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ABSTRACT 

 Genome-wide association studies have identified numerous loci associated with 

increased risk for colorectal cancer (CRC), including 8q24.21 which contains a known enhancer 

of proto-oncogene MYC. However, the role of candidate functional SNP rs6983267 within this 

locus remains unclear. Here, we generate isogenic cellular models of risk SNP rs6983267 in 

human CRC line, HCT-116. Comprehensive molecular characterization reveals risk allele-G 

drives enhancer DNA contacts with downstream regions that include MYC. Absence of risk 

allele leads to activation of lncRNA CCAT2. Rather than changes in MYC expression, we 

observe activation of alternative growth factor signaling pathways with loss of both risk allele 

and CCAT2 expression. Analysis of TCGA CRC cases demonstrates low CCAT2 expression 

combined with non-risk rs6983267 genotype correlate with higher frequency of PI3K mutations 

in CRC patients displaying WNT dysregulation. Together, these provide a potential biomarker 

for therapeutically targetable PI3K dysregulation in CRC and application in cancer precision 

medicine.  



INTRODUCTION 

 Colorectal cancer (CRC) is the second leading cause of cancer-related deaths 

worldwide1–3. The majority of CRC cases are adenocarcinomas, in which tumor cells originate 

from the epithelial lining of either the colon or rectum.  Molecular progression of CRC 

adenocarcinomas is a well-studied stepwise accumulation of genetic and epigenetic alterations 

known as the adenoma-carcinoma sequence4. Specifically, cancer initiation in the form of 

benign adenomas, or polyps, begins with aberrant activation of the WNT signaling pathway4–6. 

This is followed by second driver mutations within the Ras/Raf/MAPK pathway, boosting cellular 

proliferation, and finally dysregulation of the TGF-β and PI3K/Akt signaling pathways, ultimately 

resulting in malignant carcinomas4–6. The discovery of these key pathways has been a crucial 

element to improving our understanding of CRC pathogenesis for treatment and intervention. 

Efforts to understand genetic mechanisms of CRC predisposition have also highlighted rare, 

highly penetrant germline variants and their critical role in CRC development, such as mutations 

in APC and in DNA mismatch repair genes MLH1, MSH2, MSH6, PMS1 and EPCAM observed 

in Familial Adenomatous Polyposis (FAP) and Hereditary Nonpolyposis CRC (HNPCC), 

respectively6. Extension of these analyses to common variants like Single Nucleotide 

Polymorphisms (SNPs) via Genome-Wide Association Studies (GWAS) have further identified 

genomic loci associated with increased risk for CRC. Cumulatively, it has been predicted that 

GWAS-identified risk loci can explain up to 17% of sporadic CRC heritability7,8. For many of 

these risk loci, however, the determination of a causal SNP that drives the risk association, and 

more importantly, the mechanism by which it functions to progress CRC remains lacking. In 

order to apply our knowledge of these risk loci to the advancement of cancer precision 

medicine, it is essential to understand the role each driver variant plays in CRC initiation and 

progression. 

 The multicancer risk locus 8q24.219–14 represents one such locus for which the definitive 

role of the candidate risk SNP rs6983267 remains elusive. The locus is home to proto-oncogene 



MYC which encodes the c-Myc protein, a key transcriptional regulator that functions 

downstream of a number of signaling pathways, including WNT signaling, to promote tumor cell 

proliferation, migration, invasion and metastasis across virtually all cancer types15–18. Risk SNP 

rs6983267 has been shown to reside within an enhancer that interacts with the MYC gene 

promoter via CTCF-mediated chromatin looping19–22 and is located within a binding site for WNT 

signaling transcription factor TCF7L2, which binds preferentially to the risk allele19–21. At the 

8q24.21 locus, β-catenin has been shown to complex with TCF7L2 and bind the enhancer 

element at rs6983267 for WNT gene activation21. The enhancer has been extensively 

characterized, residing within a super enhancer that spans hundreds of kilobases23–25. While 

MYC has been independently validated as a target of this enhancer in a number of studies, the 

specific effect of rs6983267 genotype status on MYC expression, and by extension, its function 

in CRC pathogenesis, remains inconsistent both in vitro and in patient samples19–21,26–30. 

In this study, we present a comprehensive molecular characterization of rs6983267 and 

its function in CRC. Utilizing scarless CRISPR/Cas9 genome editing31, we engineered 12 

isogenic lines modeling all three rs6983267 genotypes in the CRC cell line HCT-116. Through 

our functional studies, we observed significant loss of DNA contacts downstream of the 8q24.21 

enhancer in the homozygous non-risk genotype, which included the MYC promoter. However, 

MYC expression remained stable in the three genotypes. Rather, activation of alternative 

signaling pathways, such as PI3K and Ras/Raf/MAPK, also known to utilize c-Myc 

transcriptional activity, was observed with the loss of risk allele-driven WNT enhancer activity at 

the MYC promoter. We also detected activation of lncRNA CCAT2 in our homozygous non-risk 

lines, which demonstrated a robust ability to compensate for the absence of DNA WNT 

enhancer element transcriptional regulatory activity. Extension of this relationship to The Cancer 

Genome Atlas (TCGA) CRC patient samples revealed a significant correlation between 

rs6983267 genotype and CCAT2 expression with genetic alterations in the PI3K pathway, 

suggesting a requirement of CRC cells to dysregulate growth-promoting pathways beyond WNT 



when activity of the 8q24.21 enhancer is low. These results demonstrate that rs6983267 

genotype and CCAT2 expression, together, influence WNT dependence in CRC. 

