir-196b-5p, 

which has been suggested to perform oncogenic and tumor suppressive functions in CRC [55, 56], is 

significantly downregulated in AK-mutants and significantly upregulated in AKP-mutants (Fig 1E). Mir-708-5p 

and let-7b-5p are both downregulated in A-mutants and elevated in AKP-mutant colonoids (Fig 1E). However, 

the literature suggests these two miRNAs perform opposite functions in CRC where mir-708-5p [57] promotes 

tumor progression and let-7b-5p is a tumor suppressor [58]. These two miRNAs highlight the various effects 

miRNAs can have on tumorigenesis and how oncogenic mutations can regulate their function. Combined, these 

results shed light on genotype-specific expression patterns for miRNA regulators of CRC and can serve as an 

important guide for the investigation of miRNA function and the utilization of miRNA-based therapeutics in 

precision medicine.  
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Genetically modified colonoids exhibit 10 different patterns of miRNA expression across genotypes 

 Next, we sought to define genotype-specific patterns, or “modules,” of miRNA expression to better 

understand how the magnitude of change in expression can vary across genotypes. We used DESeq2 to perform 

a likelihood ratio test (LRT) and identified the miRNAs (n=229) that exhibit significant variation across 

colonoid genotypes (DESeq2 smRNA-seq p-adj < 0.05, baseMean >100). Using the R package DEGReport 

(v1.26.0), we defined 10 distinct patterns of miRNA expression (Fig 2A, Supp Fig 4). Approximately 10% of 

miRNAs (23/229) are consistently elevated (Group F; Fig 2B) or reduced (Group C; Fig 2C) in mutant 

genotypes relative to iGFP control. Mir-10b-5p and mir-375, which we previously identified as being 

differentially expressed (DESeq2 smRNA-seq baseMean >100, fold change >1.5x, p-adj < 0.05; Fig 1D, Fig 

1E) in all mutant colonoids relative to iGFP controls, are assigned to Group F and Group C respectively. The 

remaining ~90% of miRNAs exhibit mutation-specific variability in the direction of change in expression 

relative to iGFP controls.  

Roughly half of the miRNAs (121/229) are allocated to Group D (Fig 2D) or Group B (Fig 2E) which 

exhibit mirror patterns of miRNA abundance. MiRNAs in both groups display similar expression between A-

mutant and iGFP colonoids and show a stepwise increase (Group D; Fig 2D) or decrease (Group B; Fig 2E) in 

abundance from A-mutant to AK-mutant to AKP-mutant colonoids. Of the miRNAs in Group D that exhibit an 

increase in expression (Fig 2D), we observe multiple notable oncogenic miRNAs such as mir-24-3p [12, 59] 

and mir-182-5p [60, 61]. Inversely, Group B (Fig 2E) includes multiple tumor suppressive miRNAs such as 

mir-215 [62, 63] and mir-194-5p [64, 65].  

While the plurality of miRNAs exhibit the largest change in expression in AKP-mutants, as shown in 

Group D and Group B, there is a subset of miRNAs for which expression is similar between AKP-mutant and 

iGFP colonoids (Group J; Fig 2F). This indicates that the observed alterations in miRNA expression are not 

simply due to the accumulation of mutations, but a complex molecular effect of multiple perturbed pathways.  
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Tumor suppressor miRNAs miR-34a-5p and miR-10a-5p are uniquely downregulated in AKP-mutant 

colonoids 

 To investigate miRNAs for which one specific mutation has a dominant role in altering expression, we 

focused on Group A miRNAs (Fig 3A), which do not change on average in A-mutant or AK-mutant colonoids 

but are dramatically reduced in AKP-mutants (Fig 3B, Supp Fig 5). This group of miRNAs may be particularly 

sensitive to perturbations in p53 activity. We filtered Group A for miRNA strands that are most frequently 

loaded onto the RNA-induced silencing complex, termed guide strand miRNAs (defined by miRbase). For 

miRNA isoforms, termed isomiRs, we matched each isomiR to its corresponding canonical miRNA annotation. 

