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Abstract

BACKGROUND AND AIMS: Genomic alterations that encourage stem cell activity and hinder 

proper maturation are central to the development of colorectal cancer (CRC). Key molecular 

mediators that promote these malignant properties require further elucidation to galvanize 

translational advances. We therefore aimed to characterize a key factor that blocks intestinal 

differentiation, define its transcriptional and epigenetic program, and provide preclinical evidence 

for therapeutic targeting in CRC.

METHODS: Intestinal tissue from transgenic mice and patients were analyzed by means of 

histopathology and immunostaining. Human CRC cells and neoplastic murine organoids were 

genetically manipulated for functional studies. Gene expression profiling was obtained through 

RNA sequencing. Histone modifications and transcription factor binding were determined with the 

use of chromatin immunoprecipitation sequencing.

RESULTS: We demonstrate that SRY-box transcription factor 9 (SOX9) promotes CRC by 

activating a stem cell–like program that hinders intestinal differentiation. Intestinal adenomas and 

colorectal adenocarcinomas from mouse models and patients demonstrate ectopic and elevated 

expression of SOX9. Functional experiments indicate a requirement for SOX9 in human CRC 

cell lines and engineered neoplastic organoids. Disrupting SOX9 activity impairs primary CRC 

tumor growth by inducing intestinal differentiation. By binding to genome wide enhancers, 

SOX9 directly activates genes associated with Paneth and stem cell activity, including prominin 

1 (PROM1). SOX9 up-regulates PROM1 via a Wnt-responsive intronic enhancer. A pentaspan 

transmembrane protein, PROM1 uses its first intracellular domain to support stem cell signaling, 

at least in part through SOX9, reinforcing a PROM1-SOX9 positive feedback loop.

CONCLUSIONS: These studies establish SOX9 as a central regulator of an enhancer-driven 

stem cell–like program and carry important implications for developing therapeutics directed at 

overcoming differentiation defects in CRC.

Graphical Abstract
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Intestinal stem cells and their immediate progeny replicate frequently in the crypt to 

sustain the most rapidly renewing epithelium in the human body. Wingless/integrated 
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(Wnt) signaling is critical for maintaining stem cell reservoirs and crypt homeostasis. 

As the immediate progeny push beyond the crypt into the villus, they enter postmitotic 

differentiation, giving rise to mature intestinal cells that provide absorptive, barrier, and 

endocrine functions. Broadly, Wnt activity hinders and transforming growth factor (TGF) 

β/bone morphogenetic protein (BMP) signaling supports differentiation of progenitors into 

mature enterocytes, establishing a crypt-villus gradient.1 Disrupting the balance between 

stem cell and differentiation programs is a defining property of colorectal cancer (CRC), 

which remains the third most common and second most deadly malignancy worldwide.2

The near-universal initiating event in sporadic CRC involves genomic alterations that 

activate Wnt signaling, most often through loss-of-function APC mutations.3–5 Aberrant 

Wnt activation leads to stem cell expansion, shifting the homeostasis between the crypt 

and villus.6 As these early colonic lesions evolve, they often develop insensitivity to 

pro-differentiation cues by selecting TGF-β/BMP pathway alterations.7 As such, genomic 

alterations that hinder intestinal differentiation, either by activating stem cell–like pathways 

or disrupting differentiation pathways, are central to CRC development. However, we have 

yet to uncover critical regulators of aberrantly active stem cell–like programs or to convert 

this understanding into effective treatment for CRC.

SRY-box transcription factor 9 (SOX9) is a key developmental transcription factor that 

guides cell fate decisions during developmental and adult homeostasis in diverse tissues, 

including cartilage,8 testis,9 skin,10 and breast.11 In the intestines, bi-allelic genetic 

inactivation of SOX9 led to impaired Paneth cell differentiation in genetically engineered 

mouse models.12,13 However, the role of SOX9 in CRC remains unclear as there is evidence 

for oncogenic and tumor suppressor functions.14–24 In the present study, we identify SOX9 

as a key mediator of a differentiation block, delineate functional components of an enhancer-

driven stem cell–like program, and provide rationale for therapeutics designed to induce 

intestinal differentiation in CRC.

Materials and Methods

See the Supplementary Methods for descriptions of cell culture, lentivirus packing, 

and transduction, cell proliferation assays, RNA isolation, quantitative polymerase 

chain reaction, RNA sequencing, immunoblot, histopathology, immunofluorescence 

and immunohistochemistry, reporter assay, genetic dependencies, chromatin 

immunoprecipitation (ChIP-seq) analysis and visualization, and statistical analysis.

Animal Studies

All mouse experiments were approved by the Institutional Animal Care and Use Committee 

of the Dana-Farber Cancer Institute (11–009). The Lgr5-EGFP-Ires-CreERT2 mouse strain 

was described earlier.25 To inactivate Apc in intestinal tissue, we crossed Apcflox/flox 

mice26 (a generous gift from Christine Perret) with Lgr5-EGFP-Ires-CreERT2. These mice 

were further crossed with R26-LSL-tdTomato mice27 (Jackson Laboratory) for conditional 

tdTomato labeling. To activate conditional alleles, experimental mice (6–8 weeks) were 

injected intraperitoneally with a single dose of tamoxifen (50 μL of 10 mg/mL in sunflower 
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oil). Mice were euthanized at the experimental end point and intestines were harvested for 

histopathologic and immunohistochemical analyses as well as organoid generation.

For tumor xenografts, 1.5 × 106 ApcKOKrasG12D colon organoid cells or 1 × 106 HT-29 

CRC cells were injected into flanks of athymic Ncr-nu/nu mice. Tumor measurements were 

made with the use of a caliper, and tumor volumes were calculated using the following 

formula: volume = length × width2 × 0.5. Tumors were harvested, fixed in 10% formalin 

overnight, and paraffin embedded for histologic analysis. Fresh tissue was also collected for 

RNA isolation, protein collection, and flash-frozen for long-term storage.