 

RESULTS 

Modeling risk SNP rs6983267 in HCT-116 human colon cancer cells 

 We demonstrated efficacy of a scarless and selection-free CRISPR/Cas9 editing 

pipeline previously developed by our group31 by generating isogenic clones containing a single 

engineered allele of rs6983267 in the human CRC cell line, HCT-116, which is naturally 

homozygous risk (G/G) for this SNP (Figure 1a, Supplementary Figure 1a). However, frequency 

of editing by Homology-Directed Repair (HDR) remained low is these cells with use of a single-

stranded donor template. Likely, this was due to the fact that HCT-116 cells cannot efficiently 

perform single-strand annealing (SSA)-mediated CRISPR/Cas9 editing due to loss of FA 

pathway function, which is required for single-stranded donor templates32. To address this 

issue, we tested alternative double-stranded donor templates, including a Homologous 

Recombination (HR) template and a more recently established Homology-Mediated End Joining 

(HMEJ) template. It has been suggested that the HMEJ donor can increase HDR efficiency of 

CRISPR/Cas9 editing due to its ability to be utilized within either the HMEJ or HR DNA repair 

pathways, thus increasing the probability of the donor to be used as a template for DSB repair, 

even in post-mitotic cells33. Indeed, when we assessed HDR and NHEJ editing frequencies via 

targeted deep Next-Generation Sequencing (NGS), we observed a ten-fold increase in precisely 

edited alleles when transiently transfecting Cas9/sgRNA with the HMEJ donor versus a single-

stranded donor (Supplementary Figure 1b). 

 Following donor optimization, we performed two rounds of HCT-116 editing and single 

cell cloning o to produce isogenic clones containing either a single edited non-risk allele 

(heterozygous) or both edited non-risk alleles (homozygous non-risk) (Supplementary Figure 

1c,d). Precisely edited alleles were confirmed by Sanger Sequencing (Supplementary Figure 



1e). Positive clones were further validated to be devoid of off-target events by Sanger 

sequencing of the top five predicted off-target sites based on sgRNA on-target site sequence 

homology (Supplementary Table 1). After validation, we selected three heterozygous and three 

homozygous non-risk isogenic clones with no known off-target CRISPR/Cas9 events for 

downstream functional characterization. For consistency, we also validated three isogenic 

clones that did not receive any CRISPR/Cas9-mediated genome editing from both rounds of 

selection for a total of six homozygous risk isogenic clones for comparison. All downstream 

analyses were performed on these 12 isogenic cell lines. 

 

rs6983267 demonstrates risk allele-specific recruitment of TCF7L2. 

 We first sought to validate the risk allele binding preference of WNT transcription factor, 

TCF7L2, in our models. We performed allele-specific chromatin immunoprecipitation utilizing 

our ChIPnQASO pipeline31 with our engineered heterozygous lines on TCF7L2 at the 

rs6983267 binding site (Figure 1b). We also included the nearest CTCF binding site, ~200bp 

upstream, and active enhancer histone modification H3K27ac34,35 surrounding the SNP in our 

analysis (Figure 1b). We observed near complete allelic preference of TCF7L2 binding to the 

risk allele G over the non-risk allele T (Figure 1c), demonstrating that our engineered 

endogenous genotype models replicate the effect observed in naturally heterozygous cells and 

exogenous reporter systems19,20. Interestingly, we also observed a much weaker but still 

significant preference in CTCF binding and H3K27ac modification enrichment for the risk allele 

as well (Figure 1c). This latter novel finding was intriguing and suggested allele-specific 

differences in overall enhancer activity, although H3K27ac abundance is not known to affect 

enhancer activity36.  

 To confirm our allelic imbalance results within the heterozygous lines at the genotypic 

level in our homozygous lines, we performed ChIP-qPCR for the TCF7L2, CTCF and H3K27ac 

sites in all 12 isogenic lines and measured relative enrichment. We did not observe changes in 



overall CTCF binding or H3K27ac enrichment between the different genotypes but observed 

complete ablation of TCF7L2 binding within the homozygous non-risk lines, recapitulating at the 

genotypic level, our observations of strong allelic TCF7L2 binding preferences (Figure 1d,e,f). 

TCF7L2 binding enrichment in the heterozygous lines, however, was not significantly different 

from that in the homozygous risk lines (Figure 1d). This result suggested that either TCF7L2 

binding becomes limited with availability of two risk alleles or that a single risk allele can 

maximize TCF7L2 recruitment and maintain its overall binding at a level to which HCT-116 cells 

have adapted. Since the homozygous risk genotype is the natural status of HCT-116 cells, the 

latter explanation seems more plausible. Our allelic and genotypic findings indicate a 

mechanism in which rs6983267 risk allele status robustly effects TCF7L2 recruitment to the 

8q24.21 enhancer. While TCF7L2 recruitment can be fulfilled by just a single risk allele, it does 

not significantly affect CTCF recruitment or H3K27ac enrichment to a degree that translates to 

genotype-level differences (Figure 1b). 

 

rs6983267 drives enhancer interactions with several 8q24.21 genes.  

