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• Two cancer stem cell subtypes are isolated and determined to be commonly found as 
mixed populations in human CRC 

• The heterogeneous SW480 cell line models and unifies two binary cancer stem cell 
classifications of colorectal cancer 

• High resolution analysis of xenograft tumors reveals that CRC stem cells are 
dominant, context-independent organizers of their TME 

• RSC/YAP/STAT3-positive CRC stem cells create differentiated tumors that attempt 
tissue generation via an inflammatory, angiogenic, oncofetal program 

• CBC/MYC-positive CRC stem cells create tumors that are proliferative, 
undifferentiated, and invasive 
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Summary  
 
Several classification systems have been developed to define tumor subtypes in 
colorectal cancer (CRC). One system proposes that tumor heterogeneity derives in part 
from distinct cancer stem cell populations that co-exist as admixtures of varying 
proportions. However, the lack of single cell resolution has prohibited a definitive 
identification of these types of stem cells and therefore any understanding of how each 
influence tumor phenotypes. Here were report the isolation and characterization of two 
cancer stem cell subtypes from the SW480 CRC cell line. We find these cancer stem 
cells are oncogenic versions of the normal Crypt Base Columnar (CBC) and 
Regenerative Stem Cell (RSC) populations from intestinal crypts and that their gene 
signatures are consistent with the "Admixture" and other CRC classification systems. 
Using publicly available single cell RNA sequencing (scRNAseq) data from CRC 
patients, we determine that RSC and CBC cancer stem cells are commonly co-present 
in human CRC. To characterize influences on the tumor microenvironment, we develop 
subtype-specific xenograft models and we define their tumor microenvironments at high 
resolution via scRNAseq. RSCs create differentiated, inflammatory, slow growing 
tumors. CBCs create proliferative, undifferentiated, invasive tumors. With this enhanced 
resolution, we unify current CRC patient classification schema with TME phenotypes 
and organization.  

Graphical Abstract   
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Introduction  

While initiation of cancer is thought to arise from a single transformed cell, progression 
to a tumor mass results in a population of cancer cells with a great deal of heterogeneity. 
Canonical thought ascribes genetic mutations to be the main drivers of this process, giving rise 
to the outgrowth of stable clonal subpopulations. However, the establishment of intra-tumor 
heterogeneity can also derive from transcriptionally distinct cellular states in isogenic cancer 
cells triggered by pressures in the tumor microenvironment1. To understand the complexity of 
heterogeneous tumors, several groups have used transcriptomic data from colorectal cancer 
(CRC) patients or PDX biopsies to develop classification structures and categorize this 
heterogeneity. For example, the CMS and CRIS systems each utilize transcriptomic signatures 
of signal transduction pathways including Wnt, inflammation, and others to define 4 and 5 CRC 
subtypes, respectively2,3. More recently, other groups have reduced the number of subtypes to 
“binary” categorizations of CRC based on either the Hippo Signal Transduction pathway 
(“YAPON” versus “YAPOFF”)4,5, a revision-reduction of the CMS classification system to iCMS2 
versus iCMS36, or by association to two intestinal stem cell states, Regenerative Stem Cell 
(RSC) versus Crypt Based Columnar (CBC) cells7–11. How these different subtype signatures 
compare with each other, whether they are co-expressed in the same cells or in distinct 
populations, and how each subtype influences the tumor microenvironment (TME) is not yet 
known. 

These CRC classification structures are based on bulk RNA sequencing of patient 
tumors or patient-derived organoids, even though there is wide acknowledgment of intra-tumor 
heterogeneity with respect to the signatures used to classify them12. Indeed, we and others 
have noted how intra-tumor heterogeneity is evident at the cell-to-cell level in CRC and even in 
tumor xenografts created from human colon cancer cell lines such as SW48013–15. To account 
for this, Vazquez et al. recently proposed that CRC tumors comprise a varying "admixture" of 
RSC-like and CBC-like cancer stem cells7. In their schema (CBC) cells are the stem cells that 
are LGR5+ and WntHI, and rapidly cycling to maintain crypt homeostasis (Figure 1A, e.g. LGR5, 
SOX4, PROX1, FGFR4)11,16,17. RSC refers to the less abundant population of quiescent stem 
cells that are activated upon injury to repair damaged intestinal crypts18. This stem cell 
population expresses gene programs of wounding and fetal-intestine (Figure 1A, e.g. WNT5A, 
TACSTD2, CLU, GSN, IFITM1)8,9,19,20. Whether the admixture classification model can account 
for heterogeneity at the individual cell level in CRC and whether it aligns with the other 
signaling-based classification schema is not known. Beyond the observation that CRC tumors 
are heterogeneous, there is much that is not understood about how different cancer stem cell 
subtypes influence the TME and overall phenotype. Tumor modeling of distinct CRC cancer 
subtype populations could greatly improve our understanding, but to achieve this, new methods 
that enable the capture, characterization, and culture of individual cancer cell populations are 
needed. 

In this study we address these unknowns using analysis of single cell RNA-sequencing 
(scRNA-seq) datasets from CRC patients and performing scRNA-seq of heterogeneous SW480 
tumor xenografts. We report that the binary classification scheme of RSC versus CBC is highly 
relevant to patient CRC and that patient tumors containing both populations can be modeled 
using SW480 CRC xenografting. The property of heterogeneity is intrinsic to the SW480 culture 
as it is comprised of RSC and CBC cancer stem cells with identical transforming genetic 
mutations (APC, TP53 and KRAS), but transcriptionally distinct gene programs. We present a 
method to isolate and separately xenograft RSC and CBC subtypes from the SW480 cell line 
and show that these subtypes exert striking, distinct influences on tumor progression and 
invasion. CBC-based tumors develop into large, highly proliferative, undifferentiated, aggressive 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 27, 2024. ; https://doi.org/10.1101/2024.04.25.591144doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.25.591144
http://creativecommons.org/licenses/by-nd/4.0/


tumors that invade and extensively wound neighboring epithelial tissue. CBC tumors are stroma 
poor overall, but the resident population of cancer associated fibroblasts (CAFs) is 
predominantly of the mature cancer-promoting phenotype and is highly prognostic for human 
CRC. The innate immune compartment has a large presence of plasmacytoid dendritic cells 
(pDCs). In contrast, RSC-based tumors are stroma-rich and differentiated with a Wnt5a-
expressing environment encapsulated by a thick collagen matrix. RSC tumors exert a different 
signature of injury-resolution in neighboring mucosae with genes activated in epithelial 
enterocytes that promote wound healing. The innate immune compartment of RSC tumors is 
expanded with the presence of mast cells expressing genes for granzymes, serotonin 
production, and genes normally expressed in T lymphocytes.  

Importantly, each subtype shares significant alignment with distinct human colorectal 
cancer CRIS molecular classifications and the YAPON/YAPOFF classification structure, and 
furthermore analysis of scRNA-seq datasets from patient tumors confirm that the RSC/CBC 
admixture model is highly relevant. Our study unifies multiple classifications of human CRC and 
demonstrates through subtype co-existence in a single culture as well as in patient biopsies how 
stable co-variants direct unique contributions to tumor phenotype.   