Human Tissue Histopathology and Analysis

Human neoplastic colorectal samples without any previous chemotherapeutic or radiation 

therapy were obtained from the Department of Pathology of Chongqing Medical University, 

under approval (protocol 2020–444) by the Internal Review Board of the First Affiliated 

Hospital of Chongqing Medical University, Chongqing, China. Endoscopic resections of 

advanced adenomas (n = 17), surgical resections of paired adenoma/adenocarcinoma from 

patients with familial adenomatous polyposis (n = 4), and surgical resections of sporadic 

carcinoma (n = 3) and adenomas (n = 3) were selected (Supplementary Table 1).

SOX9 expression was evaluated by an experienced gastrointestinal pathologist without 

access to clinical data (Y.Y.). For the semi-quantitative assessment, histoscore (H-score) 

was calculated based on the intensity and percentage of nuclear SOX9 expression. The 

intensity of staining was classified as 0 to 3 (0: negative; 1: weak; 2: intermediate; 3: strong) 

and the positive rate was scored from 0 to 100. In each case, a H-score with a potential 

range of 0–300 was calculated as follows: H-score = (1 × % weakly stained cells) + (2 × % 

moderately stained cells) + (3 × % strongly stained cells).

Intestinal Organoid Culture

Colonic glands were isolated, treated with EDTA, and then resuspended in 30–50 μL of 

Matrigel (BD Bioscience) and plated in 24-well plates. Wnt/R-spondin/Noggin (WRN) 

containing DMEM/F12 with HEPES (Sigma-Aldrich) containing 20% fetal bovine serum, 

1% penicillin/streptomycin, and 50 ng/mL recombinant mouse epidermal growth factor 

(Life Technologies) was used for culturing ApcKO colon organoids. For the first 2–3 

days after seeding, the media were also supplemented with 10 mmol/L ROCK inhibitor 

Y-27632 (Sigma Aldrich) and 10 mmol/L SB431542 (Sigma Aldrich), an inhibitor for the 

TGF-β type I receptor, to avoid anoikis. For passage, colon organoids were dispersed by 

trypsin-EDTA and transferred to fresh Matrigel. Passage was performed every 3–4 days 

with a 1:3–5 split ratio. For normal human colon organoid culture, the previous media 

were supplemented with antibiotics 100 μg/mL Primocin (Invivogen), 100 μg/mL Normocin 

(Invivogen), serum-free supplements 1× B27 (Thermo Fisher [Gibco]) and 1 × N2 (Thermo 

Fisher [Gibco]), chemical supplements 10 mmol/L nicotinamide (Sigma) and 500 mmol/L 

N-acetylcysteine (Sigma), hormone 50 mmol/L [Leu15]-Gastrin (Sigma), growth factor 100 

μg/mL fibroblast growth factor 10 (recombinant human; Thermo Fisher), and 500 nmol/L 

A-83–01 (Sigma), an inhibitor of TGF-β receptors ALK4, 5, and 7.
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Generation of Stable Cell Lines

All genetically manipulated CRC cell lines and colon organoids were generated with the use 

of the protocol described by Shalem et al.28 In brief, short guide (sg) RNAs targeting SOX9 

were designed and cloned into Lenti-CRISPR v2.29 Short hairpin (sh) RNAs against SOX9/
PROM1 were cloned into PLKO.1, TET-PLKO, and TET-Cellecta vectors. To generate 

SOX9 knockout (KO) or knockdown (KD) and PROM1 KD stable cells, CRC cells were 

selected with 1.5 μg/mL puromycin and colon organoids were selected with the use of 

3 μg/mL puromycin at 24 hours after infection. To generate stable cells constitutively 

expressing SOX9 or PROM1, PLX304 vectors containing indicated complementary (c) 

DNA were constructed and 15 μg/mL blasticidin selection was started 24 hours after 

lentiviral infection. For V5-tagged inducible expression of SOX9, PLIX403 vectors were 

used and 15 μg/mL blasticidin selection was started 24 hours after infection. For complete 

oligos and cloning, see Supplementary Table 2.

Chromatin Immunoprecipitation Followed by DNA Sequencing

HT115 cells were washed with phosphate-buffered saline solution and cross-linked 

with 1% formaldehyde for 10 minutes for histone 3 lysine 27 acetylation (H3K27ac) 

immunoprecipitation or cross-linked with 2 agents starting with 2 mmol/L DSG (Pierce) for 

45 minutes at room temperature followed by 1 mL of 1% formaldehyde for 10 minutes for 

the V5 Tag Antibody. Cross-linked cell lines were quenched with 0.125 mol/L glycine for 5 

minutes at room temperature. Cross-linked material was resuspended in 1% sodium dodecyl 

sulfate (50 mmol/L Tris-HCl pH 8, 10 mmol/L EDTA) and sonicated for 5 minutes with 

the use of a Covaris E220 instrument (5% duty cycle, 140 peak incident power, 200 cycles 

per burst, 1 mL AFA Fiber Millitubes). Soluble chromatin (5 μg) was immunoprecipitated 

with 10 μg H3K27ac (Diagenode C15410196 antibody) or 40 μg chromatin with 10 μg V5 

Tag Antibody (Invitrogen Cat# R96025 Lot# 1949337). ChIP-seq libraries were constructed 

using the Accel-NGS 2S DNA library kit from Swift Biosciences. Fragments of the desired 

size were enriched with the use of AMPure XP beads (Beckman Coulter); 36-bp paired-end 

reads were sequenced on a Nextseq instrument (Illumina).