 Previously assumed to be a “gene-desert”, the 8q24.21 region has only recently been 

discovered to be rich in CRC-related noncoding transcripts37–45. To better understand the 

consequences of differential TCF7L2 recruitment to the 8q24.21 enhancer, we investigated 

changes in DNA interactions with the enhancer region surrounding rs6983267. Previous work 

has shown that enhancer elements can exert their transcriptional regulatory activity on gene 

targets via direct contact with the genes’ promoters mediated by CTCF/cohesin chromatin 

looping46–48. Most enhancer-promoter function occurs in cis to regulate the transcription of 

genes located within the same Topologically Associated Domain (TAD) 49–53. To identify 

interactions, we performed circularized chromosome conformation capture and high throughput 

sequencing (4C-seq) on all 12 isogenic lines, using a ~600bp bait sequence centered at 

rs6983267. Sequencing reads were mapped to human reference genome Hg38 and normalized 



using pipe4C 54. Significant interactions were called using the PeakC, which uses a monotonic 

regression to calculate a background model from biological replicates for a given experimental 

condition and calls peaks whose mean enrichment significantly exceed background coverage at 

a given genomic location followed by Benjamini-Hochberg adjusted FDR54,55.  

Consistent with previous 3C20,21 and captureHi-C56 studies, we observed significant 

interactions in the un-edited homozygous risk lines with the MYC promoter (Figure 2a). In 

addition, we observed downstream interactions with nearby long noncoding RNA (lncRNA) gene 

CASC11 and PVT1 isoform promoter regions, both of which have been implicated in cancer 

progression and therapeutic resistance57–67. We also observed significant upstream interactions 

at two other 8q24 regions involving promoters of lncRNA genes CASC19, CCAT1 and PCAT1 

(Figure 2a), which have also been linked to CRC pathogenesis68–74. Importantly, both PVT1 and 

PCAT1 have demonstrated the ability to regulate c-Myc translation and protein stability40,42,66,75. 

The cumulative interactions of the 8q24.21 enhancer depict a regulatory element that directly 

interacts with several CRC-related genes at the region harboring rs6983267, including the 

proposed MYC target. 

In our heterozygous lines, we detected a decrease in significant DNA interactions both 

upstream and downstream of the enhancer region, including loss of contacts with the 

MYC/CASC11 shared promoter region (Figure 2a). In homozygous non-risk lines, the 

interaction with the MYC/CASC11 region was no longer significant. Instead, we identified a 

significant gain in upstream interactions with the PCAT1 promoter region (Figure 2a). Interaction 

with CASC19 and CCAT1 remained stable across all genotypes (Figure 2a). Utilizing an allele-

specific variation of 4C-seq76, we performed an allele-specific assessment of DNA interactions 

within our heterozygous lines. In agreement with the genotype-level data, we observe a 

significant interaction for both risk and non-risk alleles at the CASC19/CCAT1 promoter region. 

We also observe that only the risk allele contained significant enrichment of contacts 

downstream of the rs6983267 enhancer, near the MYC/CASC11 promoter region 



(Supplementary Figure 2). This data confirmed the downstream interactions of the enhancer 

with MYC and CASC11 are specific to the risk allele G. 

 For further confirmation of our DNA interaction findings, we overlaid our 4C-seq 

interaction data with ENCODE HCT-116 CTCF, TCF7L2 and H3K27ac ChIP-seq data77 and 

with published HCT-116 Hi-C chromatin interaction data78. We observed that significant 

interactions clustered with CTCF ChIP-seq peaks, supporting the involvement of CTCF-

mediated chromatin looping to bring these promoters within close proximity of the rs6983267 

enhancer (Figure 2b). Furthermore, virtually all significant interactions called across all isogenic 

lines were located within the rs6983267 TAD (Figure 2c). While TCF7L2 and H3K27ac ChIP-

seq peaks were enriched at significant contacts in the MYC/CASC11 promoter region observed 

in both the homozygous risk and heterozygous lines (Figure 2, orange highlight), the PCAT1 

promoter region, which was enriched as a DNA contact in the homozygous non-risk lines, was 

devoid of both (Figure 2, blue highlight). These correlations highlight the importance of the 

TCF7L2 transcription factor for risk allele-driven enhancer activity while also suggesting an 

alternative function of rs6983267 at the PCAT1 promoter that is both risk allele- and TCF7L2-

independent. 

 

CCAT2 expression functions as a redundant regulatory mechanism of MYC activation in 

the absence of the rs6983267 risk allele. 

To more thoroughly explore the effect of these genotypic differences in DNA contacts of 

the rs6983267 enhancer region, we measured the expression of 11 genes (including six of their 

isoforms) within the rs6983267 TAD using RT-qPCR 79 (Supplementary Table 2). RT-qPCR 

analyses revealed no significant changes in MYC expression across rs6983267 genotypes 

(Figure 2d). Moreover, most genes maintained consistently low expression levels 

(Supplementary Figure 3). CCAT2 was the only rs6983267 TAD gene with dramatic genotype-

associated changes across our isogenic lines. While CCAT2 expression was extremely low in 



the homozygous risk and heterozygous lines, we detected an 8-fold upregulation in the 

homozygous non-risk lines (Figure 2e). As a lncRNA gene that encompasses rs6983267, 

CCAT2 has been previously shown to be involved in CRC pathogenesis. Exogenous CCAT2 

overexpression in HCT-116 cells and mouse xenografts increased colony formation, cellular 

migration, tumor growth and metastatic formation. CCAT2 overexpression also led to c-Myc 

upregulation by enhancing TCF7L2 binding and activity at the MYC promoter which increased 

overall WNT signaling38. The mechanism of TCF7L2 binding regulation by CCAT2 is remarkably 

similar to what we observed at the DNA level for the rs6983267 enhancer. Specifically, both 

CCAT2 expression and risk allele presence increase TCF7L2 binding for MYC transcriptional 

activation. The DNA enhancer element achieves this by binding TCF7L2 itself and bringing the 

MYC promoter into close proximity for transcription factor activity while CCAT2 RNA molecules 

can achieve this by stabilizing TCF7L2 bound to the MYC promoter. Thus, these two 

mechanisms represent redundant regulatory pathways within CRC cells to maintain c-Myc 

levels above a required threshold for constitutive cellular growth and proliferative signaling. 

