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ABSTRACT 37 

Although much is known about the gene mutations required to drive colorectal cancer (CRC) initiation, 38 

the tissue-specific selective microenvironments in which neoplasia arises remains less characterized. 39 

Here, we determined whether modulation of intestinal stem cell niche morphogens alone can exert a 40 

neoplasia-relevant selective pressure on normal colonic epithelium. Using adult stem cell-derived 41 

murine colonic epithelial organoids (colonoids), we employed a strategy of sustained withdrawal of EGF 42 

and EGFR inhibition to select for and expand survivors. EGFR-signaling-independent (iEGFR) 43 

colonoids emerged over rounds of selection and expansion. Colonoids derived from a mouse model of 44 

chronic mucosal injury showed an enhanced ability to adapt to EGFR inhibition. Whole-exome and 45 

transcriptomic analyses of iEGFR colonoids demonstrated acquisition of deleterious mutations and 46 

altered expression of genes implicated in EGF signaling, pyroptosis, and CRC. iEGFR colonoids 47 

acquired dysplasia-associated cytomorphologic changes, an increased proliferative rate, and the ability 48 

to survive independently of other required niche factors. These changes were accompanied by 49 

emergence of aneuploidy and chromosomal instability; further, the observed mitotic segregation errors 50 

were significantly associated with loss of interkinetic nuclear migration, a fundamental and dynamic 51 

process underlying intestinal epithelial homeostasis. This study provides key evidence that 52 

chromosomal instability and other phenotypes associated with neoplasia can be induced ex vivo via 53 

adaptation to EGF withdrawal in normal and stably euploid colonic epithelium, without introducing 54 

cancer-associated driver mutations. In addition, prior mucosal injury accelerates this evolutionary 55 

process.  56 

Keywords 57 
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 59 

Key definitions: 60 

Colonoids: adult stem cell-derived colonic epithelial organoids 61 

iEGFR: in vitro selective conditions devoid of EGF (epidermal growth factor) and including an EGFR 62 
(EGF receptor) inhibitor 1  63 

iEGFR colonoids: colonoids tolerant to iEGFR culture conditions with growth and survival similar to 64 
unselected passage-matched controls 65 

INM: Interkinetic nuclear migration 66 

 67 

 68 
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INTRODUCTION 69 

While much is known about the molecular features of CRC and their adenomatous precursors, it 70 

remains a mystery how neoplasia arises from normal epithelium2,3. The colonic epithelial crypt is a test-71 

tube shaped unit comprised of Lgr5+ stem cells at its base, with its differentiation axis determined by 72 

epithelial and stromal microenvironment-derived gradients of niche growth factors4–6. How perturbations 73 

to normal niche growth factor homeostasis may act to promote or constrain initiation of epithelial 74 

neoplasia remain largely unexplored.  75 

Advances in intestinal organoid culture have provided profound insights into the niche signaling 76 

pathways required for maintenance of epithelial homeostasis, including the EGFR/MAPK, Wnt, Notch, 77 

PI3K, and TGF-β pathways7. Intriguingly, these same pathways are recurrently altered in colorectal 78 

cancer (CRC), which is in turn characterized by epithelial architectural complexity, niche remodeling, 79 

and progressive loss of dependence on key niche factors2,3,8,9. Organoid cultures derived from 80 

adenomatous precursors and CRC demonstrate heterogeneous patterns of niche factor-independent 81 

growth reflective of underlying molecular changes3,8. For example, unlike normal epithelial cells, the 82 

vast majority of adenoma and CRC cells grow independently of Wnt and R-spondin ex vivo, 83 

underscoring the fact that APC mutation is a common first hit3. Further, multiple groups have leveraged 84 

the intestinal organoid model to reconstitute the adenoma-carcinoma sequence in vitro, harnessing 85 

selective strategies to identify successfully edited clones; for example, KRAS or PIK3CA mutant 86 

organoids survive in EGF-deficient conditions10–12. 87 

The positioning of cells in the intestinal crypt dictates cell fate13. Interkinetic nuclear migration (INM) has 88 

recently been shown to contribute to the dynamics of cell positioning in the intestinal crypt14. INM is a 89 

homeostatic mitotic mechanism in intestinal epithelium by which basally located nuclei migrate to the 90 

apical aspect of the cell for mitosis, then return to a basal cytoplasmic location after separation of 91 

mitotic sisters14. Interestingly, loss of INM in Apc mutant murine intestinal organoids resulted in 92 

placement of mitotic sisters directly adjacent to one another, rather than the physically separated 93 

mitotic sisters seen in wild-type mitoses with intact INM14. Thus, in addition to altered niche growth 94 

factor homeostasis, biophysical factors related to mitotic dynamics, cell geometry, and/or 95 

microenvironmental stiffness may also directly contribute to clonal expansion of crypt cell populations to 96 

promote neoplasia. In the human colon, cycles of mucosal injury and repair (for example, in 97 

inflammatory bowel disease, or IBD) can transiently or permanently alter the biophysical properties, cell 98 

populations, and growth factors present in the mucosal microenvironment15. Although the mechanisms 99 
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are not fully elucidated, such chronic inflammatory insults lead to increased risk for CRC and other 100 

epithelial cancers16,17. 101 

Here we tested the hypothesis that disturbances to the mucosal microenvironment alone have capacity 102 

to lead to epithelial-autonomous molecular changes promoting cancer. As the feasibility of short-term 103 

EGF withdrawal in organoid culture has been demonstrated1, EGF is a critical intestinal stem cell niche 104 

factor7,18–20, and EGF signaling is indispensable for normal intestinal stem cell survival and propagation 105 

in vitro3,7, we focused our selection experiments on the evolution of EGFR-signaling-independent 106 

growth. Indeed, our data show that long-term withdrawal of EGFR signaling alone results in a 107 

molecularly distinct and sustained adaptive epithelial phenotype. 108 

 109 

 110 

 111 

 112 
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METHODS 125 

Mouse Strains Used to Derive Colonoid Lines 126 

Primary colonoid cultures used in this study were derived from C57BL/6J mice (directly received from 127 

Jackson Laboratory). All animal experiments were implemented in accordance with an animal protocol 128 

approved by the Johns Hopkins University Animal Care and Use Committee (Protocol MO18M85) and 129 

ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. All the mice were housed in 130 

a specific pathogen-free (Helicobacter negative) environment. The DSS chronic colitis mouse model 131 

was established as has been described previously with minor modifications21–23. In short, male mice 6-8 132 

weeks old were treated with 4 rounds of DSS challenge, each consisting of 5 days of DSS in drinking 133 

water (2%, 40 kDa) followed by 7 days of recovery (Alfa Aesar #J63606).  134 

Colonoid Culture 135 

We derived colonoids from normal wildtype C57BL/6 mice (referred to hereafter as control colonoids).  136 