Results

SOX9 Is Overexpressed in Intestinal Adenoma Mouse Models and Human CRC

Sporadic CRC development is most often initiated by inappropriate Wnt activation, typically 

through mutations in the pathway negative regulator APC. To evaluate Sox9 expression 

during cancer initiation, we developed a mouse model that conditionally deletes Apc26 

in Lgr5eGFP-expressing intestinal stem cells25 (Lgr5-ApcKO) (Figure 1A). Compared 

with ApcWT control, ApcKO lesions displayed transcriptional activation of Wnt pathway 

components (ie, Axin2, Myc), consistent with known biology, and Sox9 (Figure 1A). 

Sox9 activation in intestinal adenomas was confirmed by analyzing gene expression data 

from a previously published mouse model of inducible Apc KD with or without mutant K-

rasG12D activation30 (Figure 1B). These data suggest that Apc inactivation leads to elevated 

expression of Sox9 during intestinal cancer initiation.
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We next analyzed protein expression of Sox9 in intestinal adenomas of Lgr5-ApcKO 

mice. We took advantage of tomato red (tdT) labeling,27 which marked ApcKO cells in 

our mouse model. Compared with the crypt-restricted Sox9 expression in normal villi, 

tdT+ ApcKO lesions demonstrated ectopic and elevated expression of Sox9 (Figure 1C 

and Supplementary Figure 1A). To validate and extend these findings, we obtained 17 

endoscopic resection samples of advanced colorectal adenomas (Supplementary Table 

1) that contained normal adjacent tissue (NAT), low-grade dysplasia (LGD), and/or 

high-grade dysplasia (HGD) on the same specimen slide, controlling for intra-patient 

molecular heterogeneity that can be observed when pursing multi-region sampling.31 

Adenocarcinomas (AdCas) with corresponding adenomas from patients with familial 

adenomatous polyposis and sporadic disease were included as well. SOX9 gradually 

increased in expression from paired NAT, LGD, and HGD to AdCa (Figure 1D to F and 

Supplementary Figure 1B to D), with the greatest relative increase in this progression 

between NAT and LGD. While heterogeneous SOX9 expression was observed in AdCa, 

levels were consistently higher than paired NAT and dysplasia. Collectively, these data 

indicate that SOX9 is overexpressed in 2 mouse models of intestinal adenomas and human 

adenoma to CRC progression, which may indicate an important role in cancer initiation.

To examine whether SOX9 expression is associated with clinical outcome, we analyzed 

patients with CRC from the pan-cancer cohort of The Cancer Genome Atlas. With the use of 

different expression cutoffs, our analyses robustly show that elevated expression of SOX9 is 

associated with decreased survival, which was consistent with previous work.32 Importantly, 

elevated SOX9 expression was associated with poor outcomes independently from MSI 

status (Figure 1G and Supplementary Figure 1E).

Human CRC Is Dependent on SOX9

To investigate whether SOX9 is required for proliferation in human CRC, we first analyzed 

large genome-scale functional cell line datasets.33 SOX9 KD and KO by means of 

RNA interference (n = 41) and clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9 (n = 33), respectively, led to proliferation defects in CRC cell lines (Figure 

2A and Supplementary Figure 2A); cell lines with higher SOX9 expression or a requirement 

for β-catenin were more dependent on SOX9 (Figure 2A and B). To confirm these results, 

we suppressed SOX9 by means of stable shRNA expression and observed proliferation 

defects in several CRC cell lines surveyed during adherent or ultra-low-attachment culture 

(Supplementary Figure 2B to D and Supplementary Table 3). Focusing on CRC cell lines 

most sensitive to SOX9 depletion, we validated that constitutive or inducible SOX9 KD with 

the use of multiple shRNAs impaired HT-115, HT-29, and COLO-205 proliferation (Figure 

2C and D; Supplementary Figure 2E to G). Consistent with these phenotypes, SOX9 KD 

was associated with reduced expression of Hippo/Yes-associated protein (YAP) downstream 

target TAZ (Supplementary Figure 2F), which is a marker of survival and proliferation in 

the intestines34,35 and driver of CRC tumorigenesis.36 Reexpression of SOX9 cDNA rescued 

ultra-low-attachment colony-forming defects and restored TAZ expression in COLO-205 

cells stably expressing a 3′UTR-targeting SOX9 shRNA (Supplementary Figure 2G). 

Overexpression of SOX9 alone did not improve adherent growth or ultra-low-attachment 

colony formation in CRC cells, presumably owing to high endogenous SOX9 expression 
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levels in CRC (Supplementary Figure 2G to I). Constitutive or inducible SOX9 KD partially 

reduced soft-agar colony formation in vitro (Figure 2E and Supplementary Figure 2I) and 

impaired primary tumor growth in vivo (Figure 2F and Supplementary Figure 2K).

We next attempted to eliminate SOX9 in CRC cell lines with the use of CRISPR/Cas9. 

Among the CRC cell lines tested, only COLO-205 was able to tolerate SOX9 KO, which 

resulted in compromised proliferation (Supplementary Figure 3A). We further analyzed 

single cell clones from 3 cell lines stably expressing an inactivating SOX9 sgRNA and Cas9. 

HT-115 and HT-29 clones did not demonstrate homozygous deletions, whereas a minority 

of COLO-205 clones harbored bi-allelic SOX9 inactivation (Figure 2G). As anticipated, 

COLO-205 clones with bi-allelic SOX9 deletion grew poorly in vitro (Figure 2G) and lost 

the ability to form primary tumor xenografts in vivo (0/10 vs 10/10).

SOX9 is mutated in approximately 10% of CRC.14,37 Although the functional significance 

of these mutations is poorly understood, we have evidence that the majority are 

heterozygous alterations (Duronio et al, unpublished). We therefore asked whether the 

LS180 CRC cell line, which harbors a heterozygous SOX9 mutation, is dependent on the 

remaining wild-type (WT) SOX9 allele. Genomic analysis of LS180 cells constitutively 

expressing an inactivating SOX9 sgRNA/Cas9 demonstrated that the majority of indels are 

in-frame (Figure 2H and Supplementary Figure 3B), likely preserving the function of WT 

SOX9. Collectively, these results suggest that human CRC requires SOX9.