To test these hypotheses, we assessed TCF7L2 enrichment across our 12 isogenic lines 

at two sites upstream of the MYC transcriptional start site (TSS). If risk-allele enhancer activity 

and CCAT2 expression represented functionally redundant mechanisms for MYC transcriptional 

activation, we would expect similar TCF7L2 enrichment at the MYC promoter for both the 

homozygous risk and homozygous non-risk cell lines. In line with this hypothesis, we did not 

observe significant differences in TCF7L2 enrichment at either region across our isogenic lines 

(Figure 2f). Lastly, we assessed proliferation and invasion ability of our isogenic clones. Again, 

there was no significant difference detected for either assay between genotypes 

(Supplementary Figure 4). Our results demonstrate that TCF7L2-mediated MYC transcriptional 

activation and downstream cellular effects continue to the same degree despite the complete 

lack of risk allele-mediated TF recruitment to the enhancer and that this is likely due to 

increased CCAT2 expression and function. 



 

PI3K and Ras/Raf/MAPK are activated by loss of rs6983267 risk allele in the absence of 

CCAT2 expression. 

We were able to demonstrate activation of CCAT2 transcription in the absence of the 

rs6983267 risk allele, but presence of at least one risk allele prevented this effect (Figure 2e). 

Despite this, MYC expression as well as cellular proliferation and invasion rates were also 

stable between the un-edited homozygous risk and heterozygous lines (Supplementary Figure 

3). These data correspond with our genotype-level ChIP data demonstrating that just a single 

risk allele could recruit TCF7L2 to the same degree as two risk alleles in our models, allowing 

for consistent transcriptional activation of the proposed target gene MYC. This, however, does 

not rule out the possibility of other genes being affected by rs6983267 risk allele status. In fact, 

transcriptome-wide analysis of an isogenic HCT-116 line containing a homozygous deletion of 

the 2Kb enhancer region surrounding risk SNP rs6983267 discovered that more than 1000 

genes were differentially expressed when compared to wildtype HCT-116 cells36. Despite this 

finding, no other target gene besides MYC has been proposed for this regulatory element in 

CRC. Furthermore, no study, to our knowledge, has dissected the specific targets of this 

functional regulatory risk SNP from gene targets of the greater enhancer element that 

encompasses it.  

 To pursue these questions, we conducted RNA-seq on all 12 isogenic genotype lines 

and performed differential expression analysis to identify genes affected by rs6983267 genotype 

status. When compared to un-edited homozygous risk lines, the heterozygous lines showed 

over 400 genes that were significantly differentially expressed (DE); 268 genes significantly 

upregulated and 153 genes significantly downregulated (Figure 3a). In stark contrast, differential 

expression analysis revealed just 13 DE genes between the homozygous non-risk and un-

edited homozygous risk genotype lines, 7 upregulated and 6 downregulated (Figure 3b). The 7 

upregulated genes included APOL6, CRPPA, DBP, H19, APLF, AC009065.3, and FHAD1. The 



6 downregulated genes were LINC00668, TENM3, GCNT3, ZNF615, MMP7 and RNF128. 

When hierarchical clustering and PCA were performed, isogenic lines containing the two 

homozygous genotypes were virtually indistinguishable (Figure 3c, Supplementary Figure 5). 

Given the heterozygous lines demonstrated 100s of DE genes in our analysis compared to un-

edited homozygous risk, this nearly opposite result for the homozygous non-risk lines was 

striking. This was yet another supporting piece of evidence that CCAT2 contributes to the 

compensatory effect we observed in the absence of rs6983267 risk allele-mediated DNA 

enhancer activity in HCT-116 cells. 

We further interrogated the DE gene set from the heterozygous comparison. Pathway 

enrichment analysis of the 268 significantly upregulated DE genes produced three major 

functional enrichment clusters: circadian rhythm dysregulation, cell motility and extracellular 

matrix (ECM) reorganization, and growth factor signaling pathway activation (Figure 3d). Closer 

investigation revealed activation of both the Mitogen-Activated Protein Kinase Ras-Raf-MEK-

ERK (Ras/Raf/MAPK) signaling pathway and Phosphatidylinositol 3-Kinase (PI3K) signaling 

pathway. Like the WNT signaling pathway, both Ras/Raf/MAPK and PI3K pathways are 

commonly dysregulated across virtually all cancer types, including CRC80–85. When aberrantly 

activated, both pathways have demonstrated the ability to promote cancer cell survival, 

proliferation and invasion/migration86–93, such as through activation of integrin and plasminogen-

mediated ECM remodeling94–100 which were also identified in the pathway enrichment analysis. 

Importantly, Ras/Raf/MAPK and PI3K have also displayed the ability to activate and stabilize c-

Myc expression, respectively, for perpetuation of their pro-proliferation and anti-apoptotic 

signaling cascades within the cell87,92,101–103. It is plausible that upregulation of PI3K and 

Ras/Raf/MAPK within our heterozygous models contributed to the stabilization of MYC 

expression to compensate for the loss of transcriptional activation of the 8q24.21 WNT 

enhancer caused by reduced DNA-DNA contacts with the MYC promoter for maintenance of 

overall pro-growth signaling within the cell.  