Colonoids were derived from the distal 2.5 cm of grossly normal appearing C57BL/6J mouse colons 137 

(females 26 weeks old for control and Apcmut colonoid lines). Absence of deleterious coding mutations 138 

was confirmed by whole-exome sequencing (data not shown). Notably, mouse colons lack Paneth 139 

cells, a potential source of EGF24. Colonic crypts were isolated and cultured as described previously7,10. 140 

Colonoids were plated within Matrigel (Corning #356231). Basic culture medium was composed of 141 

advanced Dulbecco’s modified Eagle’s medium/F12 (GibcoTM) supplemented with 142 

penicillin/streptomycin, 10 mM HEPES (GibcoTM #15630080), GlutaMAX supplement (GibcoTM  143 

#35050061), B27TM Supplement (GibcoTM #17504044) and 1 mM N-acetylcysteine (Sigma-Aldrich 144 

#A9165). WENR medium was made of basic culture medium (20% final volume), Wnt3a-conditioned 145 

media (50% final volume with 5% final FBS concentration, L Wnt-3A ATCC® CRL-2647), and R-146 

Spondin1-conditioned media (20% final volume), Noggin-conditioned media (10% final volume) and 147 

EGF (50 ng/mL). WNR medium had EGF omitted. Colonoids were maintained and propagated in 148 

culture as described previously7. 149 

 150 

Colonoid transfection and genome editing 151 

The colonoid lipofection and CRISPR/Cas9 genome editing protocol was followed as described 152 

previously25,26. The sgRNA sequence targeting Apc can be found in Supplementary Figure 3A. As 153 

described previously, single colonoid survivors in Wnt/R-spondin-deficient media were manually picked 154 

and clonally expanded under the same selective conditions. The presence of biallelic truncating 155 

mutations at the expected site was confirmed by Topo cloning and whole-exome sequencing 156 

(Supplementary Figure 3B). Off-target coding mutations were not detected (data not shown). 157 
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Derivation of iEGFR-tolerant organoids  158 

Three days after plating in Matrigel, passage-matched colonoids were switched from WENR to iEGFR 159 

media (WNR with 5 µM Gefitinib; Santa Cruz #sc-202166). This concentration of gefitinib was required 160 

to kill >90% of normal colonoids at 7 days (data not shown) and was previously used to achieve iEGFR 161 

intestinal organoid culture conditions1. Fresh media with the drug was added every other day. Survivors 162 

were collected after 7 days and allowed to expand in WNR media before re-challenging in iEGFR 163 

selection for another 7 days. These cycles of selection and expansion were repeated until the survival 164 

rate plateaued (iEGFR-tolerant colonoids). All control colonoids were treated with similar concentration 165 

and volume of the compound dissolvent, dimethyl sulfoxide (DMSO, Corning® #25-950-CQC). Control 166 

colonoids were maintained in WENR media, and iEGFR-tolerant colonoids were maintained in WNR 167 

media long-term. Brightfield images of each cycle were captured on day 0 and day 7 using a Zeiss 168 

Microscope (Carl Zeiss Axiovert 40 C) with a 4x objective and the iDu Optics LabCam Microscope 169 

Adapter for iPhone8+ (iDu Optics). Quantification of survival rate was carried out manually. At the 170 

beginning of each cycle, the total number of colonoids in both control and treatment groups were 171 

counted under the microscope with a cell counter based on visual inspection (see images in 172 

Supplementary Figure 3D). At the end of each selection cycle (7 days), the total number of live 173 

colonoids in each well of both groups was counted. Survival rate was calculated as the total number of 174 

live colonoids post-treatment at day 7 to total number of colonoids pre-treatment at day 0 in each well. 175 

The relative survival rate was generated by comparing survival to untreated controls.  176 

 177 

Histology 178 

Whole colonoids were collected by gently dissolving Matrigel in ice-cold PBS (pH 7.4), and 179 

subsequently fixed for 30 min at room temperature in 4% paraformaldehyde (16% PFA, Pierce™ 180 

#28906). Colonoids were then washed with PBS (pH 7.4) at room temperature. Colonoids were 181 

pelleted and transferred to the top of 2% solidified agarose gel in a 0.5 mL microfuge tube (Sigma-182 

Aldrich #A9539). After aspiration of PBS, another 100uL of warm agarose gel was added to the 183 

colonoids. After gel solidification, the entire microcentrifuge tube was placed into a 15 mL conical 184 

containing 10 mL buffered 10% formalin (Sigma-Aldrich #HT501128) overnight. The bottom of the 185 

microcentrifuge tube was carefully removed with a razor blade and the colonoid block was transferred 186 

into a tissue cassette and submitted for paraffin embedding. 4 µm thick sections were stained with 187 

hematoxylin and eosin (performed by the Johns Hopkins Oncology Tissue Services Core). 188 

Photomicrographs of colonoids and deidentified human tissue samples (in accordance with the Johns 189 

Hopkins University School of Medicine Institutional Review Board, IRB00273344) were taken using an 190 

Olympus BX46 upright microscope and Teledyne Lumenera Infinity Analyze software.  191 
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Metaphase spreads  192 

Colonoids were treated with 100 µM colcemid (GibcoTM #15212012) for 4 hours and dissociated with 193 

800 µL of TrypLE (GibcoTM #12604013) and Accutase (InvitrogenTM #00-4555-56) (1:1 ratio) for 10–15 194 

min at 37 °C. After washout of TrypLE and accutase with advanced DMEM/F12 medium (GibcoTM  195 

#12634010) containing HEPES buffer (GibcoTM  #15630080, 1 mM), penicillin/streptomycin (GibcoTM 196 

#15140122, 1%), GlutaMax (GibcoTM  #35050061, 0.2 mM), cells were treated with pre-warmed KCl 197 

(0.56%) for 15 min at room temperature. Subsequently, 120 μl of fixative solution (methanol:acetic acid; 198 

3:1) were added before centrifuging. After centrifugation, 10 ml fixative solution were slowly added 199 

before incubation at 4°C overnight. Fixed cells were dropped onto a glass microscope slide using a 20-200 

μl pipette, air dried, and heat-dried (65°C) for 60 min. Slides were then incubated for 1 hour at 37 °C in 201 

propidium iodide (PI)/RNase staining buffer and rinsed with ddH2O. Slides were mounted with 202 

Vectashield containing DAPI (Vector Labs #H-1000) and analyzed on a Nikon laser microscope (×60 203 

Super-Plan APO oil 1.4 NA objective). Control colonoids were assayed at passages 8 and 15; iEGFR 204 

colonoids were assayed at passage 40 (low, L) and passage 66 (high, H); Apcmut colonoids were 205 

assayed at passages 28 and 30; DSS control colonoids were assayed at passages 5, 15, and 35; and 206 