SOX9 Blocks Intestinal Differentiation in Human CRC

Blocking differentiation is a key mechanism by which cancers survive, persist, and 

grow, especially in regenerative tissue such as the hematopoietic system and intestinal 

epithelium. SOX9 is known to regulate cell fate decisions in different tissue contexts.10,11 

We therefore hypothesized that SOX9 dependency in human CRC may relate to an ability to 

regulate intestinal differentiation. Keratin-20 (Krt20) is a tissue-specific marker of intestinal 

differentiation,30 as shown by its villus-restricted expression in the normal mouse intestines 

(Figure 3A). In a mutually exclusive pattern, Sox9 is expressed in crypts of murine intestines 

(Figure 3A), suggesting that Sox9 may restrict intestinal differentiation.

To investigate this hypothesis, we manipulated SOX9 in human CRC cell lines. Inducible 

overexpression of SOX9 reduced expression of absorptive and secretory intestinal 

differentiation markers KRT20, mucin 2 (MUC2), and CDX2 in LS180 CRC cells, whereas 

overexpression of a truncated, transcriptionally hypomorphic form of SOX9 (SOX9ΔC) had 

diminished to no effect (Figure 3B and C). Constitutive SOX9 overexpression also led to 

diminished expression of general epithelial differentiation marker E-cadherin in COLO-205, 

a CRC cell line without KRT20 expression (Supplementary Figure 4A). These data suggest 

that SOX9 negatively regulates intestinal differentiation in human CRC.

In contrast, inducible SOX9 KD promoted intestinal differentiation in HT-115 CRC 

cells as indicated by KRT20 induction (Figure 3D). Constitutive or inducible SOX9 

KD in COLO-205 induced CDH1/E-cadherin expression proportional to shRNA strength 

(Supplementary Figure 4B to D). Inducible SOX9 KD led to junctional localization of E-

cadherin by immunofluorescence (Supplementary Figure 4E). Notably, the few COLO-205 
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clones that tolerated bi-allelic SOX9 KO displayed a pronounced “cobblestone” morphology 

that corresponded to marked E-cadherin expression induction (Figure 3E), phenocopying 

SOX9 KD. These data indicate that SOX9 disruption promotes intestinal differentiation and 

likely explains the resultant impairment in human CRC growth.

SOX9 KD Impairs Proliferation and Induces Differentiation in Neoplastic Mouse Organoids

Organoids capture intestinal stem cell behavior and differentiation dynamics,38 serving as a 

well suited platform to investigate SOX9 function in CRC. We first examined whether SOX9 

KD promotes intestinal differentiation in normal human colon organoids. Gene expression 

profiling by means of RNA sequencing revealed that SOX9 suppression induces a broad 

intestinal differentiation program and reduces expression of a subset of stem cell markers 

(Figure 4A). We next used ApcKO-KrasG12D neoplastic colon organoids derived from 

genetically engineered mice39 to investigate the impact of Sox9 KD on proliferation and 

differentiation. Constitutive Sox9 KD reduced growth of ApcKO-KrasG12D colon organoids 

by 2- to 3-fold, as indicated by in vitro culture assays and Ki67 immunohistochemistry 

(Figure 4B and C; Supplementary Figure 5A). The growth defects were associated 

with induction of intestinal differentiation, as shown by Krt20 immunofluorescence 

(Supplementary Figure 5A). Sox9 KD reduced mRNA expression of Wnt/stem cell markers 

and induced Krt20 expression (Figure 4D). These results were validated with inducible Sox9 

KD in ApcKO and ApcKO-KrasG12D colon organoids (Supplementary Figure 5B and C).

We next evaluated the ability of Sox9 KD to affect ApcKO-KrasG12D colon organoid growth 

and differentiation in vivo with the use of primary tumor xenograft assays. Compared with 

control samples injected into the contralateral flanks of nude mice, Sox9 KD organoids 

displayed significantly impaired primary tumor growth (Figure 4E). Histopathologic 

analysis confirmed reduced proliferative capacity by Ki67 immunohistochemistry and 

demonstrated a clear induction of intestinal differentiation by Muc2 immunohistochemistry 

and Alcian blue staining in Sox9 KD xenografts (Figure 4G). We collected protein from 

tumors at the experimental end point to validate Sox9 suppression. Although the majority 

of Sox9 KD tumors demonstrated reduced Sox9 expression (Figure 4F), there was a subset 

of outliers that escaped shRNA-mediated Sox9 KD and demonstrated increased xenograft 

growth (Supplementary Figure 6). These results demonstrated that Sox9 KD leads to 

intestinal differentiation and decreased tumor growth in neoplastic murine organoid models.

SOX9 Activates a Stem and Paneth Cell Transcriptional Program by Binding Genome-Wide 
Enhancers

To determine the mechanism by which SOX9 blocks differentiation in human CRC, we 

performed gene expression profiling of LS180 CRC cells engineered to conditionally 

overexpress green fluorescent protein (GFP) control, WT SOX9, or SOX9ΔC with the 

use of RNA sequencing (Figure 5A). Principal component analysis of the top 500 

differentially expressed genes indicated that SOX9 induces a distinct transcriptional state 

(Supplementary Figure 7A). Gene ontology analysis demonstrated that Ras signaling, 

lysozyme and pluripotency are the top 3 gene-sets upregulated by SOX9 (Supplementary 

Figure 7B), which was consistent with individual gene expression patterns (Figure 5A). 

Furthermore, genes up-regulated by SOX9 were enriched for an Lgr5 intestinal stem 
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cell signature40 according to gene set enrichment analysis (Supplementary Figure 7C). In 

contrast, differentiation genes associated with both absorptive and secretory cell lineages 

were among significantly down-regulated genes (Figure 5A). These data indicate that SOX9 

may block differentiation by promoting a stem cell–like and Paneth cell transcriptional 

program.