 

Results   

Binary patterns of CRC stem cell heterogeneity  

 The patterns of heterogeneity in xenografted CRC tumors that we and others have 
previously reported suggests that distinct cellular states might be a fundamental property 
reflected in the transcriptome of individual tumor cells13–15. To determine if this is the case, we 
performed scRNA-seq of xenografted SW480 subcutaneous tumors developed in NSG mice 
(Figure S1). Mouse and human cells sorted from the tumors that passed quality control filtering 
were clustered and visualized by uniform manifold approximation and projection (UMAP). 
Analysis of human tumor cells revealed two distinct populations (Subtype1, Subtype2), each 
with a respective cycling population and differentially expressed genes (DEGs) with respect to 
the Wnt signaling pathway, intestinal inflammation and regeneration (Figure 1B-C; Figure S1E-
G). The more abundant Subtype 1 cells expressed a Wnt target gene signature enriched in CBC 
intestinal stem cells (Figure 1C; LGR5, SOX4, PROX1, FGFR4) and we therefore assigned this 
subtype to be the LGR5+/WntHI CBCs. Subtype 2 exhibited strong expression to a Fetal-
Wounding and Regeneration signature and inflammatory genes (Figure 1C; WNT5A, TACSTD2, 
CLU, GSN, IFITM1) suggesting that these cells are the RSC subtype described by Vazquez et 
al.7. Interestingly, of the two xenograft replicates, the tumor with a greater abundance of RSC-
Subtype 2 cells contained almost double the stromal compartment suggesting that the two 
subtypes might correlate with different tumor microenvironments (Figure 1D).  

 We hypothesized that CBC and RSC signatures delineate tumor heterogeneity in CRC 
but that the prevalence of one or the other subtype correlates with TME compositions. To test 
this hypothesis, we utilized publicly available scRNA-seq datasets from 29 CRC primary tumors 
(Figure 2A-C)21. We found that while many patients exhibited intra-tumor heterogeneity of both 
CBC and RSC phenotypes aligning with our SW480 Subtype 1 and Subtype 2 signatures, 
respectively, the predominant subtype signature in the tumor cells of each patient indeed 
correlated with differences in TME composition (Figure 2D-E). For instance, patient tumors that 
as a population scored more highly for the SW480 Subtype 1/CBC signature were 
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predominantly composed of epithelial tumor cells (i.e. CBC-enriched patients; SMC01, SMC09, 
SMC16, SMC18, SMC21, SMC22), while patients that scored higher for the SW480 Subtype 
2/RSC signature contained 5-7-fold more stromal and myeloid cells in their TME (i.e. RSC-
enriched patients; SMC03, SMC14, SMC17, SMC20; Figure 2D-E; Figure S2). Interestingly, the 
significant differences in immune cell populations of the TME are among myeloid populations 
with no significant differences in the overall abundance of T and B lymphocytes or NK cells 
between tumor subtypes. We also confirmed that the additional CBC and RSC markers (Figure 
1A) that are related to inflammation and regeneration (TACSTD2, Fetal-Wounding Signature) in 
RSC cells and proliferation (PCNA, MKI67) in CBC cells similarly distinguish the two cancer 
stem cell populations in patients (Figure S3). 

SW480 cancer cell subtypes model binary classes of CRC  

 Analysis of the DEG lists for each subtype enabled the identification of Roundabout 
homolog 1, ROBO1, as a specific biomarker of SW480-CBC cells and Epidermal Growth Factor 
receptor, EGFR, as a biomarker of SW480-RSC cells (Figure S1H). Using antibodies to these 
receptors for FACS-based identification and separation of the two subtypes we identified distinct 
cellular morphologies of ROBO1± sorted cells that persisted across passages and single cell 
clonal derivation (Figure S4). Subtype 1/CBC cells exhibited a spherical "Rounded" morphology 
and Subtype 2/RSC cultures were a mixture of strongly adherent cells of cuboidal and 
mesenchymal morphologies (Figure S4). These distinct Rounded and Adherent morphologies of 
cells in the SW480 cultures are consistent with previous reports suggesting that the 
heterogeneity in the SW480 cell line is intrinsic and stable22–24. We confirmed this through 
genomic analysis: both subtypes carry identical oncogenic mutations previously identified in this 
patient (APC/KRAS/TP53) and identical Short Tandem Repeat profiles (Figure S5; 
Supplemental Data 1). 

 Bulk RNA sequencing analysis of freshly sorted ROBO1+/CBC and ROBO1-/RSC cells 
identified thousands of significant DEGs enriched in each subtype, including LGR5, which was 
100-fold upregulated in the CBC subtype (Figure S6; Supplemental Data 2). Gene Set 
Enrichment Analysis (GSEA) confirmed significantly enriched gene signatures in the RSC 
subtype including the intestinal Fetal-like Wounding "Regeneration" signature8,9, YAP target 
genes25,26, and inflammatory interferon and STAT327 signaling pathways. The CBC subtype is 
highly enriched for MYC signatures as well as proliferative Duodenal Transit Amplifying (TA) 
cells28. Their metabolic profiles are also drastically different with RSC cells expressing glycolytic 
and hypoxic gene signatures whereas CBC cells express a strong oxidative phosphorylation 
gene program, signatures that align with observations of their metabolism in culture. GSEA 
analysis also confirmed each subtype significantly aligns to different human CRIS molecular 
subtypes with CBC cells matching the crypt-bottom associated CRIS-E subtype, while the RSC 
subtype matches the two inflammatory CRIS-A and CRIS-B signatures as well as the EGFR+ 
CRIS-C subtype (Figure S6).  

RSC and CBC subtypes create divergent tumor landscapes  

 Given that enrichment of RSC or CBC signatures correlated with TME compositional 
differences in patients, we hypothesized that each SW480 subtype might direct the formation of 
distinct tumor initiation potentials and phenotypes. We tested this hypothesis via subcutaneous 
(SubQ) xenografting of single-cell clonally derived cultures. Limiting dilution analysis revealed 
that while CBC and RSC tumors were drastically different in size, there was no difference in 
tumor initiating potential (Figure S7). RSC xenografts developed as small, vascular-rich tumors 
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with regions of ossified extracellular matrix (ECM), confirmed by Alizarin Red staining (Figure 
3A-C; Figures S8-9). In contrast, CBC cells created much larger tumors (>10-fold) with a highly 
necrotic TME and adipocyte rich core, confirmed by BODIPY staining (Figure 3A-B; Figure S8). 

 Given these differences in histology and tumor size, we performed scRNA-seq to define 
their TME at high resolution. CBC and RSC tumors were co-developed in individual mice by left 
and right rear flank injections (Figure S10A). Tumors were excised and halved for simultaneous 
H&E staining and single cell dissociation for scRNA-seq. Sequencing data was analyzed after 
mapping to both human and mouse genomes to distinguish human cancer cells from mouse 
host cells (Figure 3D, Figure S10B-D). CBC and RSC tumor cells remained distinct populations 
and expressed the same marker genes as when in mixed SW480 xenografts (Figure 3E; Figure 
S10E-G). However, we identified stark differences in the abundance and transcriptional 
signatures of stromal and immune populations.  

 The overall amount of TME in CBC tumors was 3-fold less than RSC SubQ tumors (5% 
vs 15%; Figure 3D). Immune and mesenchymal fibro-stromal cells were remarkably 
transcriptionally distinct with populations of tumor associated macrophages (TAMs) and cancer 
associated fibroblasts (CAFs) more abundant in RSC tumors (Figure 3E-I). Pericytes also 
formed distinct populations associated with tumor subtype as evidenced by differential 
expression of bone associated genes (Acta2, Ctgf) and fat associated genes (Fap, Lpl, Pparg) 
in RSC and CBC tumors, respectively (Figure S11D). These distinguishing features align with 
observations of bone and fat ECM staining in the two tumor subtypes (Alizarin Red and 
BODIPY, respectively; Figure S8), and implicate pericytes as a potential mesenchymal 
progenitor that mediates crosstalk between tumor and stroma. 