DSS iEGFR colonoids were assayed at passages 15 and 35. Results were similar across passage 207 

numbers and combined per group, with the exception of iEGFR colonoids (as noted in Figure 4A). 208 

Chromosomes from each spread were manually counted in a blinded manner using Fiji/ImageJ. 209 

 210 

3D immunostaining and clearing of organoids 211 

Whole colonoids were collected by gently dissolving Matrigel in ice-cold PBS and fixed for 30 min at 212 

room temperature in 4% paraformaldehyde (PFA, Sigma). Colonoids were then transferred to organoid 213 

washing buffer (PBS containing 0.1% Triton X-100 and 0.2% BSA), then distributed into a 24-well plate. 214 

For immunofluorescent staining, colonoids were permeabilized and blocked in PBS containing 0.5% 215 

Triton X-100 and 1% BSA (Sigma) for 1 hour at room temperature, then incubated in blocking buffer 216 

containing primary antibody overnight at 4°C. Primary antibodies used were Chromogranin A (Santa 217 

Cruz #Sc-1488) and phospho-histone H2A.X (Ser139; Cell Signaling Tech #2577). Colonoids were 218 

incubated with corresponding secondary antibody Alexa 488 anti-mouse IgG (InvitrogenTM #A11029), in 219 

blocking buffer for overnight at 4°C, with 1ug/ul DAPI added for the final 15 minutes of incubation. 220 

Colonoids were washed 4-5 times (2 hours each), then cleared in fructose-glycerol clearing buffer (60% 221 

(vol/vol) glycerol and 2.5 M fructose) for 15 mins before imaging on a Zeiss LSM 780 confocal 222 

microscope27. Image analysis was performed using Zen and Fiji/ImageJ software.   223 

 224 

 225 
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 8 

EdU incorporation assay 226 

Colonoids were plated in an 8-well Chamber Coverglass (NuncTM Lab-TekTM, Cat#155411). 4-5 days 227 

after plating, EdU (10 µM) was added to fresh medium for 6 hours. Colonoids were then fixed with 228 

warm 4% PFA for 10 mins at 37ºC, then rinsed once with room temperature PBS.  Blocking and 229 

permeabilization buffer (PBS containing 1% BSA and 0.5 % Triton X-100) was added for 2 hours at 230 

room temperature. EdU detection reagents were then added for 2 hours at room temperature in the 231 

dark (Click-iTTM Assay Kit, Sigma-Aldrich #C10337). Nutlin was used as a positive control (Selleckchem 232 

#S7101). Images were captured with the Zeiss LSM780 confocal microscope (40x/1.4 NA objective). 233 

Image analysis was performed using Zen, Fiji/ImageJ and Imaris software.   234 

 235 

Four-dimensional colonoid imaging and image analysis 236 

Lentivirus production: The plasmids used were pMD2.G (Addgene plasmid RRID# 12259), psPAX2 237 

(Addgene plasmid RRID#12260), and pLV-H2B-Neon-ires-Puro (kindly gifted by the Hugo J.G. Snippert 238 

and Geert J.P.L. Kops laboratories of the University Medical Center Utrecht). To make lentivirus 239 

particles, HEK 293FT cells were co-transfected with the lentiviral transfer plasmid, packaging plasmid, 240 

and envelope plasmid. Media containing lentivirus was collected 24 and 48 hours after transfection. 241 

Lentivirus was concentrated using a centrifugal filter (Amicon Ultra-15, 100,000 NMWL). The lentiviral 242 

titer was determined by qPCR (abm qPCR Lentivirus Titration Kit, cat. # LV900). Viral titers used in this 243 

study ranged from 1x108-1x109 IU/ml. 244 

 245 

Lentiviral infection of colonoids: To visualize mitoses, colonoids were infected with lentivirus 246 

encoding mNeon-tagged histone 2B and a puromycin resistance cassette described above. The 247 

protocol was performed as described previously with minor modifications28. Briefly, colonoids ~100 µm 248 

in diameter were transferred to a 15 ml tube and pelleted (1000 rpm for 5 minutes) before single cell 249 

dissociation (600-800µL TrypLE, 37˚C). Pelleted single cells were resuspended in 1 ml of prewarmed 250 

infection medium, consisting of 500μL concentrated virus, 500 µl WENR (control colonoids), WNR 251 

(iEGFR colonoids), or Wnt/R-spondin deficient media (Apcmut colonoids), 8 µg/ml Polybrene (Sigma-252 

Aldrich #TR-1003), and 10 µM Rock inhibitor Y-27632 (Sigma-Aldrich #Y0503), then centrifuged at 100 253 

rpm for 1h at room temperature. Colonoids were then transferred to the cell incubator (37°C, 5% CO2) 254 

for 5–6 hours and gently remixed every hour prior to replating with fresh media as indicated. 255 

Approximately 2-3 days after infection, the expression of transduced fluorescence protein was 256 

observed and puromycin selection (1 µg/mL) was initiated. Puromycin was increased to 5ug/mL once 257 

colonoid size reached more than 100 µm. 258 

 259 
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 9 

Four-dimensional colonoid imaging:  After two passages of puromycin selection, colonoids were 260 

dissociated using TrypLE and replated in an 8-well glass-bottom chamber slide (NuncTM Lab-TekTM, 261 

Cat#155411). Three to four days later, the chamber was mounted on a confocal laser-scanning 262 

microscope (LSM 780), which was continuously held at 37 ºC with 5.0% CO2. H2B-Neon-positive 263 

organoids were imaged in xyzt mode for 16–18h at 37°C at 3 min intervals using a 40x water-264 

immersion objective (NA 1.1). Eight to ten H2B-mNeon-expressing colonoids were imaged 265 

simultaneously using minimal amounts of 488 nm laser excitation. In total, 14-16 z-sections at 2-μm 266 

intervals were imaged per colonoid. 267 

 268 

Imaging analysis: To analyze mitoses, raw image Z-stacks were converted to depth color-coded 269 

maximum projections with using a custom macro modified from the ImageJ/Fiji software plugin 270 

“Temporal-Color Code”29. The macro attributes a color code to each z-layer, facilitating visual 271 

discrimination of cells overlapping in XY as described previously10. Data sets were converted into 272 

manageable and maximally informative videos, combining z-projection, depth color-coding and merging 273 

with transmitted light images (Supplementary Videos 1–6). Mitoses were blinded and scored, judged 274 

and counted manually by both T.C. and T.C.L. For analysis of interkinetic nuclear migration, Fiji/ImageJ 275 

was used to measure the pixel distance the basal aspect of a nucleus moved prior to mitotic entry and 276 

nuclear envelope breakdown. Any distance moved was categorized as intact interkinetic nuclear 277 

migration. No measurable movement was categorized as loss of interkinetic nuclear migration.  278 

 279 

Quantitative RT-PCR based mouse karyotyping 280 

SYBR Green qPCR assays were designed and validated for every mouse chromosome based on 281 