To investigate the direct transcriptional program mediated by SOX9 in CRC, we next 

performed genome-wide V5 and H3K27Ac chromatin immunoprecipitation followed by 

DNA sequencing (ChIP-seq) in CRC cells conditionally expressing V5-tagged GFP, WT 

SOX9, and SOX9ΔC. Indeed, genes directly bound and activated by SOX9 were significantly 

enriched in gene sets associated with stem cell activity (Figure 5B); 94% of SOX9 binding 

occurred at intergenic and intronic regions of the genome (Figure 5C), and more than 

a fifth of genome-wide regions occupied by SOX9 are typical enhancers (~374 sites). 

Super-enhancers are composed of a high density of individual enhancers and often regulate 

tissue-specific genes involved in cellular identity.41,42 We observed that SOX9-binding sites 

were more prevalent in super-enhancers than typical enhancers. Of the H3K27Ac-marked 

super-enhancers, 26% (33/128) were bound by SOX9, which was greater than the 15% 

(374/2455) of typical enhancers occupied by SOX9. These results are consistent with a 

potential role for SOX9 as a transcriptional regulator of stem cell–like activity by engaging 

enhancers.

We next investigated whether other transcription factors bind to regions occupied by SOX9, 

reasoning that these mediators may co-regulate stem cell–like behavior. Motif analysis 

inferred that binding sites for CDX2, an intestinal lineage transcription factor,43,44 and 

TCF7L2/TCF4, an essential Wnt signaling co-factor,5,6,45 are enriched at regions bound by 

SOX9 (Supplementary Figure 7D). Supporting this result, publicly available genome-wide 

transcription factor binding data indicated a strong overlap among TCF4- and SOX9-bound 

regions, with most of these studies using CRC cell lines (Figure 5D). Consistent with gene 

ontology analysis, SOX9 occupied intronic enhancers of several stem cell genes and Paneth 

cell gene Lyz (Figure 5E and Supplementary Figure 7E and F). LRIG1 and PROM1 are 2 

stem cell genes co-occupied by SOX9 and TCF4 at intronic enhancers (Figure 5E). These 

results suggest that the Wnt effector TCF4 may collaborate with SOX9 at specific enhancers 

to regulate a stem cell–like program in CRC.

To determine whether these relationships are found in patient samples, we queried The 

Cancer Genome Atlas transcriptional profiles from samples with high and low expression 

of SOX9. Several genes associated with stem cell activity displayed elevated expression in 

CRC samples with high SOX9 expression (Supplementary Figure 7G). These data indicate 

that SOX9 mediates a stem cell–like transcriptional program by binding to genome-wide 

enhancers in CRC.

To examine whether SOX9 is regulated by stem cell and differentiation cues, we 

evaluated the impact of the Wnt and BMP/TGF-β signaling pathways on SOX9 expression, 

respectively. Wnt signaling activates stem cell transcriptional programs in the enteric crypt, 

whereas BMP/TGF-β activity promotes post-mitotic differentiation in the villus.1 Disrupting 

the Wnt pathway by means of the chemical inhibitor ICG-001 or dominant-negative form 
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of TCF4 (dnTCF4) reduced SOX9 expression in CRC cells (Supplementary Figure 8A), 

corroborating previous results that SOX9 is positively regulated by Wnt signaling.20,46 

In contrast, TGF-β signaling negatively regulated SOX9 expression: Recombinant TGF-β 
treatment reduced SOX9 expression whereas TGF-β inhibitor exposure increased SOX9 

expression in CRC cells (Supplementary Figure 8B). These results position SOX9 as 

a central effector that can integrate stem cell cues mediated by Wnt activation and 

differentiation signals from TGF-β signaling.

SOX9 Directly Activates PROM1 Via a Wnt-Responsive Intronic Enhancer

To identify members of the SOX9-mediated stem cell–like program in CRC, we performed 

an integrative analysis of RNA sequencing, V5-SOX9 ChIP-seq, and H3K27Ac ChIP-seq 

data from our previous experiments. Among the genes implicated by all 3 data-sets 

(Figure 6A), PROM1 (Prominin-1; CD133) was the most attractive candidate based on 

1) its association with intestinal stem cell biology47 and 2) its elevated expression in 

poor-prognosis human CRCs.48,49 We therefore proceeded to examine whether PROM1 is 

broadly activated by SOX9 in relevant experimental systems. SOX9 KD reduced PROM1 

expression in normal human organoids and neoplastic murine organoids (Figure 6B and 

Supplementary Figure 9A to C). Moreover, PROM1 expression corresponded with the 

genomic status of SOX9 in human CRC tumors (Figure 6C). SOX9 overexpression led to a 

modest but consistent increase in mRNA and protein expression of PROM1 in HT-115 CRC 

cells; proportional to the severity of truncation, overexpression of various SOX9ΔC proteins 

had little to no impact on PROM1 activation (Supplementary Figure 9D and E). Inducible 

overexpression of WT SOX9 but not SOX9ΔC led to a 6-fold induction in PROM1 mRNA 

levels in LS180 CRC cells, which corresponded with protein levels according to immunoblot 

(Figure 6D, Supplementary Figure 9F).

To investigate the precise mechanism of PROM1 activation, we analyzed V5-SOX9 and 

H3K27Ac ChIP-seq data. Although WT SOX9 and SOX9ΔC both bound to an enhancer in 

intron 1 of PROM1, only WT SOX9 led to greater H3K27Ac deposition at the locus (Figure 

6E). To further study this regulatory element, we cloned a 573-bp sequence encompassing 

the PROM1 intronic enhancer into a GFP reporter construct by means of Gibson assembly. 

WT SOX9 but not SOX9ΔC stimulated reporter activity by more than 2-fold (Figure 6F). 