 Cd45+ immune cells could be clustered into multiple subgroups including 
subpopulations of TAMs and Tissue Resident Macrophages (TRM). The fast-growing CBC 
SubQ tumors contained nearly all of the tumor-promoting M2 subtype of TAMs (TAM_M2) and 
TRMs expressing interferon stimulated genes (ISGs; TRM_Inflam; Figure S12). In contrast, 
RSC SubQ tumors contained a greater complexity of transcriptional states amongst Spp1+ M1-
TAMs with subclusters expressing distinct sets of inflammatory biomarkers (Figure S12). 
Overall, the inflammatory M1-TAM and Spp1+ populations were nearly exclusive to RSC 
tumors, while the tumor-promoting M2-TAM population was near exclusive to CBC tumors. 
Comparing all macrophages from RSC tumors (TAM_RSC) and CBC tumors (TAM_CBC), we 
identified roughly 300 DEGs with TAM_RSC expressing ECM, apoptosis and chemokine gene 
programs, while TAM_CBC highly express ISGs, anti-inflammatory M2 biomarkers and 
regulators of necrosis (Figure 3H-I). Dendritic cells (DCs) were a minor population in the SubQ 
setting, but we identified multiple subpopulations including an enrichment of mature, migratory 
DCs (migDC) and plasmacytoid DCs (pDC) in CBC tumors (Figure S12E).  

Orthotopic xenografts develop a more diverse, complex tumor microenvironment 

 Comparing tumor subtypes in an orthotopic setting, we again observed that injection of 
CBC cells created large, stroma-poor, necrotic tumors that were highly aggressive with 
destructive invasion into the epithelium, lymph, and muscle compartments (Figure 4A-C; Figure 
S13). RSC orthotopic tumors were again smaller yet rich in stroma and densely wrapped with 
collagen fibers (indicated by Trichrome staining; Figure 4A-C). Pathological scoring of H&E as 
well as smooth muscle actin immunohistochemistry (IHC) staining of both tumor subtypes 
characterized CBC tumors as having an undifferentiated morphology, while RSC cancer cells 
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were observed to organize into elongated rosette clusters, bounded by ECM proteins - 
reminiscent of quasi-differentiated epithelial crypt structures (Figure 4C).   

 While scRNA-seq of SubQ tumors revealed many TME differences associated with 
tumor subtype, TME content was relatively limited, especially for fast-growing CBC tumors (only 
~5% TME). We therefore investigated whether scRNA-seq of orthotopic tumors developed in 
the intestinal wall of the cecum, a more physiologic setting, would recapitulate the pro-
inflammatory versus immune-depleted TME features observed in SubQ tumors. Tumors 
harvested for scRNA-seq analysis (n = 4 mice each subtype) again showed each tumor subtype 
as distinct populations, and the expected TME cell types of surrounding murine tissues were 
identified (Figure 4D; Figure S14). In contrast to the SubQ setting, human tumor cells comprised 
only ~18% of the orthotopic TME (Figure S14C). A rich variety of immune cell types not 
captured in SubQ tumors (e.g neutrophils, mast cells, eosinophils, basophils) were identified 
including an expansion of innate progenitors and dendritic cell subtypes (Figure 4D; Figure 
S14). Additionally, neighboring epithelial populations from normal mucosa that encapsulate the 
developing tumors were also captured.  

 Analysis of the TME in our orthotopic model revealed several important distinctions 
between tumor subtypes with the largest difference comprising a 4-fold greater abundance of 
cancer associated fibroblasts (CAFs) in RSC tumors, with significant enrichment of an 
intermediary CAF_1 phenotype (Figure 5; Figure S15B). UMAP clustering of Col1a1+ 
fibroblasts grouped crypt associated and cancer associated fibroblast populations which were 
further distinguished using marker genes expressed by intestinal fibroblasts(Figure S15C-D)29. 
The CAF marker Thy130 revealed two transitional but distinct CAF populations wherein the 
CAF_2 population comprised the majority population in the aggressive CBC tumors (75%) 
versus its presence as a minority population in RSC tumors (40%; Figure 5B-C; Figure S15E). 
CAF_2 cells express high levels of Fap and Tgfb1 as well as gene signatures associated with 
angiogenesis, cell migration, and wounding (Figure 5D; Figure S15E). Notably, high level 
expression of the CAF_2 signature is prognostic for worse survival in CRC patients (Figure 5E), 
a measure that highlights the relevance of this signature to human CRC. RSC tumors contain 
an enrichment of the CAF_1 population which expresses gene programs involved in tissue 
development and morphogenetic processes including Wnt5a (Figure 5D; Figure S16), 
signatures that are ontologically congruent with the Fetal-like "Regeneration" signature 
expressed by the RSC subtype. Our dataset also contained a large quantity of normal intestinal 
fibroblasts which enabled us, via gene signature similarities, to predict the origins of the poor-
prognosis CAF_2 population to fibroblasts that surround the stem cell zone at the bottom of the 
intestinal crypt (i.e. CBF_2), and the regenerative CAF_1 population to fibroblasts that associate 
with the top half of the crypt where epithelial cells are differentiating (i.e. CTF; see Discussion 
and Figures S16-17).  

 The immune landscape in orthotopic xenografts was a more diverse and abundant 
presence compared to the SubQ TME (Figure 6; Figure S18A). We identified multiple types of 
granulocytes (neutrophils, mast cells, basophils, eosinophils) that were absent from the SubQ 
setting, and these populations were some of the most significantly different between the two 
tumor subtypes including the relative abundances of mast cells and eosinophils (Figure 6A; 
Figure S19C). For example, one of the three subpopulations of mast cells was completely 
absent in CBC tumors (RSC-specific Mast cell (RSC-MC)). This population exhibited strong and 
distinct expression of secreted proteases (Mcpt9, Gzma, Gzmb), serotonin synthesis enzymes 
(Tph1, Ddc), and adhesion complexes specific for E-cadherin (Cdh1:Jup, Itgae:Itgb7), 
suggesting that this population could play a unique role in tumor-TME crosstalk (Figure 6C-D; 
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Figure S19D-E). RSC tumors also contained a greater number of tumor-associated mast cells 
(TAMC)31 that express Vegfa (Figure S19D-E).  

 In addition to tumor-specific signatures in Kit+ granulocytes, we identified significant 
differences in the prevalence of Adgre1+ macrophages (Figure S20). Both tumor subtypes 
contained these populations, but the pro-inflammatory TAM_M1 state was more prevalent in 
RSC tumors while the tumor-promoting TAM_M2 state was two-fold more abundant in CBC 
tumors (Figure 6E; Figure S20E). The opposing proportions of tumor-promoting and tumor-
suppressing macrophage populations align with the overall tumor phenotypes where the 
smaller, slower growing RSC tumors have a higher proportion of pro-inflammatory M1 
macrophages and the faster growing, invasive CBC tumors have a higher proportion of tumor-
promoting M2 macrophages.  