GRCm38/mm10 genome assembly (primer sequences listed in Table S1). qPCR reactions were set up 282 

in triplicate in a 384-well plate and run on the CFX384 Touch Real-Time PCR Detection System (Bio-283 

Rad). Each reaction contained 5μL of PerfeCTa SYBR Green FastMix (Quantabio, catalog number 284 

95073-05K), 2.5μL of forward and reverse primer mix at 2μM, 0.5μL of purified genomic DNA at 1ng/μL 285 

and 2μL of nuclease-free water. A standard cycling protocol was followed as provided with the SYBR 286 

Green reagent. Ct values were acquired with CFX Manager Software (Bio-Rad) and the relative 287 

chromosome copy numbers were calculated using a modified ΔΔCt method as described previously30. 288 

 289 

RNA sequencing 290 

Total RNA was isolated from pelleted colonoids in using Trizol (InvitrogenTM #15596026) according to 291 

the manufacturer’s instructions and purified using the Purelink RNA Mini Kit (InvitrogenTM #12183018A). 292 

RNA-sequencing data were generated by Novogene. cDNA libraries were sequenced on an Illumina 293 
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 10 

NextSeq500 using 75-bp paired-end sequencing. Clean reads were mapped to UCSC GRCm38 294 

reference genome using STAR v2.5 software31 and raw counts were assigned to Ensembl genes using 295 

featureCounts (subread v2.0.0 aligner command line tool)32. Differential gene analysis was performed 296 

using DESeq2 v1.28.1 following regularized logarithm transformation of raw count data33. Gene set 297 

enrichment analysis (GSEA) was performed using the gost function of the R package gprofiler2 298 

v0.1.934. Genes were considered differentially expressed and included in the GSEA if they had a p-299 

value <3.3e-7 (Bonferroni adjusted) and an absolute log2-transformed fold change >2. Statistical 300 

analysis and plotting were performed using R software (version 3.4.0). Statistical significance was 301 

assessed at α=0.05. The significance level for differential gene analysis was adjusted using the 302 

Bonferroni approach while also accounting for multiple comparisons across experimental conditions 303 

(threshold p=3.3e-7). All data are presented as mean ± SEM. Analysis of two samples was performed 304 

with unpaired two-tailed student t-test for equal variance, or t-test with Welch’s correction for 305 

heterogeneity of variance.  306 

 307 

Whole Exome sequencing 308 

DNA was extracted from pelleted colonoids using the Purelink Genomic DNA Kit (InvitrogenTM #K1820-309 

01) according to the manufacturer’s instructions. Whole exome sequencing data were generated by 310 

BGI. In short, fragmented gDNA was subjected to adapter ligation, amplification, and exome array 311 

hybridization. Captured products were circularized and DNA nanoballs were produced using rolling 312 

circle amplification prior to loading onto the BGISEQ sequencing platform. Mean sequencing depth on 313 

target regions was 117.58x, and 98.69% of targeted bases had at least 10x coverage. Paired-end 314 

reads were mapped to UCSC GRCm38 and aligned using Burrows-Wheeler Aligner (BWA) software. 315 

The Genome Analysis Toolkit (GATK) was used for variant calling and the SnpEff tool was used for 316 

variant annotation. Variants of interest were filtered based on >10x depth of coverage, predicted high 317 

functional impact (MutDB), and visual inspection using Integrative Genomics Viewer (IGV).  318 

 319 

Quantitative RT-PCR 320 

cDNA was isolated using SuperScriptTM III Reverse Transcriptase (Invitrogen # 108080) following the 321 

manufacturer’s protocol. A dilution series of cDNA was used to validate the primer pairs, and both 322 

melting curve analysis and agarose gel electrophoresis were performed to check for specificity of 323 

primers (data not shown). Quantitative PCR was performed using the SYBR green Select Master Mix 324 

(Thermo Fisher #4472908) following the manufacturer’s protocol. Each sample was done in triplicate in 325 

a total reaction volume of 10-µl containing 0.5-µl of 1:8 diluted cDNA (validated dilution with dynamic 326 

range of amplification) and 5nM primer mix using the CFX384 QPCR machine (Biorad). The list of 327 
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primers used are listed in Supplementary Table 3. Delta (Cq) was calculated by subtracting the mean 328 

Cq for every tested gene to those of the internal control genes (Hprt and ActB). Log fold change was 329 

calculated by subtracting Delta(Cq) of iEGFR samples from those of controls. 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 
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RESULTS 351 

Normal murine colonoids can achieve sustained EGFR-independent growth in long-term culture  352 

We tested our hypothesis that changes in the availability of niche factors can select for a cancer 353 

phenotype in normal wild-type colonic epithelium using colon-derived organoids (colonoids). To select 354 

for EGFR-independent growth in vitro, we cultured normal colonoids from wild-type mice (“control” 355 

colonoids) in EGF-depleted (WNR) medium with the EGFR-specific inhibitor Gefitinib; we refer to these 356 

culture conditions as iEGFR. The EGFR inhibitor was used to address the possibility of 357 

autocrine/paracrine production of EGF by the cultured colonoids or the presence of exogenous EGF in 358 

the 5% final concentration of fetal bovine serum in EGF-depleted medium. Over 7 days, iEGFR 359 

selection resulted in the death of most colonoids. Rare survivor colonoids appeared smaller and lacked 360 

budding compared to control colonoids, suggesting that they were mostly quiescent1. These survivors 361 

were recovered and expanded in WNR media, but not in the presence of Gefitinib. We continued to re-362 

challenge the expanded survivors with additional 7-day cycles of iEGFR selection. Increasing numbers 363 

of survivors were recovered with each re-challenge cycle (Figure 1A), and approximately half of 364 

colonoids survived after 3 cycles of selection. A total of 5 cycles were required to achieve complete 365 

EGFR-independent growth (iEGFR colonoids), with survival rate similar to unchallenged colonoids in 366 

EGF-replete media (Figure 1A). Notably, we also observed a transient enrichment of cells with 367 

enteroendocrine differentiation during iEGFR selection as reported previously (Supplementary Figures 368 

1A-B)1. We continuously propagated iEGFR colonoids for 8 months in WNR medium. 369 

 370 

To test whether iEGFR tolerance was reversible after relaxing selective conditions, we returned iEGFR 371 

colonoids to EGF-replete medium (WENR) for 3 weeks. Surprisingly, approximately 70% of iEGFR 372 

colonoids died each week in the presence of EGF compared to those maintained in the WNR medium. 373 

Moreover, removal of EGF from the culture reverted to the growth of iEGFR colonoid baseline of near-374 