Moreover, activation of the WNT pathway with the use of recombinant WNT3A stimulated 

reporter activity by more than 3-fold, whereas genetic inhibition with the use of dnTCF4 

blocked WNT3A-mediated reporter induction (Figure 6F). Together, these data indicate that 

SOX9 directly activates PROM1 using a Wnt/TCF4-responsive intronic enhancer.

A PROM1-SOX9 Positive Feedback Loop Blocks Differentiation in CRC

PROM1 is a marker for intestinal stem cell activity50 and tumorigenic capacity.51 

However, whether PROM1 is functionally required for human CRC has not been fully 

addressed.52 To investigate whether PROM1 is required for CRC growth, we conditionally 

suppressed PROM1 with the use of multiple shRNAs (Supplementary Figure 10 A and B). 

Phenocopying SOX9 suppression, PROM1 KD led to proliferation defects in HT-115 and 

LS180 cells in vitro and impaired primary tumor growth of HT-29 in vivo (Figure 7A to 

C and Supplementary Figure 10C and D). Inducible PROM1 KD also stimulated intestinal 
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differentiation in HT-115 and LS180 cells, as shown by KRT20 induction (Figure 7D and 

E; Supplementary Figure 10E). In contrast, overexpression of PROM1 blocked intestinal 

differentiation in LS180 cells, albeit to a lesser extent than SOX9 (Figure 7F). These data 

suggest that, like SOX9, PROM1 blocks differentiation in CRC, perhaps by activating stem 

cell signaling.

PROM1 is a glycosylated pentaspan apical transmembrane protein. We next wondered 

whether a molecular mediator connects its membrane localization to its ability to block 

intestinal differentiation. We noticed that constitutive and inducible PROM1 suppression 

reduced SOX9 expression (Figure 7G and H), suggesting that PROM1 may also function 

upstream and potentially block differentiation through SOX9 activity. Consistent with this 

hypothesis, the extent of SOX9 repression by individual PROM1 shRNAs correlated with 

the magnitude of intestinal differentiation induction, as shown by KRT20 expression in 

HT-115 and LS180 cells (Figure 7G and Supplementary Figure 10F). A time course of 

PROM1 expression restoration following doxycycline withdrawal also showed a gradual 

return of SOX9 levels that corresponded to KRT20 repression (Figure 7H). To definitively 

test whether SOX9 functions downstream of PROM1, we asked whether exogenous 

SOX9 expression could prevent intestinal differentiation induced by PROM1 KD. SOX9 

overexpression effectively blocked intestinal differentiation mediated by PROM1 KD 

(Figure 7I and Supplementary Figure 10G and H). These data indicate that PROM1 

obstructs intestinal differentiation through SOX9, establishing a positive feedback loop.

PROM1 has 3 intracellular domains: The first intracellular loop engages HDAC6 to 

stabilize β-catenin53 and the 59–amino acid C-terminal domain participates in PI3K/Akt 

signaling.54,55 Consistent with its regulation of β-catenin, inducible PROM1 KD reduced 

levels of canonical Wnt-target AXIN2 (Figure 7H). Because the Wnt pathway positively 

regulates SOX9 activity (Supplementary Figure 8A),46 we suspected that PROM1 regulates 

SOX9 and stem cell activity through its ability to stabilize β-catenin via its first intracellular 

domain. Consistent with this model, overexpression of a truncated PROM1 protein without 

its C-terminal intracellular domain (PROM1ΔC) retained the ability to block intestinal 

differentiation as indicated by KRT20 expression, suggesting that the C-terminal domain is 

expendable for this function (Figure 7F). In contrast, overexpression of a truncated PROM1 

protein lacking the first intracellular domain (PROM11−129) lost its ability to suppress 

intestinal differentiation (Figure 7J). Notably, overexpression of a truncated PROM1 protein 

that preserves the first intracellular domain (PROM11−178) regained the ability to suppress 

intestinal differentiation (Figure 7J). These findings support a reinforcing feedback loop 

whereby PROM1 and SOX9 positively regulate each other to activate a stem cell–like 

transcriptional program that counteracts intestinal differentiation in CRC (Figure 7K).

Discussion

There is conflicting evidence as to the function of SOX9 in CRC. Sox9 inactivation in 

mouse intestines led to hyperplasia,12 suggesting a tumor suppressor role that is supported 

by genomic14 and functional17–19 studies in human CRC. In contrast, there is also evidence 

that SOX9 promotes CRC in mouse models20,21 and human CRC studies.22–24 The present 

study positions SOX9 as a key early mediator of CRC with the use of a combination of 
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mouse models, human tissue analyses, and functional experiments in cancer cell lines and 

organoids. Although there is evidence that SOX9 can act as a transcriptional repressor,46 

our data indicate that SOX9 behaves primarily as a transcriptional activator, binding to 

enhancers that up-regulate genes associated with Paneth and stem cell function. In addition 

to supporting previous studies12,13 that demonstrated a requirement for Sox9 in Paneth cell 

fate, we extend the role of SOX9 to a direct activator of stem cell–like signaling. SOX9 

may therefore regulate a crypt-restricted gene expression program without distinguishing 

a stem cell or a Paneth cell fate, which likely requires additional factors. Suppressing 

SOX9 reliably induced absorptive and secretory lineage differentiation in human CRC and 

neoplastic murine organoids. The extent to which intestinal differentiation was induced 

by SOX9 KD was variable, with stronger phenotypes observed in normal human colon 

organoids and ApcKO-KrasG12D murine organoids compared with human CRC cell lines. 

These data indicate that advanced cancers with a greater burden of defects that prohibit 

differentiation may be more difficult to reprogram, and therefore treat, than early lesions, 

such as well differentiated adenomas.