 Despite NSG mice lacking an adaptive immune system, an examination of the dendritic 
cell (DC) population, which was more abundant in the orthotopic setting, allowed us to 
investigate further differences between tumor subtypes. DCs are a heterogeneous cell type with 
many different functions that are known to bridge innate and adaptive immune responses. We 
identified six DC populations and progenitor states (Figure 6F), with higher resolution clustering 
resolving into nine subpopulations (Figures S21-22). Conventional DCs (cDCs) were the most 
diverse DC subtype with the cDC2 subpopulation enriched in RSC tumors (Figure 6F). This 
population expresses pro-inflammatory genes and enzymes central to prostaglandin synthesis 
(Figure S22; Nr4a3, Ptgs2, Hilpda)32. We also identified an innate lymphoid progenitor (ILC) 
population that expresses NK cell (Ncr1) and T-cell markers (Figure S21; Pdcd1, Tox, Il2rb, 
Tcf7). The hybrid co-expression of innate and adaptive associated genes in an ILC population 
suggests that this population is a bona fide connector of the two arms of the immune system in 
NSG mice33. Taken together, RSC tumors have a much greater abundance of innate cell types 
associated with inflammation, prostaglandin synthesis and serotonin signaling. In contrast, 
immune-suppressive plasmacytoid DCs (pDCs), marked by Siglech, Bst2, and Bcl11a34, were 4-
fold more abundant in the proliferative, invasive CBC tumors (Figure 6F; Figure S21). Previous 
studies have shown pDCs can activate T-regulatory cells, a potential contribution to the 
immune-suppressive environment of CBC tumors35,36.  

Differential wounding patterns in mucosal epithelial cells  

 The orthotopic TME is encapsulated by mouse intestinal epithelium that is co-excised 
during tumor harvest. Our scRNA-seq analysis identified all the known stem cell, secretory, and 
absorptive populations from the mucosal epithelia (Figure 7A; Figure S23A-B). As both tumor 
subtypes differed in their degree of invasion into the normal mucosa, we also discovered 
marked differences in the way each subtype wounded intestinal epithelial tissue. For instance, 
we could ascribe distinct patterns of wounding associated with tumor-induced injury and 
healing, and we developed a novel signature for damaged mouse epithelia in both tumor 
subtypes (Figure S24; Gadd45a+Plaur+Sprr1a+F3.1+Gm26825-). Interestingly, we identified 
distinct signatures and abundances of wounded epithelial cells in each tumor subtype that 
signify early versus late stages of tumor-induced damage. For example, the invasive CBC 
tumors extensively damage neighboring mucosae such that the mature Krt20+ enterocyte 
(Ent_mature) population was depleted and replaced by a population of enterocytes expressing 
interferon stimulated genes (Ent_ISG; Figure 7A-C; Figure S23C). The mucosae overlying RSC 
tumors incurred less damage, containing both normal enterocytes (Ent_mature) and a 
population expressing the pro-resolving wound healing factor Anxa1 (Ent_Anxa1; Figure 7A-B; 
Figure S23)37.  
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 These effects of differential bystander wounding by the tumors were particularly evident 
in the murine intestinal stem cell (ISC) population with multiple subpopulations of stem cells 
expressing unique signatures of damage (Figure 7D-F). In the less damaged early stage of 
wounding as observed with RSC tumors, normal mouse ISCs comprised 50% of the stem cell 
population but in more damaged later stages of wounding from CBC tumors, only 25% of 
normal ISCs were detected (Figure 7D). Klf6 is a transcription factor and immediate-early injury 
response gene, and its expression is triggered in wounded ISCs4,38. Klf6 expression labeled a 
large proportion of the ISC population, including the Lgr5+ population that was uniquely present 
in CBC tumors (Figure 7G). This co-expression pattern suggests that the Lgr5+ stem cell 
population in the mucosae near CBC tumors is in fact, mostly wounded and there are very few 
"normal", homeostatic ISCs in and around the invading tumor. Indeed, the majority of ISCs 
(75%) isolated from the CBC tumor samples were divided between three transcriptional 
wounding states with Wounded_ISC_state3 being the most highly enriched compared to RSC 
tumors. Another important stem cell marker for injury is the Clu+ "Revival Stem Cell" population 
(Revival_ISC; Figure 7G)18. This small, quiescent population in normal crypts is triggered by 
injury to proliferate and replace the ISC compartment. We found this population was significantly 
depleted in the CBC tumors compared to RSC tumors (Figure 7D). Activated Clu+ Revival_ISC 
cells had the highest enrichment of the Fetal-Wounding "Regeneration" gene signature, and 
curiously, the Wounded_ISC_state3 also scored highly for this signature (Figure 7H). This gene 
signature alignment suggested that perhaps the absence of Revival_ISC in CBC tumors was 
due to their activation, proliferation, and constitution of the Wounded_ISC_state3 population. 
Taken together, the significant enrichment of Wounded_ISC_state1,2,3 populations in CBC 
tumors suggests a greater degree of wounding, and perhaps even a more prolonged, chronic 
state of wounding since the Revival_ISC population is nearly depleted in its entirety.  

 

Discussion  

 The cellular basis for tumor heterogeneity and its consequences in the tumor 
microenvironment are critical, fundamental questions for understanding how tumors develop 
and for developing better treatments. While several of the classification structures that define 
heterogeneity in CRC were derived from bulk RNA sequencing of patient samples, these 
studies lacked single cell resolution to determine the true basis of intra-tumor heterogeneity. 
Here we close that important gap by utilizing scRNA-seq of CRC patient biopsies together with 
xenograft models to provide an in-depth transcriptomic analysis of two colorectal cancer stem 
cell subtypes: Regenerative Stem Cells (RSCs) and Crypt Base Columnar cells (CBCs). We 
define how each subtype orchestrates its tumor microenvironment at the single cell level, 
underscoring that these differences were identified even when tumors were grown in the same 
mouse. Our strategy to isolate RSCs and CBCs from the heterogeneous SW480 cell line 
revealed the these subtypes align with, and unify, two proposed binary classifications of CRC: 
the YAPON/YAPOFF and the RSC/CBC classification models5,7. The transcriptomic and cellular 
signatures derived from the xenograft models were useful in determining that CBCs and RSCs 
co-exist in most CRC and can therefore account for much of the naturally occurring intra-tumor 
heterogeneity in CRC patient tumors. Given the intriguing co-existence of these two subtypes 
over decades in culture, we predict that they provide mutual benefit for survival and that their 
coexistence in patient tumors in varying proportions dictates the overall tumor phenotype. For 
example, Belgian patient KUL19 whose tumor scored higher for the CBC signature contained a 
large population of immune-suppressive pDCs and fewer CAFs which have gene signatures 
associated with the poor-prognosis CAF_2 phenotype (Figure S25).  
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 To our knowledge, our study is the first to link CRC stem cell subtypes with unique TME 
signatures and phenotypes: the RSC subtype promotes a differentiated, highly vascularized, 
pro-inflammatory environment and CBC tumors are stroma-poor yet faster growing and more 
aggressive. The immune-depleted CBC tumors also contain cancer associated fibroblasts 
(CAFs) that align with CAF signatures of poor-prognosis patients (CAF_2; Figure 5E). The 
enhanced invasive phenotype also induces a unique interferon-driven bystander effect on 
neighboring epithelial mucosae, as well as a heightened injury signature in the normal intestinal 
stem cell population. Perhaps prolonged injury from an invading tumor front might subject 
normal crypts and stem cells to a risk of Field Cancerization.  

Single cell resolution of the tumor microenvironment 

 To our knowledge, we provide one of the first, in-depth single cell atlases of an NSG 
mouse, showcasing all the innate immune populations present in xenografted tumors, with 
surprisingly, some populations expressing genes normally associated with adaptive NK and T-
cell functions (e.g. granzymes, PD-1/Pdcd1, Tox, Ncr1). We find that there are important and 
significant tumor-specific differences in the innate immune cell and fibroblast compartments. 
Concordantly, it is these compartments that were also the most significantly different between 
patient tumor subtypes.  