100% survival (Supplemental Figure 1C). Taken together, our data demonstrate the feasibility of 375 

evolving and propagating growth factor-independent colonic epithelium. They also show that the 376 

resulting phenotype is a stable trait that does not require persistent selection once acquired with an 377 

acquired and related vulnerability. 378 

 379 

Prior epithelial injury facilitates adaptation to iEGFR selection  380 

We tested whether chronic injury and repair can influence adaptability to EGF deprivation using 381 

colonoids generated from a mouse model of chronic chemical colitis (DSS, dextran sodium sulfate). As 382 

previously described35, these mice showed cardinal signs of colitis as manifested by a significant 383 
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reduction in the ratio between body weight to colon length (Supplementary Figure 2A) and histologic 384 

features (Supplementary Figure 2B). Colonoids derived from DSS-treated mice more readily adapted to 385 

iEGFR selection compared to controls, with approximately 60% of colonoids surviving the first 7 day 386 

cycle of selection compared to approximately 10% of control colonoids (Figure 1A). In addition, DSS 387 

colonoids reached a survival plateau after only 2 cycles of iEGFR selection (Figure 1B), compared to 5 388 

cycles for control colonoids. These data indicate that prior exposure to cycles of mucosal injury in vivo 389 

primed colonic epithelium for adaptation to iEGFR selection. 390 

 391 

iEGFR colonoids acquire tolerance to deprivation of other niche factors   392 

To test whether iEGFR colonoids more readily acquire additional niche factor independence, we 393 

challenged them in medium lacking Wnt/R-spondin, as well as in a base medium that additionally lacks 394 

Noggin. The majority of iEGFR colonoid lines survived this selective challenge after a week (Figure 1B, 395 

Supplementary Figure 3D). On the other hand, the majority of control colonoids did not survive either 396 

condition. These data demonstrate that iEGFR colonoids acquired the capacity to tolerate additional 397 

niche-relevant selective pressures. 398 

 399 

Apc mutant colonoids are more vulnerable to EGF-deficient conditions 400 

Mathematical modeling of CRC carcinogenesis suggests that APC mutations may accelerate the 401 

acquisition of subsequent molecular alterations36. If iEGFR adaptation relies upon de novo oncogenic 402 

mutation, Apc loss should confer an adaptive advantage. To test this hypothesis, we introduced biallelic 403 

truncating mutations in Apc via CRISPR/Cas9 genome editing to a control mouse colonoid line 404 

(Supplementary Figure 3A-B, confirmed by whole exome sequencing). As previously described, Apc 405 

mutant (Apcmut) colonoids grew independently of Wnt/R-spondin-containing medium and adopted 406 

spheroid morphology (Figure 1B and Supplemental Figure 3C)25. Surprisingly, when Apcmut colonoids 407 

were subjected to cycles of iEGFR selection, unlike wild type colonoids, Apcmut colonoids could not 408 

adapt to EGF deprivation (Figure 1A). These data suggest that Apc loss greatly enhances the 409 

sensitivity of colonoids to EGFR deprivation. 410 

 411 

iEGFR colonoids acquire somatic mutations and transcriptional reprogramming  412 

To determine whether mutations associated with EGF-independent growth may have contributed to the 413 

iEGFR phenotype, we performed whole exome sequencing on iEGFR colonoids and controls. First, we 414 

looked at mutations in the EGFR signaling pathway that are frequently observed in CRC. No mutations 415 

or indels in Egfr, Kras, or Pik3ca were detected in iEGFR colonoids. However, we detected a coding 416 

mutation with predicted high functional impact in Wnk2, a negative regulator of EGF-induced activation 417 
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of ERK/MAPK signaling37. iEGFR colonoids also showed predicted deleterious mutations in Btk, known 418 

to have a role in negatively regulating Wnt-β-catenin signaling38, Treml2, and Olfr1255 (Table 1). Mining 419 

publicly available data reveals that these genes are altered at very low frequency (<1%) in human 420 

CRC, with the exception of Olfr1255 (Table 1). DSS iEGFR colonoids were enriched for a mutation in 421 

Ninein (Table 1), a gene involved in centrosomal biology and mitotic fidelity39. DSS colonoids did not 422 

accumulate coding mutations compared to control colonoids. 423 

 424 

We also performed RNA-sequencing to explore the molecular changes in iEGFR, DSS iEGFR lines, 425 

and passage-matched controls. Principal component analysis established that replicate samples 426 

clustered together with high reproducibility (Figure 2A). We found a total of 547 differentially expressed 427 

genes in both types of iEGFR colonoids (absolute log2 fold change >2, Bonferroni-adjusted p-value < 428 

0.05, Figure 2B, Supplementary Table 1, Supplementary Figure 4). Gene set enrichment analysis of the 429 

upregulated overlapping genes (48) showed significant enrichment for genes associated with amine 430 

transmembrane transporter activity, pyroptosis, and phosphatidylinositol-4-phosphate binding 431 

pathways, while the overlapping downregulated genes (22) were involved in endocytosis and cell 432 

junction assembly (Figure 2C). A subset of significantly differentially expressed genes was further 433 

validated using quantitative reverse transcription polymerase chain reaction (qRT-PCR), including 434 

those with roles in the EGF pathway, pyroptosis, and CRC carcinogenesis, such as Igfpb7, Efemp1, 435 

Gasdmc2, and Mycn (Figure 2D; all tested genes validated). Taken together, these data show that key 436 

neoplasia-relevant gene expression patterns emerge in colonic epithelial cells tolerant to EGF 437 

withdrawal. 438 

iEGFR colonoids exhibit morphologic changes and increased proliferation 439 

Early epithelial neoplasia demonstrates characteristic morphological changes that have been routinely 440 

used by pathologists to diagnose dysplasia and cancer for over a century40. Hematoxylin-and-eosin-441 

stained iEGFR colonoids show heterogeneous morphologic changes associated with dysplasia, 442 

including nuclear hyperchromasia, pseudostratification, and increased nuclear-to-cytoplasmic ratio 443 

(Figure 3A). DSS control colonoids showed features of reactive and regenerative epithelium, including 444 

more squamoid cells with brightly eosinophilic cytoplasm. A subset of DSS iEGFR colonoids strikingly 445 

showed loss of polarity and architectural complexity reminiscent of high-grade colitis-associated 446 

dysplasia seen in patients with IBD (Figure 3A).  447 

Neoplasia is also associated with sustained proliferation41. Our RNA-sequencing analysis revealed that 448 

many genes associated with cellular proliferation were upregulated in iEGFR colonoids, including the 449 

proto-oncogene Mycn (Figure 2D, Supplementary Table 1). To further explore this, we used a short-450 
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pulse (6 hours) of the nucleotide analogue 5’-ethynyl-2’deoxyuridine (EdU) to analyze the proportion of 451 

cells in the S-phase of the cell cycle in iEGFR colonoids. The proportion of EdU+ colonoids and percent 452 

of EdU+ cells per colonoid were significantly higher in both iEGFR and DSS iEGFR colonoids 453 

compared to their controls (Figure 3B-3D). These data show that the iEGFR phenotype is characterized 454 

by histologic features of dysplasia and increased proliferation.  455 

iEGFR colonoids develop aneuploidy and chromosomal instability 456 

Loss of genomic integrity is one of the hallmarks of cancer, and chromosomal instability (CIN, or 457 

ongoing aneuploidy) is observed in the majority of sporadic and IBD-associated CRC2,41. As aneuploidy 458 

fuels adaptation to selective pressures30,42, we hypothesized that this may play a role in acquisition of 459 

iEGFR tolerance. As the long-term genetic stability of adult stem cell derived intestinal organoid 460 

cultures has been established43, as expected, metaphase spreads of control organoids were mostly 461 

euploid (Figure 4A-B). In contrast, DSS-control colonoids were enriched for polyploidy (Figure 4A-B). 462 