Wnt and TGF-β are powerful developmental pathways that orchestrate intestinal stem 

cell and differentiation cues, respectively.1 In CRC, oncogenes tend to support stem cell 

programs whereas tumor suppressor pathways endorse differentiated cell fates. For example, 

the TGF-β–SMAD4 pathway, known to be a tumor suppressor in gastrointestinal tissue,56 

ensures a differentiated enterocyte cell identity through hepatocyte nuclear factors 4α and 

4γ activity.57 As such, the evolution of CRC can be viewed as a progressive deviation from 

proper cellular differentiation and serial acquisition of aberrant stem cell–like behavior. 

Reprogramming CRC to obey differentiation cues and regulate stem cell signaling is 

therefore a promising therapeutic approach, as has been demonstrated in other cancer 

types.58 Expressing functional APC can restore Wnt pathway regulation, promote cellular 

differentiation, and inhibit cancer functions.30,59,60 Furthermore, inhibiting Lgr5+ stem 

cells can impair CRC tumor growth and metastasis.61,62 Translation into effective therapy, 

however, has proven difficult as Wnt pathway inhibitors have not advanced in clinical 

testing.63 By defining critical mediators of the stem cell–like program co-opted by CRC, we 

may uncover new therapeutic strategies designed to induce differentiation. Drug compounds 

that inhibit stem cell–like activity mediated by PROM1 and SOX9 have the potential to 

restore intestinal differentiation without evoking toxicities associated with disrupting the 

pleotropic effects of Wnt signaling.

Aberrant activation of stem cell–like programs and their ability to block proper 

differentiation are central to the pathogenesis of CRC. We provide evidence that 

human CRC is dependent on an enhancer-driven stem cell–like program supported by a 

PROM1-SOX9 positive feedback loop. Blocking the PROM1-SOX9 axis restores intestinal 

differentiation and impairs CRC growth, providing rationale for the development of 

therapeutic agents that disrupt this pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Aberrant stem cell activity that prevents intestinal differentiation is a hallmark of 

colorectal cancer (CRC). The molecular mediators that facilitate differentiation blocks 

in CRC are poorly defined.

NEW FINDINGS

SOX9 is a functional mediator that blocks differentiation by activating an enhancer-

driven stem cell–like program in CRC. Disrupting the PROM1-SOX9 positive feedback 

circuit promotes intestinal differentiation and impedes tumor growth.

LIMITATIONS

The functional studies are carried out in human CRC cell lines and neoplastic murine 

organoids. Validation in a genetically engineered mouse model would strengthen the 

claim.

IMPACT

These results define key molecular players of a reinforcing transcriptional circuit that 

blocks intestinal differentiation and provide rationale for designing therapeutics that 

overcome differentiation blocks in CRC.
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Figure 1. 
SOX9 is overexpressed in mouse models and human tissue of intestinal adenomas and 

colorectal cancer (CRC). (A) mRNA expression of Wnt target genes in ApcWT and ApcKO 

intestines according to quantitative reverse-transcription polymerase chain reaction (qRT-

PCR); mean ± SD. (B) Sox9 mRNA expression in intestinal lesions from Apc shRNA 

mice ± K-ras mutation ± doxycycline (Dox)30; mean ± SD Student’s t test P values. 

(C) Representative histopathology of intestinal lesions (hematoxylin and eosin [H&E], 

td-RFP immunohistochemistry [IHC], Sox9 IHC) from Lgr5-Apcf/f;td mice treated with 

tamoxifen 28 days before harvesting tissue; scale bar = 100 μm. (D) SOX9 IHC in human 

specimens. Immunostaining was quantified as H-score (left). Paired lesions were analyzed 

(right). AdCa, adenocarcinoma; HGD, high-grade dysplasia; LGD, low-grade dysplasia; 

NAT, normal adjacent tissue. (E, F) Representative histopathology (H&E, SOX9 IHC) of 

human adenomas on the same specimen slide; scale bars = 1 μm, 5 μm, and 20 μm. (G) 

Kaplan-Meier curves indicating disease-free survival of patients with CRC (left) and non–

microsatellite instability (MSI) CRC (right) with indicated expression of SOX9.
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Figure 2. 
SOX9 is required for CRC proliferation and primary tumor growth. (A, B) Dependency for 

SOX9 CRISPR knockout (KO) plotted against SOX9 mRNA expression (left) and CTNNB1 

CRISPR dependency (right); blue regression line; Pearson’s correlation P value. (C) SOX9 

and β-actin expression in HT-115 control and SOX9 KD according to immunoblot. Adherent 

proliferation by CellTiterGlo. Area of ultra-low-attachment colonies; mean SD; Student’s 

t test P values. (D) Immunoblot (SOX9, vinculin) and colony formation of Dox-inducible 

HT-29 non-targeting control (NTC), short hairpin (sh) RNA#1 or shRNA#5 ± 0.5 μg/mL 

Dox. (E) Soft-agar colony formation assay of COLO-205 control and SOX9 shRNA; mean 

± SD of 3 cell culture replicates and representative phase-contrast images; Student’s t test 

P values. (F) Primary xenograft tumor growth of HT-29 control or SOX9 shRNA; mean 

± SD (n = 5); Student’s t test P value (*P < 0.05). (G) Proportions of wild-type (WT)/

heterozygous (Het), Het, and homozygous SOX9 inactivation in single-cell clones in 3 CRC 

Cas9/SOX9 short guide (sg) RNAs. Proliferation by CellTiterGlo. (H) LS180 nucleofected 

with Cas9/SOX9 sgRNA complex, then amplicon sequenced to quantify in-frame and 

frameshift indels. Abbreviations as in Figure 1.
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Figure 3. 
SOX9 blocks intestinal differentiation in human CRC. (A) Sox9 and Krt20 IHC in normal 

mouse small intestines; scale bar = 100 μm. (B) Immunoblot (V5-tagged, KRT20 GAPDH) 

of indicated LS180 ± 0.5 μg/mL Dox. (C) SOX9, KRT20, MUC2, and CDX2 mRNA 

expression in indicated LS180 ± 0.5 μg/mL DOX according to RT-PCR; mean ± SD; 