PI3K and Ras/Raf/MAPK activation is a specific effect of rs6983267 risk allele loss within 

the greater 8q24.21 enhancer. 

To validate these transcriptomic effects, we processed RNA-seq data from the 

previously published HCT-116 enhancer deletion line36 (Figure 3e) using the same pipeline and 

cutoff thresholds from our risk SNP analysis. DE analysis found 439 significantly upregulated 

and 483 significantly downregulated genes. We assessed DE gene overlap between our 

genotype lines and the homozygous enhancer deletion line. One hundred and forty-eight genes 

were significantly differentially expressed in both the enhancer deletion and our heterozygous 

lines compared to un-edited homozygous risk. For our homozygous non-risk lines, there was 

just a single DE gene that overlapped with the enhancer deletion, ZNF615. When we assessed 

directionality of expression change for the SNP heterozygotes and enhancer deletion common 

DE genes, either up- or down-regulated compared to homozygous risk, we observed that 128 

out of the 148 genes were differentially expressed in the same direction. Of these, 91 were 

upregulated in both datasets and 37 were downregulated (Figure 3f). Pathway enrichment 

analysis of these commonly downregulated DE genes showed enrichment for target genes of 

transcription factors CEBPA and LMO2 (Supplemental Figure 6), both of which have been 

shown to oppose WNT signaling and exert tumor suppressor activity in CRC104,105. The shared 

downregulated genes also showed enrichment for transcription factor activity and negative 

regulation of RNA polymerase II (Supplemental Figure 6). On the other hand, the commonly 

upregulated gene set demonstrated enrichment for the same pathways observed in the 

independent analysis of our heterozygous genotype lines, namely, plasminogen and integrin 

activity, extracellular matrix interaction and organization and activation of the Ras/Raf/MAPK 

and PI3K pathways (Figure 3g). This correlation further indicated that the transcriptional effects 

we identified, described above to be involved in the inhibition of WNT signaling and activation of 

PI3K and Ras/Raf/MAPK, were specific effects of the loss of regulatory function exerted by the 

risk allele of rs6983267 to maintain WNT signaling and WNT-mediated activation of c-Myc. 



Furthermore, in the enhancer deletion, this effect could not be rescued by endogenous CCAT2 

upregulation as the deletion fully encompassed the gene (Figure 3e). 

 While MYC expression remained unchanged between our engineered heterozygous 

lines and the un-edited homozygous risk lines, it is possible that the downstream gene targets of 

c-Myc transcription factor activity could have changed with MYC expression shifting from control 

by WNT to that of PI3K and Ras/Raf/MAPK, as indicated by the pathway enrichment analyses. 

To address this, we identified a comprehensive list of validated direct c-Myc targets from the 

Ingenuity Pathway Analysis software (Qiagen) and identified common c-Myc targets between 

our heterozygous and homozygous non-risk genotype lines and the enhancer deletion line. Out 

of 287 possible direct targets, the enhancer deletion showed 37 significantly DE genes (Figure 

3h). HNF4A, PRDM1, GATA3, EBI3, ITGA1, GSR, TERT and MYC itself were the most 

downregulated, while AXL, AOPEP, GFI1, EGFR and FOSL1 were the most upregulated 

(Supplementary Table 3). The heterozygotes showed 31 DE direct c-Myc target genes (Figure 

3h). Of these, FBX032, HNF4A, NBN and DNMT3B were most significantly downregulated, 

while JUN, FOSL1, EZR, SLC2A1 and AXL demonstrated the greatest upregulation. Overall, 12 

direct c-Myc target genes were significantly differentially expressed in both the enhancer 

deletion and risk SNP heterozygotes when compared to un-edited homozygous risk, with 

directionality consistent for all 12 common genes (Figure 3h, Supplementary Table 3). 

Importantly, two of the most upregulated gene targets in both datasets, FOSL1, also known as 

Fra-1, and AXL, are both known downstream effectors of the PI3K signaling cascade106–109. 

Likewise, JUN, which was significantly upregulated in the heterozygotes, encodes a major 

downstream transcriptional activator of MAPK signaling, c-Jun87,110. Altogether, these results 

support an activation of PI3K and Ras/Raf/MAPK with the loss of risk allele-mediated enhancer 

activity in the absence of CCAT2 compensatory activation and function, which we identify in 

both the heterozygous SNP lines and homozygous enhancer deletion line. Furthermore, we 

identify 128 genes significantly differentially expressed with loss of either the entire enhancer or 



risk allele, of which 12 are verified direct c-Myc transcriptional targets. These 128 common DE 

genes represent a subset of 8q24.21 WNT enhancer-affected genes that are under the specific 

control of rs6983267 genotype status in HCT-116 cells and thus warrant further investigation. 

 

rs6983267 genotype status and CCAT2 expression dictate CRC WNT and PI3K 

dependence in TCGA 

 The activation of alternative signaling pathways that target downstream MYC expression 

observed in the heterozygous cell models and the activation of CCAT2 to stabilize WNT 

signaling in the homozygous non-risk cells prompted our interest to delve further into the 

interplay of regulatory elements at the 8q24.21 locus and their relationship to WNT signaling. 

For this investigation, we utilized the CRC TCGA dataset111. Initially, we observed no significant 

difference in CCAT2 expression between rs6983267 genotypes (Supplementary Figure 7a). 