Previous literature has implicated APC loss in promoting CIN44; we observed both polyploidy and 463 

aneuploidy in metaphase spreads of Apcmut colonoids (Figure 4A).  464 

We observed that heterogenous aneuploidy arose during iEGFR selection, with an overall tendency for 465 

reduction in chromosomal number (subdiploid) (Figure 4A). Longer-term propagation of iEGFR 466 

colonoids (more than 25 additional passages) resulted in convergence onto a gain of one chromosome 467 

(Figure 4A, iEGFR ‘H’, or high passage)). Quantitative chromosome stoichiometry analysis via 468 

quantitative PCR revealed a complete loss of chromosome 13 at an earlier passage (~12 passages 469 

earlier than iEGFR ‘H’, Supplementary Figure 5).  We hypothesized that aneuploidy could be due to 470 

increased DNA damage, but did not detect increased double stranded breaks as assessed by gH2AX 471 

staining in iEGFR colonoids relative to their corresponding controls (Supplemental Figure 6). 472 

We next investigated the possibility that the heterogeneous aneuploidy was associated with ongoing 473 

CIN. The dynamic properties of mitosis were quantified via live-imaging of 3D colonoid cultures of H2B-474 

mNeon expressing cells (Figure 4C-F, Supplementary Videos 1-6). The mean length of mitosis in 475 

control colonoids was ~30 minutes, with errors detected in only 3-5% of all mitotic events (Figure 4C-D, 476 

H). In contrast, iEGFR, Apcmut, DSS control, and DSS iEGFR colonoids showed a significantly elevated 477 

rate of erroneous mitoses relative to controls, ranging from approximately 20% (DSS lines) to 60% 478 

(Apcmut) (Figure 4D-E). In addition, the mean overall time of mitosis was significantly increased in DSS 479 

control, DSS iEGFR, and Apcmut organoids compared to control colonoids (Figure 4H), mostly driven by 480 

increased length of nuclear envelope breakdown to chromosome alignment (Figure 4F-G). 481 
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Interestingly, altered mitotic timing was observed in DSS and Apcmut lines but not in controls (Figure 4F-482 

H), suggesting defects in the spindle assembly checkpoint in these colonoids. 483 

Finally, live imaging revealed a normal pattern of INM in most control colonoids undergoing mitosis 484 

(Figure 5A), as previously described14. In contrast, this process was conspicuously absent in many 485 

iEGFR, DSS control, DSS iEGFR, and Apcmut mitoses (Figure 5A). Further, INM loss was significantly 486 

associated with mitotic errors in our colonoid lines (Figure 5B-C).  487 

Taken together, these data demonstrate that adaptation to long-term EGF withdrawal is associated with 488 

mitotic defects that result in chromosomal instability and aneuploidy. In addition, we associate loss of 489 

interkinetic nuclear migration with mitotic errors in colonic epithelium. Our data also show that prior 490 

chronic mucosal injury predisposes to epithelial chromosomal instability that persists ex vivo. 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 4, 2021. ; https://doi.org/10.1101/2021.02.02.429426doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.02.429426
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

DISCUSSION 507 

Here, using long-term selective culture, we demonstrate that normal colonoids can adapt to withdrawal 508 

of the critical niche factor EGF, a process associated with cytomorphologic features of dysplasia, loss 509 

of INM, aneuploidy, CIN, somatic deleterious mutations, and transcriptional reprogramming. These data 510 

support a scenario in which epithelial-autonomous molecular changes known to be associated with 511 

neoplasia can arise during adaptation, the acquisition of which are accelerated by prior mucosal injury.  512 

 513 

We discovered that iEGFR colonoids show aneuploidy and CIN (Figure 4) and are primed to adapt to 514 

other niche-relevant selective pressures (Figure 1B). Genomic copy number changes were recently 515 

shown to precede chronic inflammation-associated esophageal adenocarcinoma up to a decade prior 516 

to histologic evidence of transformation45, supporting an early initiating role for genomic instability. 517 

Recent work has demonstrated low levels of spontaneous cell fusions (as we observed in iEGFR lines) 518 

in cancer cell lines that led to increased phenotypic plasticity and accelerating adaptive potential46. 519 

Future work will determine whether CIN has a causal role in mediating iEGFR tolerance. 520 

 521 

Carroll et al. demonstrated that INM is an important homeostatic mechanism involved in directing long-522 

term cell positioning in the intestinal crypt14. While approximately one third of normal mitoses with intact 523 

INM led to separation of mitotic sisters, mitotic sisters always remained direct neighbors in the setting of 524 

Apc mutation, potentially contributing to clonal expansion of early adenomas. Our data validate their 525 

finding of INM loss with Apc mutation, which we further extend by associating INM loss with mitotic 526 

errors in colonoid lines (Figure 5). While our live imaging data precluded definitive evaluation of post-527 

mitotic sister cell placement, it is possible that INM loss renders cells with mitotic errors more likely to 528 

undergo clonal expansion.  529 

 530 

Inflammation and mucosal injury reprograms colonic epithelium to a regenerative/progenitor-like 531 

status47–49, and in other organ systems, stem cell lineage infidelity drives both wound repair 532 

(homeostatic) and cancer (pathogenic)50,51. Consistent with this literature, chronic DSS colonoids 533 

showed enhanced adaptive potential to iEGFR selective culture (Figure 1A). In addition, we found 534 

polyploidy in DSS colonoids, which has also been previously reported in the setting of wound repair 535 

(Figure 4A-B)52,53. Our RNA-sequencing analysis revealed that genes related to pyroptosis were 536 

significantly upregulated in iEGFR lines (Figure 2C-D). Pyroptosis, a caspase-dependent form of 537 

proinflammatory programmed cell death, has emerging roles in the tumor microenvironment and has 538 

been recently implicated in promoting colitis-associated cancer54,55. Recent investigation of somatic 539 
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evolution in IBD colonic epithelium revealed clonal expansions of mutations in the IL-17 pathway which 540 

render epithelium resistant to the IL-17A-induced pro-apoptotic response56,57. Whether aneuploidy 541 

similarly confers resistance to pyroptosis-associated cell death is a future avenue of exploration.  542 