 Previous studies have suggested that a quantitative measure of the stromal abundance 
of CAFs is considered to be a negative prognostic indicator for CRC outcomes3,39–41. However, 
our tumor models highlight that CAF gene expression might be a stronger predictor. In both 
SubQ and orthotopic models, CAFs were 3.5-4-fold more abundant in the slower growing RSC 
tumors, making these tumors more fibrotic than the fast-growing, invasive CBC tumors. 
Immunohistochemistry (IHC) staining for the myofibroblast biomarker SMA in RSC tumors 
identified CAFs surrounding clusters of tumor cells as if they were circumscribing quasi-crypt 
forming units, similar to regenerating epithelium, but managing only abortive attempts at gland 
formation (Figure 4C). Concordantly, the majority CAF population (CAF_1) in RSC tumors 
express developmental gene programs reminiscent of embryonic and/or regenerative fibroblasts 
which are necessary for the formation of intestinal crypts42. Even though CAFs were 4-fold less 
abundant in CBC tumors, the predominance of mature Fap+ CAFs (CAF_2) which express 
multiple anti-inflammatory secreted molecules (Gas6, Tgfb1, Cxcl12) was associated with 
significantly worse prognosis in CRC patients (Figure 5E). Therefore, our data suggests that the 
transcriptional identity of CAFs is more important for prognosis than the physical abundance. In 
addition to CAF signatures as prognostic indicators, our data provide novel predictions of their 
origin (Figures S16-17). The CAF_2 population, enriched in CBC tumors, shares patterns of 
gene expression with crypt-bottom CBF_2 fibroblasts. This suggests that CBC cells, which 
epitomize oncogenic homeostatic crypt stem cells, may be influencing CAF differentiation to 
retain crypt base niche expression signatures. In contrast, RSC tumors have a predominance of 
CAF_1 fibroblasts that co-express genes with CTFs, which are found at the top of crypts 
associated with mature, differentiated epithelia. Interestingly, Wnt5a, a well-known signal for 
inflammation, is highly expressed by CTFs, CAF_1 fibroblasts and RSC cancer cells (Figure 
S26A). Furthermore, we detected WNT5A expression in CAFs from RSC enriched CRC patient 
tumors (SMC14, SMC17, and SMC20) suggesting that this Wnt ligand is potentially an 
important and clinically relevant signal in the TME of RSC tumors (Figure S26B).    

 A study of the innate immune compartment of NSG mice allowed for important 
discoveries in three populations: mast cells (MCs), tumor associated macrophages (TAMs) and 
dendritic cells (DCs). We captured a large abundance of MCs in RSC tumors, with a unique 
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population completely absent in CBC tumors that exclusively express genes associated with 
serotonin production (Tph1, Ddc), cytotoxic T-cells (Gzma) and tissue remodeling (Mcpt9; 
Figure 6D; Figure S19D). For example, these cells have the strongest signature for secreted 
proteases including Gzma, which is normally produced by cytotoxic T-cells, and Mcpt9, a β-
chymase protease known to be upregulated during infection and tissue remodeling43. Because 
this population strongly expresses genes for serotonin production, we searched for expression 
patterns of serotonin receptors (Htr's) and the uptake transporter Slc6a4 which reduces 
environmental concentrations. We found that monocyte, macrophage, and DC populations in 
RSC tumors can respond to serotonin (Htr2b, Htr7 expression; Figure S20D; Figure S22G). 
However, there is no expression of Slc6a4/SLC6A4 in any cell type in the tumor. This suggests 
that serotonin production by MCs is a long-lasting environmental signal that contributes to the 
overall inflammatory TME.  

 Additionally, we identified patterns of TAM polarization as another defining feature 
associated with CRC subtype. RSC tumors were enriched for TAM populations expressing 
inflammatory M1 signatures while CBC tumors were enriched for tumor-promoting M2-TAMs. 
Eosinophils were markedly depleted in CBC tumors compared to RSC eosinophils which 
express high levels of Osteopontin (Spp1) and the serotonin receptor Htr7, meaning that they 
are likely able to respond to serotonin-secreting MCs (Figure S19F). Finally, the contrasting 
roles of different DC populations enriched in each tumor subtype further promote the opposing 
pro-inflammatory (cDC2 cells in RSC tumors) versus anti-inflammatory phenotypes (pDCs in 
CBC tumors)44,45.  

Tumor associated wounding signatures in bystander epithelium 

 A fascinating aspect of this study was the discovery of different tumor-induced wounding 
patterns within the epithelial compartment including distinct transcriptional states of wounded 
stem cells. Using Monocle2 analysis to build cell differentiation trajectories, we observed unique 
patterns of wounding at different windows of "pseudotime" (Figure S23D). In this analysis, 
differentiating wounded populations lie closer to the predominantly injured ISCs at the beginning 
of pseudotime in CBC tumors. Whereas in RSC tumors these wounded differentiating 
populations are placed farther away from the largely uninjured ISC population. This suggests a 
wounding trajectory that develops over time as stem cells transition to wounded states. It is 
therefore possible that the different wounding patterns in the two tumor subtypes provide a 
model for the effects of early (RSC) versus later stages (CBC) where there is sustained, 
invasive damage exerted on neighboring, normal epithelia. Finally, we discovered that the 
lncRNA Gm26825 is an exclusive biomarker of normal mouse epithelial cells as its expression 
disappears in wounded populations (Figure S24). This discovery enabled us to develop a novel 
"Wounding Signature" that broadly captures wounded cells of mouse intestinal epithelium 
(Gadd45a+, Plaur+, Sprr1a+, F3.1+, Gm26825-). We found that a human version of this 
signature (GADD45A, PLAUR, SPRR1A) was indeed upregulated in tumor epithelial cells and 
bordering biopsies of KUL patients compared to their normal epithelial counterpart (Figure 
S25C).     

 Developing a system to separately culture and study the two CRC stem cell subtypes 
that co-exist in the SW480 cell line offered a unique opportunity to define their transcriptomes 
and directly compare how each subtype orchestrates a different tumor microenvironment. Our 
discoveries of markedly distinct tumor phenotypes offer a new perspective on intra-tumor 
heterogeneity illustrating how different stem cell populations promote different hallmarks of 
cancer. We find that the CBC and RSC subtypes and the tumors they create remain connected 
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to the functions of their normal stem cell counterparts, either the proliferative capacities of 
CBCs, or the wound healing properties of regenerative Revival Stem Cells (revSCs). 
Understanding the mechanisms underlying these inherent stem cell properties of plasticity and 
differentiation in each subtype will be important for identifying drug sensitivities and preventing 
the emergence of drug resistance.  

Limitations of the study 

 It is important to note two limitations of our study. First is the use of immune 
compromised mice that lack an adaptive immune system. While we have identified multiple 
innate immune cell types (e.g. M2-TAMs and plasmacytoid DCs) that are immune suppressive 
in other mouse and human immune competent models, we cannot account for any direct 
immune-mediated effects in our xenograft model as the adaptive compartment has important 
influences on innate populations and the overall status of immunity in and around tumors. 
Interestingly, our analysis of the TME of CRC patients (Figure 2E) determined that there are 
significant differences in abundance of innate cell populations such as myeloid cell types but no 
apparent differences in the abundance of adaptive cell populations: T and B lymphocytes or NK 
cells. Therefore, while the use of NSG mice in our study is a limitation, the differences we 
identified in the innate compartment share some similarities to the tumor subtypes in immune-
competent patients.  
 An additional limitation is that our study discovers CRC cancer stem cell subtypes from a 
cell line. Given that almost every human patient tumor that we examined contained RSC and 
CBC-like cells (Figure 2), we predict these two subtypes will be detected often in 
KRAS/TP53/APC MSS tumors. Here we exploited the heterogeneity innate to the SW480 cell 
line as a useful tool to identify and define two CRC cancer stem cell subtypes. We determined 
that these cancer stem cells are stable and that they direct the formation of distinct tumor 
microenvironments. The TME signatures of those environments, such as the poor prognosis 
CAFs in CBC tumors and bystander wounding of epithelial tissue, should be useful in the 
analysis of patient tumors and immune-competent mouse models.  
 