This is consistent with previous findings38,112,113. Using the Consensus Molecular Subtype (CMS) 

classifications for CRC114, we stratified CRC patient samples by subtype and investigated the 

correlation with both rs6983267 genotype and CCAT2 expression. Again, we did not observe 

any significant correlations with rs6983267 genotypes (Supplementary Figure 7b). However, we 

did observe significantly higher CCAT2 expression in the CMS2 subtype (Figure 4a). Since 

CMS2 represents the canonical WNT-dependent CRC subtype, this is in-line with the 

hypothesis that CCAT2 functions as a WNT signaling-specific lncRNA38. Interestingly, when we 

further stratify by risk SNP genotype within each CMS and compare patients of the same 

genotype across the four CMS groups, we observed that CMS2-homozygous non-risk (TT) 

patients demonstrated higher CCAT2 expression levels compared to those of CMS1 (Figure 

4a). For both heterozygous (GT) and homozygous risk (GG) groups, CCAT2 expression within 

the CSM2 subtype was significantly higher than both CMS1 and CSM3 (Figure 4c,d). These 

results suggested the rs6983267 risk allele contributes to the increased CCAT2 expression 

observed in WNT-dependent CRC tumors. 



  Based on our findings highlighting the PI3K pathway in rs6983267 function, we utilized 

TCGA data to examine the correlation between mutations within the WNT and PI3K pathways, 

CCAT2 expression and rs6983267 genotype. In TCGA, APC and PIK3CA are the two most 

commonly mutated genes in the WNT and PI3K/Akt pathways, respectively (Supplementary 

Figure 8). When we interrogated the frequency of cases with APC mutations and APC-PIK3CA 

co-mutations, chi-squared testing revealed a statistically significant correlation with rs6983267 

genotype; CRC patients with the homozygous non-risk genotype displayed greater frequency of 

harboring somatic mutations in both APC and PIK3CA (P = 0.0159, Table 1). This discovery 

corroborated our findings in vitro, suggesting that rs6983267 genotype status and its effect on 

the 8q24.21 DNA enhancer’s function to perpetuate WNT signaling plays a role in dictating 

whether a tumor cell requires activation of other pathways, such as PI3K, to achieve a robust 

proliferative advantage for CRC initiation and progression. We performed the same mutational 

analysis with CCAT2 expression, stratifying patients into no, low and high expression groups. 

Unlike rs6982367 genotype, expression of CCAT2 alone did not produce a significant 

correlation with APC-PIK3CA co-mutation frequency (P = 0.2167, Supplementary Table 4). 

However, upon assessment of a synergistic effect of both risk allele status and lncRNA 

expression via further stratification patient samples by risk SNP genotype within each CCAT2 

expression group, we observed a highly significant correlation with APC-PIK3CA co-mutation 

frequency (P < 0.0001, Table 2). While both the no/low a CCAT2-expressing CRCs followed the 

pattern observed at the cohort-wide level, in which the homozygous non-risk patients had the 

highest frequency of APC-PIK3CA co-mutations compared to patients harboring at least one 

risk allele, the high CCAT2-expressing group diverged from this pattern. Within the high-CCAT2 

expressing group, homozygous non-risk patients actually had the lowest frequency of APC and 

PIK3CA co-mutations compared to the heterozygous, which instead demonstrated the highest 

co-mutation frequency, and homozygous risk high-CCAT2 expressors (Table 2). In fact, the 

high-CCAT2 expressing, homozygous non-risk patients showed the lowest co-mutation 



frequency across all CCAT2 expression-rs6983267 genotype combinatorial groups (Table 2). 

Interestingly, overall, rs6983267 heterozygous patients demonstrated the greatest consistency 

of APC and PIK3CA mutation co-occurrence across CCAT2 expression groups, suggesting that 

CCAT2 expression and function is least critical on a rs6983267 heterozygous background 

(Table 2). Importantly, the no CCAT2-expressing, homozygous non-risk patients, in other words, 

patients with the lowest 8q24.21 WNT enhancer activity, demonstrated the greatest co-

mutational burden of APC and PIK3CA of the entire TCGA CRC cohort (Table 2). Together, 

these results support a critical role of both rs6983267 genotype status and CCAT2 expression 

to promote WNT signaling for CRC initiation and progression. Loss of either enhancing element, 

particularly rs6983267 risk allele-driven enhancement, results in increased frequency to 

dysregulate other growth-promoting pathways, such as PI3K/Akt. Our analysis of CRC patients 

from TCGA identify CCAT2 expression and rs6983267 genotype as a potential combinatorial 

biomarker for PI3K mutational burden in canonical WNT-dependent CRC, a pathway for which a 

number of targeted therapeutics have either been approved for cancer treatment or for which 

clinical trials are currently ongoing.  

 

DISCUSSION 

In this study, we present a comprehensive molecular characterization of risk SNP 

rs6983267 utilizing scarless CRISPR/Cas9 genome-edited isogenic lines derived from the HCT-