 543 

Prior studies indicate that human adenoma-derived colonoids are uniformly dependent on EGF in 544 

culture, similar to normal colonoids3. We were surprised to find that, in contrast to wild-type control 545 

colonoids, Apcmut colonoids were not able to overcome withdrawal of EGF (Figure 1A). While it is well 546 

known that KRAS/PIK3CA wild-type CRC is susceptible to EGFR inhibition58, our data suggest that this 547 

response may also be APC mutation-dependent. 548 

 549 

Recent literature has demonstrated the presence of age-associated somatic mutations in normal non-550 

dysplastic colonic epithelium across the lifespan with uncertain consequences59–61. Although rare 551 

patients with CRC harbor alterations in the somatically mutated genes we observed in iEGFR 552 

colonoids, whether these mutations act as drivers versus passengers in the adaptive iEGFR phenotype 553 

remains to be determined. We also acknowledge that bulk exome DNA sequencing may not detect rare 554 

mutations or mutations in regulatory elements that may contribute to the phenotype of our 555 

heterogeneous iEGFR colonoid lines. 556 

 557 

Although further work is required to elucidate a potential role for perturbed niche homeostasis in human 558 

CRC initiation, our data support a potential role for microenvironmental selective pressures in 559 

promoting neoplastic transformation. Thus, increasing the granularity of our understanding of colon 560 

anatomic segment-specific mucosal microenvironments may reveal insights into the origins of distinct 561 

pathways of tumorigenesis (for example, the serrated versus adenomatous pathways of carcinogenesis 562 

in the proximal vs. distal colon, respectively). 563 

 564 

In summary, we leveraged murine colonoids to demonstrate that sustained deprivation of niche-565 

relevant growth factors alone can molecularly reprogram colonic epithelium. We anticipate that there 566 

are a spectrum of mechanisms epithelia can draw upon to adapt to such selective conditions. Tracking 567 

individual clones over time and extending our approaches to human and IBD-derived colonoid lines 568 

may determine whether adaptation mechanisms such as CIN are observed more broadly. Further, 569 

elucidating the mechanisms by which neoplasia-promoting epithelial phenotypes arise may reveal 570 

general vulnerabilities attractive for cancer prevention.  571 

 572 
 573 
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FIGURE LEGENDS 714 

Figure 1. Colonoids adapt to culture conditions devoid of critical niche factors.  715 

A) Survival rate depicting viability of colonoids at the end of each selection cycle (7 days) as a 716 

percentage of colonoid growth in control media (n= 6 biological replicates). B) Survival rate of colonoid 717 

lines in other selective media after 7 days (n=3 biological replicates), **** p < 0.0001, 2-tailed non-718 

paired student t-test. 719 

 720 

Figure 2. Long-term adaptation of colonoids to EGF-deficient conditions results in 721 

transcriptional changes.  722 

A) Samples analyzed by RNA-seq were plotted by principal component 1 (PC1) and principal 723 

component 2 (PC2) using raw count data following regularized logarithm transformation. Samples from 724 

the same experimental condition were grouped with the same colors. B) Volcano plots displaying log2-725 

transformed fold change and -log10-transformed p value of genes assessed by RNA-seq in iEGFR vs. 726 

control colonoids and DSS iEGFR vs. DSS control colonoids. Selected differentially expressed genes 727 

are highlighted. Genes highlighted in green are differentially expressed in both iEGFR and DSS iEGFR 728 

compared to the respective control. Genes highlighted in red and blue are differentially expressed only 729 

in iEGFR or DSS iEGFR, respectively. C) Gene set enrichment analysis of overlapping upregulated and 730 

downregulated genes in both iEGFR and DSS iEGFR compared to the respective control. All enriched 731 

gene sets (p value < 0.05) are shown. D) Quantitative RT-PCR validation of select upregulated (left) 732 

and downregulated (right) genes detected by RNA-seq. Results are expressed as log2 fold change to 733 

control and DSS control (n=3). 734 

 735 

Figure 3. iEGFR colonoids show morphologic features of dysplasia and increased proliferation.  736 

A) Representative H&E stained human tissues (upper panels, 20X) and cultured colonoids (lower 737 

panels, 40X). Squares denote nuclear hyperchromasia and loss of nuclear polarity, arrowheads denote 738 

architectural complexity, asterisks denote squamous features, and the triangle denotes overall normal 739 

epithelial morphology. B) Representative confocal maximal Z-stacks images for colonoids stained with 740 

the thymidine analogue EdU (green) and the counterstain DAPI (blue). No-EdU and Nutlin served as 741 

negative and positive controls, respectively. Scale bars = 50 µm. n = 3 independent experiments. C) 742 

Box and whiskers plot for the percentage of EdU positive nuclei per EdU-positive colonoid. Transverse 743 

lines represent the median, boxes show 25th-75th percentile and the whiskers represent the lowest and 744 

highest values within 1.5 times the interquartile range. **** p < 0.0001, *p ≤ 0.05; 2-tailed, non-paired 745 

student t-test. D) Bar plot for the percentage of colonoids with at least one EdU positive cell (n= 3 746 
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biological replicates). Error bars represent standard deviation. ****p < 0.0001, *p ≤ 0.05; 2-tailed, non-747 

paired student t-test. 748 

     749 

Figure 4. iEGFR colonoids are aneuploid and demonstrate chromosomal instability.  750 

A) Dot plot of the number of chromosomes in metaphase spreads. The number of counted spreads and 751 

the percentage of metaphase spreads with euploid chromosomes are shown at the top. The red line 752 

represents tetraploidy. iEGFR(H) and iEGFR(L) correspond to high passage number (‘H’ high, passage 753 

66) and lower passage number (‘L’ low, passage 40), respectively. B) Representative images of 754 

metaphase spreads from control (euploid) and DSS control (tetraploid) colonoids. 60x. C) 755 

Representative color depth coded images of chromosome segregation errors as revealed by H2B-756 

mNeon labeling of colonoids. Insets highlight mitoses in white boxes. White arrows indicate mitotic 757 

errors, corresponding to Supplementary Videos 1-6.  n= 4 or 5 independent experiments. D) Box and 758 

whiskers plot of the percentage of segregation errors. Transverse lines represent the median, boxes 759 

show 25th-75th percentile and the whiskers represent the lowest and highest values within 1.5 times the 760 

interquartile range. The number of divisions and colonoids analyzed are shown at the top. 761 