 
Acknowledgements  
 
We thank all members of the Waterman Lab and collaborators John Lowengrub, Arthur Lander, 
Peter Donovan, and Grant MacGregor for discussion of this project, and Harry Mangalam for 
bioinformatic support. We are grateful to Morgan Dragan, Adeela Syed, Jennifer Bates, Melanie 
Oakes, and Stephanie Hachey for their assistance with experiments. The authors acknowledge 
the support of the Chao Family Comprehensive Cancer Center Shared Resources: Optical 
Biology Center, Flow Cytometry Facility, Genomics Research & Technology Hub, and the 
Experimental Tissue Resource. This work was supported by the National Cancer Institute of the 
National Institutes of Health (P30CA062203, U54-CA217378, and R03CA223929 to M.L.W.). 
The content is solely the responsibility of the authors and does not necessarily represent the 
official views of the National Institutes of Health. The material is based on work supported by the 
National Science Foundation (DGE-1839285 to L.H.). Research was supported by an Anti-
Cancer Challenge research grant from the University of California, Irvine Chao Family 
Comprehensive Cancer Center. 
 

 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 27, 2024. ; https://doi.org/10.1101/2024.04.25.591144doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.25.591144
http://creativecommons.org/licenses/by-nd/4.0/


Author Contributions 

M.L.W. and L.H. designed and supervised research and wrote the manuscript; L.H. performed 
all experiments and bioinformatic analyses; D.T. performed all mouse surgeries and xenograft 
injections; R.A.E. contributed to pathological analysis and maintained animal compliance; S.Y.P. 
quantified staining; K.N., S.Y.P., J.W., A.N.H., C.V. and M.M.S. assisted with bioinformatic 
analyses.  

Declaration of Interests 

The authors declare no competing interests.  

 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 27, 2024. ; https://doi.org/10.1101/2024.04.25.591144doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.25.591144
http://creativecommons.org/licenses/by-nd/4.0/


Methods  

Material availability 

Further information and requests for resources and reagents should be directed to and will be 
fulfilled by Marian L. Waterman (marian.waterman@uci.edu). 

Data availability 

Raw bulk RNA-seq datasets for ROBO1+ and ROBO1- sorted SW480 cells are available in the 
NCBI Gene Expression Omnibus (GEO) database using accession number GSE254891. 
Original and processed scRNA-seq data from xenograft tumors are available under GEO 
accession number GSE254890. Script for processing of data can be provided upon request.  

Xenograft Models  

All mouse experiments were approved by the University of California Institutional Animal Care 
and Use Committee (AUP-20-033). In brief, subcutaneous xenografted tumors were generated 
by injecting 1-2 million cells in 100µL of PBS into the back rear flanks (and shoulder flanks for 
limiting dilution experiments, with cells suspended in Matrigel) of male NSG mice using a 26 
gauge needle and 1 cc syringes. Tumor inoculations were left to develop for 21-28 days, to a 
maximum diameter of 1.2cm, or until time of harvest. Excised tumors were measured and 
photographed before tissue processing. For orthotopic cecal xenografts, male NSG mice were 
placed under anesthesia and a surgical incision was made in the abdomen to visualize the 
cecum. Using a Hamilton syringe, 100-200K cells/10µL PBS was injected into the submucosal 
space of the cecum, performing 4-5 injections per side for a total of 8-10 inoculations per mouse 
cecum. The mouse was placed in a semi-reclined position and the outside cecal surface 
was rinsed with PBS before insertion back into the abdomen and suturing (to avoid seeding the 
abdominal cavity). Orthotopic inoculations were left to develop for 28-35 days before harvesting. 
Individual tumors excised from the cecum were measured and photographed, or the whole 
cecum tissue was linearized and rolled into a "swiss roll" before tissue processing. 

Cell lines and culturing  

SW480 and SW620 cell lines were purchased from ATCC in 2019 and cultured in T-75 flasks 
(Falcon) with DMEM-complete (DMEM-C: DMEM High Glucose (Hyclone), 10% FBS (Atlas 
Biologicals), 1X L-glutamine (Gibco), and 1X Antibiotic-Antimycotic Solution (Corning)). Cells 
were passaged every 3-5 days using trypsin-EDTA by splitting 1:5 to maintain sub-confluency. 
All experiments were performed within the first 12 passages of a new stock vial from ATCC 
and/or clonal derivation. Cell cultures were mycoplasma tested with the MycoAlert Mycoplasma 
Detection Kit (Lonza) every 3-5 months. Confirmation of cell line identity was performed using 
short tandem repeat (STR) profiling by the University of Arizona Genetics Core and SNV 
mutations were identified by exome sequencing by the UCI Genomics Research & Technology 
Hub.  
 
Passaging of ROBO1+ sorted Rounded/CBC cultures every 4-5 days is best done by incubating 
cells with 0.25% trypsin-EDTA (Gibco) for 1-2 min at RT/37˚C, rigorously pipetting the cells with 
trypsin with a p1000 Pipetman (Gilson) to break up colonies and achieve a single cell 
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suspension of the Rounded/CBC subtype. Suspensions are quickly quenched with DMEM-C 
and counted for concentration and viability. For subculturing experiments after FACS, growth 
medium and PBS washes were added back to the trypsinized cell suspension to account for 
floating Rounded/CBC cells (normally lost during vacuum aspiration of media/wash steps). 
Passaging of Adherent/RSC cultures is achieved by incubating cells with 0.25% trypsin-EDTA at 
37˚C for 5-8 min, quenching with DMEM-C and counting the single cell suspension. Cells 
cultured in T-75 flasks were seeded at 2-4 million cells/flask in 10 mL DMEM-C. Phase-bright 
contrast images of cell cultures were obtained using an EVOS FL inverted microscope 
(Invitrogen #AMF4300). 

Alternative passaging strategies: The Rounded/CBC subtype grows as weakly adherent/floating 
colonies which remain non-adherent to the tissue culture flask for the first two days post-
passage making them susceptible to vacuum aspiration. To mitigate Rounded/CBC cell loss 
from SW480 cultures, passaging every 4-5 days is ideal as colonies become large enough to 
form weak adhesions with the cell culture plate, enabling slow, careful vacuum aspiration. 
However, as they are still only weakly adherent, colonies can also be released from the flask by 
vigorous pipetting of the growth media with a p1000 pipet (no trypsin). Once released, 
Rounded/CBC cells can be collected into a 15 mL conical, centrifuged at 300xg for 5 min at 4˚C, 
and the cell pellet resuspended in 0.25% trypsin-EDTA for 2-3 min at RT. Vigorous pipetting to 
break cell clusters before quenching with DMEM-C is effective to achieve a single cell 
suspension. Note: incubation with trypsin-EDTA in a 37˚C water bath should not exceed 1-2 
minutes as the Rounded/CBC subtype is extremely sensitive and easily lysed.  