116 CRC cell line that precisely model all three genotypes for the SNP. Through interrogation of 

our models, we demonstrated significant changes in the activity of the 8q24.21 WNT enhancer 

as a result of genotype status that effect both local gene expression and global transcriptional 

regulation within CRC cells. We confirmed the mechanism of preferential binding of WNT 

transcription factor TCF7L2 to the risk (G) allele, which resulted in the absence of TCF7L2 

binding to the enhancer region within the homozygous non-risk genotype lines. We discovered 

that the risk (G) allele drives 3D interactions with the MYC, CASC11 and PVT1 promoter 



regions located downstream of the enhancer element through TCF7L2 recruitment and CTCF-

mediated looping. The non-risk allele was observed to drive upstream enhancer DNA 

interactions, such as that with PCAT1, and absence of the risk allele resulted in complete loss of 

interactions downstream of the enhancer that include the MYC promoter. Despite these 

significant changes, there was no measurable difference in MYC expression across rs6983267 

genotypes. Rather, we observed activation of two compensatory mechanisms for c-Myc 

regulation: increased expression of lncRNA CCAT2 in the homozygous non-risk genotype and 

activation of the Ras/Raf/MAPK and PI3K pathways. We confirmed this effect in an HCT-116 

line harboring a 2Kb homozygous deletion of the 8q24.21 enhancer element. Our data depicts a 

model in which two elements, rs6983267 risk allele and CCAT2 expression, function to maintain 

activity of a WNT enhancer. Loss of both DNA- and RNA-driven enhancer element activity 

requires the tumor cells to activate alternative growth-signaling pathways, such as PI3K and 

Ras/Raf/MAPK. In TCGA data, both rs6983267 risk allele and CCAT2 expression correlated 

with PIK3CA mutational burden in APC mutant cases. Being that the PI3K pathway is a highly 

druggable pathway in cancer, this discovery merits further investigation into the application of a 

CCAT2 expression-rs6983267 genotype combinatorial biomarker for the presence of PI3K-

activating mutations in canonical WNT-driven CRC. 

The transcription factor c-Myc is a master regulator of cellular proliferation, anti-

apoptosis and angiogenesis that nearly all cancer types exploit to some degree in order to 

survive and gain advantage over neighboring cells15–18. Because of its central role in regulation 

of multiple signaling pathways, it is no surprise that c-Myc would have a number of regulatory 

mechanisms controlling its mRNA- and protein-level expression. In fact, it has been reported 

that in addition to this risk SNP enhancer, the MYC gene has 9 other enhancer elements within 

the 8q24 region alone115. In light of this, activity loss of just a single enhancer may not affect 

MYC expression to a degree that cannot be accounted for by other regulatory mechanisms, as 

we have observed in our CRC cell models. Additionally, crosstalk between critical signaling 



pathways in response to environmental or intracellular change is not a novel observation, 

especially in cancer cells, where adaptation and pathway redundancy have become defining 

characteristics of drug resistance and disease relapse93. In CRC specifically, one mechanism of 

resistance to PI3K targeted therapies is the overactivation of WNT signaling92,116,117. The 

reciprocal may be viable as well, in which inhibition of WNT signaling via reduced efficacy of a 

MYC-targeting WNT enhancer, would result in the overactivation of PI3K, for which MYC is also 

a target. In fact, it has been shown that transcription factor activity of nuclear β-Catenin requires 

PI3K signaling to exert maximal activation of WNT target genes and inhibition of PI3K signaling 

reduced expression of WNT genes MYC, LEF and CCND1 without affecting nuclear β-Catenin 

levels. Because of this, high nuclear β-Catenin levels combined with high PI3K signaling levels 

proved to be a reliable biomarker for CRC distal metastasis formation118. Here, our results also 

support the synergistic relationship of WNT signaling with PI3K and MAPK in the maintenance 

and fine-tuning of c-Myc activity for CRC progression. 

We and others have demonstrated the value of precise disease-associated variant 

modeling in established cancer cell lines. Indeed, these studies have helped to uncover specific 

molecular functions for many genomic variants. However, many of these functions remain 

validated solely on cancerous backgrounds. Because of this, direct translation of these findings 

to mechanisms of patient risk represent a critical limitation of established cancer cell line 

models. To take our study as an example, we observed activation of the lncRNA CCAT2 in 

response to loss of function of the 8q24.21 DNA enhancer element with the absence of 

rs6983267 risk alleles. A direct correlation of these findings to patient data would support the 

hypothesis that homozygous non-risk CRC patients demonstrate the highest expression of 

CCAT2. However, as we have reported, this is not the case. Rather, CCAT2 expression and 

rs6983267 genotype status appear to function synergistically to promote WNT signaling in 

tumor cells, with the greatest effect observed in CRC cases that develop due to aberrant 

canonical WNT signaling as defined by the CMS2 subtype. These disconnects can perhaps be 



attributed to the modeling of risk-associated variants, which seemingly function at the initiation 

of tumorigenesis, in already transformed cellular models. The emergence of more translational 

in vitro models may provide a resolution to this issue, such as patient-derived organoids 

(PDOs), which can be derived from both normal and cancerous tissue and have proven to more 

reliably recapitulate the characteristics of the original tumor. Despite these challenges, the field 

has gained immense knowledge from established cancer cell lines. In this study specifically, 

while we could not directly translate all in vitro risk SNP-mediated alterations to CRC patient 

data, our experiments highlighted the significance of PI3K and Ras/Raf/MAPK pathways in 

rs6983267’s WNT signaling function, which we used to direct our analyses in TCGA CRC 

patient datasets.  In this way, established cancer cell lines can, and have, provided critical 

information for variant function in cancer pathogenesis. Importantly, established cell lines also 

remain significantly more tolerant to current methods of genomic manipulation. The 

development of more efficient methods of genomic editing in PDOs and other normal in vitro 

models will provide an important component for characterization and translational application of 

these cancer risk-associated variants to patient care.  