This leaves five guide miRNAs (mir-34a-5p, mir-615-3p, mir-486-5p, mir-3615, mir-10a-5p) affiliated with 

Group A that exhibit an AKP-specific decrease in expression (Fig 3B). Mir-34a-5p is a tumor suppressor 

miRNA [30, 31] that has previously been shown to be transcriptionally regulated by P53 [66]. Mir-615-3p [67, 

68] and mir-486-5p [69, 70] are also thought to suppress CRC development and have been proposed to be 

regulated by P53 in other tissue contexts [71, 72]. Mir-10a-5p is a suggested tumor suppressor in CRC [32] and, 

while it has not yet been reported as a P53 target, it can regulate the P53 pathway in leukemia [73]. Moving 

forward, we narrowed our focus to mir-10a-5p and mir-34a-5p, as they are the most highly expressed of the 

miRNAs in Group A (Supp Fig 5). 

 We next sought to evaluate whether downregulation of mir-10a-5p and mir-34a-5p in the context of an 

inactivating TP53 mutation is observed in human colon tumors. We downloaded small RNA-seq, simple 

somatic mutation, and copy number data for primary colon tumor samples (n = 316) from TCGA. Tumors were 

divided into TP53 mutant (n=200) and wildtype (n=116) samples. In line with our AKP colonoid results, mir-

34a-5p is significantly downregulated in TP53 mutant tumors relative to TP53 wildtype (Fig 3C). However, 

mir-10a-5p abundance does not differ between TP53 mutant and wildtype samples (Fig 3C). One potential 

explanation is that TCGA tumors represent a heterogenous collection of various cell types (including fibroblast, 
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immune, endothelial, etc) and the altered mir-10a-5p expression may be specific to the epithelium, which is the 

only cell type in the human colonoids.   

 

Alterations in AKP miRNA expression profiles are consistent with changes in miRNA transcription, with 

some notable exceptions 

 Genotype-specific changes in miRNA expression could result from alterations primarily in miRNA 

transcription, post-transcriptional regulation, or both. To distinguish between these possibilities, we leveraged 

length extension chromatin run-on sequencing (leChRO-seq) on the human colonoids to quantify transcription 

within a 10KB window surrounding annotated miRNAs (Supp Table 2). Dox treatment alone does not have a 

substantial impact on miRNA transcription (Supp Fig 6). PCA of miRNA transcription profiles shows that 

mutant colonoids exhibit genotype-specific patterns of miRNA transcription (Fig 4A, Supp Table 3, Supp 

Table 4). Next, we examined whether miRNAs that exhibit significant variation in expression across genotypes 

also exhibit similar patterns of miRNA transcription. To evaluate this, we filtered the list of miRNAs used to 

generate modules of miRNA expression (DESeq2 smRNA-seq p-adj < 0.05, baseMean >100; n=229; Fig 2A) 

for those with leChRO-seq DESeq2 baseMean > 10. The remaining 147 miRNAs were used as input for 

DEGReport, which defined eight patterns of miRNA transcription (Fig 4B, Supp Fig 7). Multiple modules of 

miRNA transcription have a module of miRNA expression that exhibits a similar pattern of change across 

genotypes. Group B expression module (Fig 2A, Fig 2E) and Group 4 transcription module (Fig 4B, Supp Fig 

7), which contain tumor suppressor miRNAs mir-215 and mir-194, exhibit a similar stepwise decrease in signal 

as you progress from A to AKP-mutants. Group A expression module (Fig 2A, Fig 3A) and Group 6 

transcription module (Fig 4B, Supp Fig 7), which include mir-34a, display a similar AKP-specific drop in 

signal.  Thus, we show that there is overall concordance between patterns of miRNA transcription and 

expression.  
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 Next, we sought to evaluate whether the guide strand miRNAs that exhibit an AKP-specific drop in 

expression (Fig 3B), are primarily transcriptionally or post-transcriptionally regulated (Supp Fig 8). Mir-486 

did not meet our leChRO-seq signal cutoff (DESeq2 leChRO-seq baseMean>10) and was therefore not 

incorporated into this analysis. Mir-3615 exhibited a significant decrease in transcription (DESeq2 leChRO-seq 

log2 fold change < 0, p-adj <0.05) in AK and AKP-mutant colonoids, with the largest decrease in AKP-mutants 

(Fig 4C). Mir-34a and mir-615 demonstrate decreased transcription in AKP-mutant colonoids only (log2 fold 

change < 0, p-adj < 0.05; Fig 4C). Transcription patterns for these three miRNAs mimic their genotype-specific 

changes in expression (Fig 3B) suggesting that they are, at least in large part, transcriptionally regulated by the 

mutational combinations of interest. Interestingly, mir-10a exhibits no significant transcriptional change in 

AKP-mutants, suggesting that it is primarily post-transcriptionally regulated (Fig 4C).  