Fluorescence Activated Cell Sorting (FACS) and Clonal derivation of SW480 subtypes 

SW480 cells were washed with 1X PBS-EDTA and incubated with TrypLE Express Enzyme 
(Gibco) for 5 min at 37˚C before quenching with DMEM-C. Cells were centrifuged at 300xg for 5 
min at 4˚C, washed with FACS buffer (1% BSA in PBS) and centrifuged again before 
resuspending the cell pellet in enough FACS buffer for 1million cells/100µL. For subtype-specific 
isolation, antibody incubation was performed on ice in the dark for 30 min (ROBO1-PE; NBP2-
75975PE was custom made using MAB71181 (clone 770502)). After staining, samples were 
diluted with FACS buffer and centrifuged at 500xg for 5 min at 4˚C. Final cell pellets were 
resuspended in FACS buffer for 2 million cells/100µL, passed through a 35 µm filter cap, and 
SYTOX blue viability dye was added (1:10,000, Invitrogen) before sorting on a BD FACSAria 
Fusion cytometer. Sorted samples were collected into 15 mL conical tubes containing DMEM-C 
or 1% BSA/PBS for subculture or sorted directly into 96-well plates containing DMEM-C for 
single cell clonal derivations. Single cell clonal derivations were incubated at 37˚C for one 
month before first passage. Passages 4-10 of clonally derived cells were used in the described 
experiments and mycoplasma tested every 3-5 months. 

Fluorescence Activated Cell Sorting (FACS) of Xenografts 

Three weeks post-injection, subcutaneous tumors were processed and sorted for live cells to 
generate single cell libraries for mRNA sequencing. In brief, xenograft tumors excised from mice 
were weighed before immediate mechanical and enzymatic dissociation in DMEM-collagenase 
media for 1 hour in a 37˚C shaker at 150 rpm (Hyclone DMEM, 2 mg/mL Collagenase type IV 
(Sigma), 5% FBS (Atlas Biologicals), 1% Antibiotic-Antimycotic (Gibco); for orthotopic tumors, 
20 ug/mL Hyaluronidase (Sigma) was also added). After dissociation, samples were centrifuged 
at 500xg for 5 min at 4˚C, washed with Hank's balanced salt solution (HBSS) and centrifuged 
again. Pellets were resuspended in TrypLE Express Enzyme (Gibco) and incubated at 37˚C for 
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6 min, pipetting with a p1000 pipet every 2 min to break cell clumps and adding DNase 
(100µg/mL = 0.3units/µL) as needed. DMEM-C quenched samples were filtered with a 40µm 
strainer before centrifugation at 500xg for 5 min at 4˚C. Samples were washed with FACS 
buffer, centrifuged again, and cell pellets resuspended in FACS buffer for 2 million cells/100µL 
before adding SYTOX blue viability dye (1:10,000). Live cells (SYTOX blue-negative) were 
sorted using a BD FACSAria Fusion cytometer. FCS data files were analyzed with FlowJo v10 
software (BD, FlowJo LLC). 

scRNA-seq generation and Seurat data analysis 

Xenograft tumors were prepared as described above and FACS sorted live cells (SYTOX Blue-
negative) were washed with 0.04% BSA in PBS twice before a final resuspension to 
approximately 1,000 cells/µL. Each xenograft sample was generated as an individual scRNA-
seq library using the Chromium Single-Cell 3'RNA-sequencing platform with Reagent kit v3 (10X 
Genomics). cDNA library quantification was performed using a Qubit dsDNA HS Assay Kit 
(Invitrogen) and KAPA qPCR (Kapa Biosystems). The Illumina NovaSeq 6000 system was used 
to sequence libraries to a target read depth of 50,000 reads/cell. Fastq files were dual-aligned to 
both GRCh38 (human) and mm10 (mouse) genomes using Cell Ranger (v3.1.0). Human cells 
were identified as those containing at least 97% human transcripts per cell (i.e. transcripts 
beginning with 'GRCh38-'). Mouse cells were identified as those containing at least 97% mouse 
transcripts per cell (i.e. transcripts beginning with 'mm10-'). Further processing and 
normalization were performed in R studio using R (v3.6.1) and Seurat packages (v3.1.0). Cells 
that passed quality control filtering criteria were used for downstream analysis: low quality cells 
with 100 genes or less, or containing more than 20% mitochondrial genes were removed. 
Additionally, a maximum threshold for genes expressed was set to 7500 and doublets were 
removed based on the number of unique genes. Standard Seurat processing included log 
normalization and the first 10-20 principal components were selected to perform clustering 
analysis. Specific marker genes were identified for each cluster using the 'FindAllMarkers' 
function setting both the logfc.threshold and min.pct to 0.25. DEG analysis between 2 clusters 
was performed using the 'FindMarkers' function to generate a list of significant DEGs for 
Volcano plot visualization using ggplot functions. Gene scoring of signature gene lists was 
calculated using the 'AddModuleScore' function. Gene expression was visualized using DotPlot, 
VlnPlot and FeaturePlot functions. ClusterProfiler package (github.com/YuLab-
SMU/clusterProfiler) was used to find GO term pathways associated with top DEGs with a log-
fold change difference >3 enriched in each cell type. Monocle2 analysis was performed as 
described previously46. 

CRC patient data analysis 

Single cell RNA sequencing datasets generated from primary CRC tumors was obtained from 
Lee et al. 202021 and accessed from the Gene Expression Omnibus (GEO) database. The raw 
UMI read count data for cohorts containing 6 Belgian patients (KUL3 dataset (GSE144735)) and 
23 Korean patients (SMC dataset (GSE132465)) were downloaded and used for downstream 
bioinformatic analysis in R studio using R (v3.6.1). Seurat integration analysis was performed to 
group cell types from diverse patients, with integration anchors identified across individual 
patient libraries as previously described47. Standard Seurat processing including log 
normalization and the first 10-15 principal components were selected to perform clustering 
analysis. Cell types were annotated by identifying marker genes expressed in each cluster using 
the Seurat function 'FindAllMarkers', setting fold-change threshold and min.pct to 0.25. For 
epithelial tumor cell analysis, EPCAM+ cells from annotated tumor biopsies were subset and 
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processed by the standard Seurat pipeline. Gene signature scoring was performed using the 
'AddModuleScore' function to identify tumor stem cell subtypes.  

Bulk RNA sequencing  

SW480 cultures were FACS sorted for ROBO1+ (CBC) and ROBO1- (RSC) cells and 
immediately frozen in TRIzol (Invitrogen) and stored at -80˚C until all replicates were collected. 
Replicates were single batch processed for RNA isolation using the Direct-zol RNA Miniprep Kit 
(Zymo Research) and RNA quality was determined using an Agilent Bioanalyzer DNA High 
sensitivity chip. 1µg of RNA was used for library generation using Illumina TruSeq Stranded 
mRNA Library Prep kit (Illumina #RS-122-2103). Sequencing was performed on an Illumina 
HiSeq 4000 (settings: RTA 2.7.7; HCS3.4.0.38) with 100 bp paired end detection. Adapter 
sequences were trimmed from paired-end sequencing reads and fastq files were assessed for 
quality using Base Calling Software (Bcl2Fastq). Data was aligned to the human genome 
GRCh38 using STAR (version 2.6.0c), converted to bam files and merged (samtools v1.9), and 
read count files were generated using Enthought Python (v7.3.2). Differential gene expression 
analysis was performed in R studio (v1.1.423) with R (v3.6.1) using default settings for the 
DESeq2 (v.1.24.0) pipeline for statistical analysis. Normalized results were log2 transformed 
and filtered for padj value <0.01 using DESeq2 Wald P-value test for downstream DEG 
analyses. PCA, volcano and gene count plots were generated in R studio using functions 
plotPCA and ggplot.  