Student’s t test: ***P < 0.005, ****P < 0.001. (D) Immunoblot (SOX9, KRT20, GAPDH) 

of indicated HT-115 ± 0.25 μg/μL Dox. (E) Immunoblot (E-cadherin, vimentin, GAPDH) 

in indicated COLO-205 Cas9/SOX9 sgRNA single-cell clones; phase-contrast images; scale 

bar = 100 μm. Abbreviations as in Figures 1 and 2.
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Figure 4. 
SOX9 knockdown promotes intestinal differentiation in organoid models of CRC. (A) 

mRNA expression heat map of intestinal differentiation (blue) and stem cell (red) markers 

in control and indicated SOX9 shRNA human colon organoids. (B) Immunoblot (Sox9 and 

vinculin) of mouse control or indicated Sox9 shRNA ApcKO KrasG12D colon organoids. 

Proliferation by CellTiterGlo; mean ± SD; Student’s t test: ***P < 0.005, ****P < 0.001. 

(C) Ki67 IHC quantification of indicated fixed mouse ApcKO KrasG12D colon organoids; 

mean ± SD; Student;s t test ***P < 0.005, ****P < 0.001. (D) Sox9, Lgr5, Lrig1, Prom1, 

Axin2, Ascl2, Krt20 mRNA expression in ApcKO KrasG12D colon organoids according to 

qRT-PCR; mean ± SD; Student’s t test: **P < 0.01, ***P < 0.005, ****P < 0.001. (E) 

ApcKO KrasG12D Sox9 xenograft schematic. Primary tumor xenograft growth curve and 
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day 30 quantification. Representative images of xenograft tumors. (F) Immunoblot (Sox9 

and vinculin) of xenograft tumors. (G) Ki67 and Muc2 immunohistochemistry and Alcian 

blue–periodic acid Schiff (AB-PAS) staining of xenograft tumors; scale bars = 100 μm and 

20 μm. Abbreviations as in Figures 1 and 2.
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Figure 5. 
SOX9 activates an enhancer-driven stem and Paneth cell transcriptional program. (A) Gene 

expression heat map of indicated LS180 CRC ± Dox. Selected up-regulated (red) and 

down-regulated (blue) gene sets displayed. (B) Gene ontology (GO Biological Process) 

of SOX9-bound genes. False discovery rate (FDR) q-value after Bonferroni correction 

displayed. (C) SOX9-binding distribution among intergenic, intronic, promoter, and exonic 

regions. (D) Transcription factor–binding similarity (Giggle score64) of publicly available vs 

our V5-SOX9 chromatin immunoprecipitation sequencing (ChIP-seq) data. (E) Integrative 

Genomics Viewer (IGV) gene track at indicated gene loci of H3K27ac (red) and V5-ChIP 

(blue) in indicated HT-115; signal track for TCF4 (purple) from published endogenous 

LS180 ChIP-seq data.65 GFP, green fluorescent protein; other abbreviations as in Figure 1.
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Figure 6. 
SOX9 directly activates PROM1 via a Wnt-responsive intronic enhancer. (A) Volcano plot 

displaying log2 fold change of differentially expressed genes (SOX/GFP) along x-axis (FDR 

<0.05). Blue points mark genes significantly associated with SOX9-binding or differential 

H3K27ac. (B) Prom1 mRNA expression in indicated ApcKO KrasG12D colon organoids 

according to qRT-PCR; mean ± SD; Student’s t test: ****P < 0.001. (C) PROM1 mRNA 

expression in human CRC with WT, Het, or homozygous (Homo) SOX9 mutations. TCGA, 

The Cancer Genome Atlas. (D) mRNA and protein expression of PROM1 in indicated cell 

lines ± 0.5 μg/mL Dox. (E) IGV gene track of PROM1 intron1; signal tracks of H3K27ac 

(red) and V5-ChIP (blue) in indicated conditions; peak scale displayed in top right. (F) 

PROM1 enhancer reporter assay: phase-contrast and fluorescence images and quantification 

of HEK293T transiently transfected with indicated plasmids and/or treated with WNT3A. 

Abbreviations as in Figures 1, 2, and 5.
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Figure 7. 
PROM1 blocks intestinal differentiation via its first intracellular domain. (A, B) 

Proliferation and colony formation of indicated control and PROM1 shRNA HT-115 and 

LS180 ± 0.25 μg/mL Dox; mean ± SD; Student’s t test: ***P < 0.005. (C) Primary tumor 

xenograft growth curve and weight of NTC or indicated PROM1-knockdown HT-29 cell 

line; Student’s t test P values. (D) Immunoblot (PROM1, KRT20, and GAPDH) in indicated 

HT115 cell lines ± 0.5 μg/mL Dox. (E) Immunoblot (KRT20 and vinculin) in indicated 

LS180 cell lines ± 0.5 μg/mL Dox. (F) Immunoblot (KRT20, PROM1, SOX9, and vinculin) 

in indicated control or LS180 overexpression cells. (G) Immunoblot (KRT20, PROM1, 

SOX9, GAPDH, and vinculin) in indicated HT-115 and LS180 cells. (H) Immunoblot 

(KRT20, PROM1, SOX9, AXIN2, GAPDH, and vinculin) in inducible PROM1 shRNA 

HT-115 and LS180 cells with indicated Dox treatment. (I) KRT20 mRNA and KRT20, 

SOX9, vinculin protein expression in NTC or PROM1 shRNA LS180 cells expressing 
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GFP or WT-SOX9 ± 0.5 μg/μL Dox; mean ± SD; Student’s t test: ****P < 0.001. (J) 

KRT20 mRNA and protein expression in indicated LS180 overexpression. (K) Schematic 

summarizing the SOX9-PROM1 reinforcing feedback loop. Abbreviations as in Figures 1, 2, 

and 5.
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