Consequently, we sought to assess for AKP-mutants what proportion of miRNAs are post-

transcriptionally regulated. For miRNAs that meet transcription and expression cutoffs (DESeq2 leChRO-seq 

baseMean >10, smRNA-seq baseMean >100; n=306), we observe a significant positive correlation (Pearson’s 

r=0.67) between miRNA transcription and expression (Fig 4D), confirming that alterations in transcription are a 

major cause of the miRNA expression change in AKP-mutant colonoids. Of these 306 miRNAs, though, we 

found that there are 15 that are significantly post-transcriptionally altered, but not transcriptionally affected, by 

the AKP mutational combination (DESeq2 leChRO-seq p-adj > 0.1, smRNA-seq fold change >1.5x, smRNA-

seq p-adj < 0.05, two-factor p-adj < 0.05; Fig 4E). Among the 15, 7 are post-transcriptionally upregulated (mir-

425-3p_-_1, mir-21-5p_-_1, mir-135b-5p, mir-324-5p, mir-877-5p, mir-23a-3p, mir-671-5p) and 8 are post-

transcriptionally downregulated (mir-10a-5p_-_1, mir-10a-5p, mir-10a-3p, mir-10a-3p_+_1, mir-10a-3p_+_2, 

mir-10a-3p_-_1, mir-10a-5p_+_2, mir-10a-5p_+_1). All miRNAs in the latter group are derived from the mir-

10a locus. Combined, our results support the notion that most alterations in miRNA expression in AKP-mutant 

colonoids are driven in large part by changes in miRNA transcription, with a few notable exceptions of 

primarily post-transcriptionally regulated miRNAs (e.g., mir-10a). 
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Putative TF regulators of transcriptional programs in AKP are predicted miR-10a-5p and miR-34a-5p 

targets 

 To identify transcription factors that may drive transcriptional changes in AKP-mutant colonoids, we 

used dREG [38, 39] to define transcriptional regulatory elements (TREs) across colonoid genotypes.  We 

quantified leChRO-seq signal at TREs and found that TREs stratify colonoid models better than miRNA 

expression or transcription profiles (Fig 5A). Dox treatment alone has only a minor impact on TRE activity 

profiles (Supp Fig 9). Using DESeq2, we identified 174 TREs with elevated transcription and 590 with 

decreased transcription when comparing AKP-mutant to iGFP controls (DESeq2 leChRO-seq baseMean > 5, 

fold change > 1.5x, p-adj <0.05; Fig 5B). We performed a HOMER [40] transcription motif enrichment 

analysis on upregulated TREs and identified a significant enrichment of binding sites for six transcription 

factors (HOMER q-value < 0.05; HIF-2α, LRF, SP2, HIF-1b, bHLHE41, Maz; Fig 5C). Oncogenic 

transcription factors HIF-2α [74, 75], LRF [76, 77], and SP2 [78, 79] harbor predicted miRNA binding sites for 

mir-10a-5p and SP2 has a predicted binding site for mir-34a-5p (predicted by TargetScan). Unexpectedly, HIF-

2α, LRF, and SP2 exhibit a significant decrease in transcription in AKP-mutant colonoids relative to iGFP 

(DESeq2 leChRO-seq log2 fold change < 0, p-value < 0.05, p-adj < 0.2; Fig 5C). However, we observe no 

significant change in gene expression for HIF-2α, LRF and SP2 (Fig 5D, Supp Table 5, Supp Table 6, Supp 

Fig 10, Supp Fig 11), suggesting that these transcription factors are subject to opposing directional effects of 

transcriptional and post-transcriptional regulation. Ultimately, these results provide novel insight into important 

transcription factor regulators in AKP-mutant colonoids and highlight candidate miRNA regulators of their 

expression. 

 

Discussion 
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For this study, we leveraged genetically modified human colonoid models of CRC to identify miRNA 

transcription and expression profiles in different genetic contexts. We find that our colonoid models display 

genotype-specific patterns of miRNA transcription and expression. Furthermore, we define 10 distinct patterns, 

or modules, of miRNA expression across colonoid models. When characterizing patterns of miRNA 

transcription, we observe similar trends to those defined for miRNA expression. We constructed a publicly 

accessible resource, called HM-COMET (https://jwvillan.shinyapps.io/HM-COMET/), that allow users to 

browse the transcription and expression of miRNAs of interest across distinct mutational contexts.  