****p < 0.0001, *p ≤ 0.05; 2-tailed, non-paired student t-test. E) Bar plot of the percentage of different 762 

segregation errors in analyzed mitotic figures. Other types of errors include multipolar mitoses, mitotic 763 

failure, and fusion of nuclei. F-H) Illustrative cartoons and violin plots for time distribution of duration 764 

from nuclear envelope breakdown (NEB) to chromosome alignment (F), chromosome alignment to 765 

completion of mitosis (G), and total mitotic time (H). Transverse solid lines represent the median and 766 

the dotted lines border 25th -75th percentiles. ****p < 0.0001, *p ≤ 0.05; 2-tailed, non-paired student t-767 

test.  768 

 769 

Figure 5. INM loss is frequent in iEGFR colonoids and significantly associated with mitotic 770 

errors.  771 

A) Sequential still images captured from representative individual mitoses (highlighted by white 772 

arrowheads) as revealed by H2B-mNeon labeling of control, iEGFR, and Apcmut colonoids. B) Bar 773 

graph stratifying the presence of mitotic errors with the presence (n=79) or loss (n=98) of INM in all 774 

analyzed mitoses across colonoid lines. ****p < 0.0001; 2-tailed Fisher’s exact test. C) Bar graph 775 

detailing the percentage of mitoses with INM loss in each colonoid line. The number of mitoses and 776 

colonoids evaluated per group are shown at top. ***p < 0.001, *p ≤ 0.05; 2-tailed Fisher’s exact test.  777 

 778 

Table 1. iEGFR colonoids acquire rare high-impact protein-coding mutations. 779 
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SUPPLEMENTARY FIGURES, TABLES, AND VIDEOS 780 

 781 

Supplementary Figure 1. A) Representative confocal fluorescence images (Z sections with maximum 782 

projection) of cleared colonoids labeled with chromogranin A (CHGA, green) and the counter stain 783 

DAPI (blue). B) Bar plot illustrating the number of chromogranin A positive cells per colonoid, evidence 784 

of enteroendocrine differentiation. Error bars represent standard deviation. *** p <0.001. C) Bar plot 785 

demonstrating the survival rate of iEGFR colonoids after re-challenging with iEGFR and other selective 786 

media after 3 weeks in EGF-replete media, relative to control.  787 

 788 

Supplementary Figure 2. A) Bar plot for the ratio of body weight to colon length in mice treated with 789 

DSS in water vs. water only control. Error bars represents standard deviation. n=3. B) Representative 790 

H&E sections of colons from a DSS-treated (right) and a control mouse (left). 791 

 792 

Supplementary Figure 3. A) Targeting sites and sgRNA that were used to target Apc in normal mouse 793 

colonoids. B) Whole exome sequencing of Apcmut colonoids confirms the presence of biallelic truncating 794 

mutations at the expected site of targeted CRISPR/Cas9 genome editing. C) Representative brightfield 795 

images of Apcmut colonoids with characteristic spheroid morphology, as well as representative image 796 

from other colonoid lines. D) Representative brightfield images of colonoid lines corresponding to Day 0 797 

and Day 7 of the selective challenges detailed in Figure 1B. 798 

 799 

Supplementary Figure 4. The number of differentially expressed genes in iEGFR colonoids relative to 800 

control organoids, log2 fold changes ≥ 2 and Bonferroni p-value < 0.05. A) upregulated genes, B) 801 

downregulated genes.   802 

 803 

Supplementary Figure 5. Chromosome copy number in control (euploid) and higher-passage iEGFR 804 

colonoids (~passage 54, aneuploid) quantified by qPCR, indicating loss of one copy of chromosome 805 

13. n = 3 technical replicates.  806 

 807 

Supplementary Figure 6. A) Representative confocal fluorescence images (Z sections with maximum 808 

projection) of colonoids stained with gH2AX antibodies (red) and DAPI (blue). Doxorubicin and No Ab 809 

(no antibody) represent the positive and negative controls, respectively. Scale bars = 50µm. B) The 810 

percentage of gH2AX positive cells/colonoid is represented as a box and whisker plot. Transverse lines 811 

represent the median, boxes show 25th-75th percentile and the whiskers represent the lowest and 812 
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highest values within 1.5 times the interquartile range. ns = not statistically significant, p ≥ 0.05 2-tailed, 813 

non-paired student t-test. 814 

 815 

 816 

Supplementary Table 1. Unfiltered differentially expressed genes in iEGFR and DSS iEGFR colonoid 817 

lines vs. their respective controls. 818 

Supplementary Table 2. Mouse primer sequences for chromosome karyotyping by qRT-PCR. 819 

Supplementary Table 3. Mouse primer sequences for qRT-PCR validation of RNA-seq data 820 

 821 

Supplementary Video 1 (Control colonoids) 822 

Example of normal cell division.   823 

Supplementary Video 2 (iEGFR colonoids) 824 

Example of an erroneous division with a multipolar mitosis. 825 

Supplementary Video 3 (iEGFR colonoids) 826 

Example of an erroneous division with an anaphase bridge.  827 

Supplementary Video 4 (DSS control colonoids) 828 

Example of an erroneous division with a lagging chromosome.   829 

Supplementary Video 5 (DSS iEGFR colonoids) 830 

Example of an erroneous division with mitotic failure. 831 

Supplementary Video 6 (Apcmut colonoids) 832 

Example of lagging chromosomes.  833 

 834 

 835 

 836 
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Table 1. Summary of mutations identified in iEGFR colonoids by WES.  
 

 
Predicted high-impact mutations detected by WES performed on iEGFR lines and respective controls. With 
the exception of Ninein, these mutations were not detected in control lines (passage matched for control). 
Ninein mutation was found at 13% VAF (12/85 reads) in the DSS control line, and at 27% VAF in DSS 
iEGFR (31/113 reads). Genetic alterations were queried from publicly available data in cBioPortal, and 
excluded germline variants and variants of unknown significance. 

Sample Chr Gene Mutation VAF 
(reads) 

Mutation 
Type 

Known function of gene 
product 

Frequency of gene 
alteration in human 

CRC patients 
iEGFR X Btk p.Lys573*/c.1717A>T 

48% 

(48/52) 
Nonsense 

Negative regulator of 

Wnt-β-catenin signaling 
26/3407 (0.8%) 

iEGFR 2 Olfr1255 p.Ile210fs/c.628_629delAT 
38% 

(57/151) 
Frameshift Olfactory receptor N/A 

iEGFR 17 Treml2 p.Trp76*/c.227G>A 
48% 

(45/93) 
Nonsense 

Roles in innate and 

adaptive immunity 
1/3407 (0.03%) 

iEGFR 13 Wnk2 p.Thr751fs/c.2249insC 
60% 

(6/10) 
Frameshift 

Negative regulator of 

EGF-induced activation of 

the ERK/MAPK-pathway, 

cell cycle progression 

5/3407 (0.1%) 

DSS 

iEGFR 
12 Ninein p.Gln114*/c.340C>T 

27% 

(31/113) 
Nonsense 

Centrosomal protein, 

microtubule anchoring 
23/3407 (0.7%) 
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