Gene Ontology Enrichment Analysis 

Gene ontology terms were identified by uploading top DEGs into Enrichr 
(maayanlab.cloud/Enrichr) and using the ClusterProfiler R package (github.com/YuLab-
SMU/clusterProfiler). The 'cnetplot' function was used to plot linked GO term pathways with 
enriched DEGs. Gene set enrichment analysis (GSEA) using bulk RNA-seq data of SW480 
subtypes was performed using the GSEA software (v4.1.0) with Hallmark and GOBP gene lists 
sourced from the Molecular Signature database (MSigDB)48,49. Previously published gene lists 
and signatures used for gene scoring analyses are listed in Supplemental Data 3. 

Whole Exome Sequencing Analysis  

Whole exome profiling of SW480-CBC (C2 clone) and SW480-RSC (E11 clone) samples were 
first prepared as libraries using the xGen™ Exome Hyb Panel v2 kit  (IDT #10005153) following 
manufacturer instructions. In brief, 300ng of DNA was used for precapture library construction 
and then sheared by Covaris Acoustic shearing to generate 200bp fragmentsin length. The 
ends of DNA were repaired and adenylated, followed by overnight ligation of the IDT-STUB 
adapter onto the ends. The adapter ligated product was cleaned using AMPure XP beads and 
then amplified for dual indexing using 5 cycles of PCR. The resulting precapture library was 
cleaned with AMPure XP beads followed by quality control assays using a Bioanalyzer 2100 
DNA High Sensitivity Chip and quantification by Qubit DNA High Sensitivity. Precapture libraries 
were pooled using 500ng of each library, and then hybridized overnight with Xgen biotinylated 
custom probes from IDT. Following hybridization, streptavidin beads were used to capture the 
exome libraries and a post capture PCR amplification of 8 cycles was performed. The final 
exome library was quantified by Kapa Sybr Fast universal and then sequenced on an Illumina 
NovaSeq 6000 platform generating 100bp paired end reads. Raw reads were transferred and 
quality analyzed using fastQC tool (v0.11.9). Low quality bases and adapter sequences were 
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trimmed using Trimmomatic (v0.39). Trimmed reads were then aligned to the human reference 
genome (build hg19) using the Burrows-Wheeler Aligner (BWA mem, v0.7.12). Duplicated reads 
were removed using Picard tools MarkDuplicates (v1.130). Local realignment and base quality 
recalibration was done on each chromosome using the Genome Analysis Toolkit (GATK 
v4.0.4.0) using best practices. SNVs and indels were detected and filtered using GATK with 
HaplotypeCaller function. The output files were generated in the universal variant call format 
(VCF). Variant functional annotation was done using CLC Genomics workbench. 

Kaplan-Meier Survival Analysis  

TCGA integration of DEGs including datasets from differentially expressed pathway genes, 
curated pan-TCGA data, as well as all scripts used to analyze are available 
at: https://github.com/cvan859/TCGA-Wnt-signaling-in-CRC. Briefly, panTCGA data was 
accessed from UCSC Xena on November 3, 2022 where TCGA-COAD (colon cancer) was 
used. Differentially expressed genes (DEGs) were accessed from TCGA somatic SNIPER 
results or normalized RNA-seq counts. LOF mutations were filtered for those containing 
missense mutations or premature stop codons were compared to individuals where no similar 
disruptive mutations were observed in those genes. Gene expression was subdivided in each 
individual receiving counts of DEGs which are above or below the mean expression for each 
gene. Individuals were then divided into expression categories based on the sum of low vs high 
counts of DEGs and used for survival analyses. Significance of survival differences between 
groups was calculated using a log-rank test. Survival curves were generated and analyzed 
using R packages survival and survminer. 

Immunohistochemistry staining 

Xenograft tumors were fixed in 3.7% formaldehyde overnight at RT and washed through an 
increasing ethanol series (25% for 10 min then 50% for 10 min) before storage in 70% ethanol 
for tissue processing. Tissue embedding, FFPE processing, and H&E staining was performed 
by UCI Department of Pathology Experimental Tissue Resource. Unstained slides for antigen 
staining were de-paraffinized in xylenes and re-hydrated to PBS. Antigen retrieval was 
performed in boiling 10mM sodium citrate buffer pH 6.0 for 3-5 min. Tissue sections were 
peroxidase quenched with 3% H2O2 for 15 min at RT and blocked (10% normal goat 
serum/PBS) for 1 hour at RT before Avidin-Biotin blocking (Vector Laboratories, Inc). Primary 
antibodies were diluted in 5% serum(FBS)/4% BSA/0.3% Triton-X/PBS and incubated for 30 
min at RT (CD31 @ 1:100; SMA @ 1:250). Slides were washed in 0.1% PBST (1XPBS/0.1% 
Tween-20) for 5 min, 3X before secondary HRP antibody incubation for 1 hour at RT diluted in 
0.05% PBST. Slides were washed 3X with 0.1% PBST before incubation with Vectastain Elite 
ABC-HRP kit (Vector Laboratories, Inc). Finally, sections were developed with DAB Chromogen 
(ThermoFisher Scientific). Slides were mounted with Permount (Fisher Sci) and left to cure O/N 
at RT before imaging on a Keyence BZ-X710 microscope with BZ-X analyzer software 
(Keyence, Inc).  

Other staining protocols 

Masson Trichome staining kit (ThermoFisher Scientific) was used on unstained sections 
following manufacturer instructions and mounted with Permount (Fisher Sci).  
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Alizarin Red staining was performed using a 2% Alizarin Red solution prepared in distilled water 
and pH adjusted to 4.1-4.3 with 10% KOH. In brief, paraffin sections were first de-paraffinized in 
xylenes and re-hydrated to distilled water via a decreasing ethanol series. Sections were then 
stained with Alizarin Red S (2% w/v) for 30-60 seconds, and excess dye drained and blotted 
from sections before drying. Sections were dehydrated in 100% acetone for 20 dips, then 
acetone:xylenes (1:1) for 20 dips. Sections were cleared in xylenes and mounted with Permount 
(Fisher Sci).  

For BODIPY staining, harvested tumors were flash frozen in liquid nitrogen, before embedding 
in Tissue-Tek OCT in an isopentane-liquid nitrogen bath and stored at -80C. Frozen samples 
were cut to 5 µm thick sections in a cryostat and placed on SuperFrost Plus slides, and stored 
at -80˚C until staining. Frozen sections were fixed with 4% paraformaldehyde for 15 min at RT 
and washed 3X with PBS before incubation with BOPIDY FL dye (1:3000; ThermoFisher 
Scientific) for 30 min in the dark at RT. Stained sections were washed 3X with PBS and 
mounted with ProLong Diamond with DAPI (Molecular Probes). BODIPY images were acquired 
using a Keyence BZ-X710 microscope and BZ-X analyzer software (Keyence, Inc).  

RT-qPCR  

Cells were collected in TRIzol Reagent (Invitrogen) and stored at -80˚C. RNA was isolated with 
the Direct-zol RNA Miniprep Kit (Zymo Research) and then converted to cDNA using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems). Primers were ordered from 
Integrated DNA Technologies and qPCR was performed using 2X qPCR master mix 
(ThermoFisher Scientific) and 10 µM primers (ROBO1-Forward: 
ATGGTTGGGGAACGTGAGAG; ROBO1-Reverse: ACTGCCAAGTTACTGGGTCTC). Ct 
values were normalized by delta-delta-Ct analysis using 18S Ct values as control expression 
(cDNA was diluted 1:1000 for 18S primer reactions). Statistical evaluation involved fold change 
Ct values in Prism 9 (v10) using an unpaired Student's t-test.  

Statistics 

All statistics were performed in Prism 9 (v10; GraphPad software) using an unpaired Student's t-
test to determine significance between two groups compared (CBC versus RSC). Data are 
presented as mean ± standard error of the mean (SEM). P-values < 0.05 were considered as 
statistically significant.  
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