We highlight a list of five miRNAs that are commonly downregulated (mir-205-5p, mir-1224-5p, mir-

375_+_1) or commonly upregulated (hsa-mir-10b-5p_+_1, hsa-mir-10b-5p) in mutant colonoids relative to 

iGFP controls. The concordance between transcription and expression for these miRNAs would suggest that 

altered expression is driven, in large part, by changes in transcriptional regulation. Future studies could build on 

our work by investigating whether these five miRNAs share similar TF regulators. Furthermore, it would be 

interesting to evaluate what protein-coding genes these TFs regulate to identify genotype-independent genes 

that may play a fundamental role in CRC tumorigenesis. Given that all our mutant colonoids harbor an APC 

mutation, we hypothesize that TFs regulated by WNT/Β-catenin signaling, such as TCF4, may facilitate 

changes in the expression of these five miRNAs. Our lab previously showed that mir-375 is negatively 

regulated by WNT/Β-catenin signaling [12, 44]. Interestingly, the three commonly downregulated miRNAs 

have been shown to negatively regulate WNT/Β-catenin signaling [49, 50, 80]. If these miRNAs are controlled 

by WNT-regulated TFs, then this would suggest a feedback loop between miRNAs and their transcriptional 

regulators in CRC. 

 Additional studies could expand on our results by further exploring the upstream regulators and 

downstream genes for each of the 10 modules of miRNA expression. Given that alterations in miRNA 

expression are largely driven by changes in transcription, we predict that TF activity may play a large role in 

establishing genotype-specific patterns of expression. Our results identified multiple TFs (HIF-2α, SP2, LRF) 

that appear to drive transcriptional changes in AKP-mutants. We hypothesize that these TFs may play a 
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substantial role in driving alterations in miRNA transcription. Furthermore, future studies could expand on our 

work by identifying shared predicted target genes for the miRNAs in each expression module to better 

understand the downstream effects. Given that it has been shown that groups of miRNAs can converge on 

signaling pathways to amplify their effects [81-83], our modules of miRNA expression offer the unique 

opportunity to study this phenomenon in CRC.  

Recently, it has been shown that increased HIF-2α activity in CRC primes cells to undergo ferroptosis 

[84]. Previously, we showed that inhibition of mir-24-3p in the HCT116 CRC cell line results in a significant 

increase in gene regulators of ferroptosis [12]. AKP-mutant colonoids display a significant increase in mir-24-

3p expression. We hypothesize that inhibition of mir-24-3p in AKP-mutant colonoids, which we show may 

have elevated HIF-2α activity, may further sensitize tumor cells to undergo ferroptosis. This would increase the 

efficacy of therapeutics, like oxaliplatin [85], that are commonly used to treat CRC patients by inducing 

ferroptosis.  

Ultimately, our results provide novel insights into the effects of genotype on miRNA transcription and 

expression in the human colonic epithelium. This study provides valuable information on the mechanisms that 

drive inter-tumor molecular heterogeneity. One limitation of this study is that we are unable to distinguish 

changes in miRNA expression that are driven by individual mutations (KRAS or TP53), or within multi-

mutational contexts (APC/KRAS or APC/KRAS/TP53 mutant). Future studies can build on this work by 

incorporating colonoid models with individual mutations in TP53 and KRAS. Additionally, it would be 

advantageous to include colonoids with mutations in additional gene pathways commonly mutated in CRC, 

such as PI3K and TGF-β signaling [25]. Further understanding of the effects of distinct combinations of somatic 

mutations on miRNA regulators of CRC will be important for identifying candidate miRNA therapeutic targets. 

Targeting these candidate miRNAs in a genotype-specific manner may help advance precision medicine in 

CRC.  
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Figure 1: Genetically modified human colonoid models exhibit genotype-specific patterns of miRNA 

expression. (A) Diagram depicting how colonoid models were generated (created using BioRender.com). (B) 

PCA plot illustrating relationship among colonoid samples based on miRNA expression profiles. A = APC 

mutant, AK = APC/KRAS mutant, AKP = APC/KRAS/TP53 mutant. (C) Volcano plots highlighting the 

number of differentially expressed miRNAs for each mutant genotype relative to iGFP control (DESeq2 

baseMean >100, fold change > 1.5x, p-adj < 0.05). (D) Venn diagram showing the overlap of differentially 

expressed miRNAs among mutant genotypes. (E) Heatmap for miRNA strands that are most frequently loaded 

onto the RNA-induced silencing complex (guide strands) and differentially expressed in at least one mutant 

genotype. Data point color represents miRNA log2 fold change while shape refers to adjusted p-value 

(DESeq2).  
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Figure 2: Colonoid models exhibit 10 distinct patterns of miRNA expression across genotypes. (A) 

DEGReport-defined modules of miRNAs with shared patterns of expression across genotypes; restricted to 

miRNAs (n=229) with a DESeq2 likelihood ratio test p-adj < 0.05 and baseMean > 100. MiRNA modules are 

required to consist of at least 5 miRNAs. (B-F) Heatmaps highlighting the magnitude of fold change between 

each mutant colonoid sample and average expression in iGFP control. Coloration represents the rlog 

transformed miRNA expression for each colonoid sample subtracted by the rlog transformed average 

expression in iGFP control. Color scale saturates at -3 and 3. Heatmaps defined by DEGReport for (B) Group F, 

(C) Group C, (D) Group D, (E) Group B, and (F) Group J are shown here. 
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Figure 3: Specific tumor suppressor miRNAs are uniquely downregulated in AKP mutant colonoids. (A) 

Heatmap for Group A, defined by DEGReport, highlighting the magnitude of fold change between each mutant 

colonoid and the average expression in iGFP controls. Coloration represents the rlog transformed miRNA 

expression for each colonoid sample subtracted by the rlog transformed average expression in iGFP controls. 

Color scale saturates at -3 and 3. (B) Guide strand miRNAs affiliated with Group A. For miRNA isoforms, the 

canonical miRbase miRNA is shown here. Normalized counts and p-values calculated by DESeq2. (C) Mir-10a 

and mir-34a expression (normalized to reads per million mapped to miRNAs; RPMMM) in TCGA primary 

colon tumors with wildtype (n=116) and mutant TP53 (n=200). Significance determined using two-sided 

Wilcoxon test. * p<0.05, **p<0.01, ***p<0.001. 
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Figure 4: Altered transcription drives most but not all changes in miRNA expression in AKP mutants. 

(A) PCA plot illustrating relationship among colonoid samples based on miRNA transcription profiles 

generated using leChRO-seq. (B) DEGReport-defined modules of miRNA transcription. MiRNAs from Figure 

2A that had a DESeq2 leChRO-seq baseMean > 10 were used as input for this analysis (n=147). Modules are 

required to consist of at least 5 miRNAs. (C) Heatmap visualizing alterations in miRNA transcription for the 

miRNAs highlighted in Figure 3B that had a DESeq2 leChRO-seq baseMean > 10. Data point color represents 

miRNA log2 fold change while shape refers to adjusted p-value (DESeq2). (D, E) Correlation plot for smRNA-

seq based miRNA expression and corresponding leChRO-seq based miRNA transcription from AKP-mutant 

and iGFP comparison. (D) Visualization of linear regression analysis with Pearson’s correlation coefficient 

shown. (E) Results of DESeq2 two-factor analysis highlighting primarily post-transcriptionally regulated 

miRNAs (DESeq2 leChRO-seq baseMean >10, smRNA-seq baseMean >100, leChRO-seq p-adj > 0.1, 

smRNA-seq fold change >1.5x, smRNA-seq p-adj < 0.05, two-factor p-adj < 0.05). MiRNAs in red are post-

transcriptionally upregulated while miRNAs in blue are post-transcriptionally downregulated. MiRNAs in gray 

are subject to some level of substantive transcriptional regulation. 
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Figure 5: Putative transcription factors with enrichment of binding sites in TREs upregulated in AKP 

colonoids are predicted mir-10a-5p and mir-34a-5p targets. (A) PCA plot illustrating relationship among 

colonoid samples based on leChRO-seq signal in dREG-defined TREs. (B) Volcano plot highlighting the 

number of differentially transcribed TREs between AKP mutant colonoids and iGFP control (DESeq2 

baseMean >5, fold change > 1.5x, p-adj < 0.05) (C) Transcription factors with a significant enrichment (q-value 

< 0.05) of binding sites (defined by HOMER) in the 174 TREs with increased transcription in AKP colonoids. 

Data point coloration represents the log2 fold change in the transcription of a given transcription factor 

(DESeq2). Data point size represents the transcription factor leChRO-seq signal (DESeq2 baseMean). 

Transcription factors with a leChRO-seq baseMean < 10 were not incorporated in this analysis. (D) RNA-seq 

DESeq2 differential expression statistics for EPAS1 (HIF-2α), ZBTB7A (LRF), SP2, ARNT (HIF-1b), 

BHLHE41, and MAZ comparing AKP mutant and iGFP colonoids. 
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