  Ultimately, our study illustrates a complex and tightly regulated network of DNA 

elements, lncRNA and signaling cascades that control c-Myc expression and activity. The 

balance between WNT, Ras/Raf/MAPK and PI3K signaling pathways provide cancer cells with 

the ability to adapt to changes, both environmental and internal, in order to maintain selective 

advantages throughout tumorigenesis. The interplay of WNT, Ras/Raf/MAPK and PI3K 

activation in response to targeted therapies as a mechanism of resistance, for example, has 

proven to be a difficult hurdle in the treatment of cancer. This study helps to further illuminate 

the role that the 8q24.21 MYC enhancer, and more precisely, the role that functional CRC risk 

SNP rs6983267 plays in this intricate network. It is our goal that these findings can contribute to 

the advancement of precision cancer medicine and improve our ability to predict therapeutic 

efficacy at the level of the individual. 



 

CONCLUSIONS 

Most cancer risk associated SNPs identified by GWAS remain clinically unactionable 

despite mechanisms of function having been characterized for many of these variants. One 

limitation has been elucidating the role of SNP function within the development of its associated 

cancer. Here, we demonstrate application of a known CRC functional SNP, rs6983267, and 

expression of a related long non-coding RNA, CCAT2, to predict dysregulation of the PI3K 

pathway in CRC through control of a WNT-specific enhancer. The PI3K pathway is highly 

targetable in cancer, with a number of targeted therapeutics either approved or in clinical trials. 

Our study reveals how risk SNP rs6983267 may be used to inform CRC patient treatment and 

enhance our efforts towards precision medicine. 

 

METHODS 

CRISPR/Cas9 HDR design and cloning. Risk SNP rs6983267-targeting guide RNA was 

designed, cloned into the gRNA-Cloning Vector plasmid from the Church Lab (Addgene Plasmid 

#41824) via Gibson Assembly (NEB) and tested as previously described31. Symmetrical single 

stranded donor template (ssSYM) was designed centered around risk SNP rs6983267 and 

flanked by 35 bases of homology to the non-gRNA-complementary strand of HCT-116 genomic 

DNA and synthesized by IDT. Asymmetrical single stranded donor template (ssASYM) was 

designed as previously described and synthesized by IDT119. Homologous Recombination 

double stranded donor template (dsHR) was designed centered around risk SNP rs6983267 

flanked by 800 bases of homology to the HCT-116 genomic sequence and synthesized by IDT 

as a gBlock. The gBlock was cloned into the pCR4-TOPO vector backbone (Thermo Fisher 

Scientific) using the TopoTA Clonign Kit for Sequencing (Thermo Fisher Scientific). Homology-

Mediated End Joining double stranded donor template (dsHMEJ) was designed using the 

dsHR donor. Primers were designed to include the risk SNP-targeting gRNA sequence with 



PAM sites oriented towards the 3’ end followed by 20 bases of homology with the 5’ and 3’ ends 

of the dsHR homology arms (dsHMEJ_Cloning_Fwd, dsHMEJ_Cloning_Rev). 10ng of purified 

dsHR plasmid donor was amplified with dsHMEJ_Cloning primers and Phusion High-Fidelity 

PCR Master Mix (NEB) in a 25uL reaction. PCR products were purified with QIAquick PCR 

Purification kit (Qiagen). 50ng of purified PCR product was incubated with 10uL GoTaq Green 

Master Mix (Promega) in a 20uL reaction at 70C for 30min for 3’-A tailing. PCR products were 

again purified with QIAquick PCR Purification kit (Qiagen). 4uL of 3’-A-tailed PCR product (15-

25ng total) was cloned into the pCR4-TOPO vector backbone (Thermo Fisher Scientific) using 

the TopoTA Clonign Kit for Sequencing (Thermo Fisher Scientific) following manufacturer’s 

protocol with one adjustment: RT incubation of vector and PCR insert was increased to 10min. 

gRNA plasmid, hCas9 vector (Church Lab, Addgene Plasmid #41815) and double stranded 

donor templates (dsHR, dsHMEJ) were transformed into NEB 5-alpha competent E. coli cells 

(high efficiency). Plasmids were purified with the Plasmid Plus Midi Kit (Qiagen). 

 

KASP primer design. KASP primers can be designed using the Primerpicker software 

(KBiosciences) or custom ordered directly from the LGC Group (https://www.lgcgroup. 

com/products/kasp-genotyping-chemistry/). The resulting primers sequences, two allele-specific 

primers of 40-50bp length named A1 and A2 and two universal primers of 20-30bp length 

named C1 and C2 are reconstituted at a 100uM concentration for use. 

 

Cell culture and transfections. All human cell lines were obtained from ATCC and cultured 

according to ATCC guidelines. HCT-116 cells were maintained in McCoy’s 5A Medium 

supplemented with 10% Fetal Bovine Serum and 1X Penicillin/Streptomycin. Transfections were 

carried out in 6-well plates. HCT-116 cells were seeded at a concentration of 500,000 cells per 

well. When the cells reached 70% confluency approximately 24 hours later, the cells were 

transfected with 7.5μL of Lipofectamine 3000 (Thermo Fisher Scientific) and either Cas9-NHEJ 



for T7 Assay: 1ug of hCas9 plasmid, 1ug of guide RNA vector plasmid and 1ug of eGFP 

plasmid (Lonza) per well or Cas9-HDR for cloning: 1ug of hCas9 plasmid, 1ug of guide RNA 

vector plasmid and 800ng of ssODN donor template or 1ug of plasmid donor template per well. 

Cells were incubated at 37C with 5% CO2 for 72 hours, with media replaced every 24 hours for 

HCT-116 cells. 

 

Amplicon sequencing and allele modification analysis. HCT-116 cells were transfected with 

Lipofectamine 3000, plasmid Cas9, plasmid gRNA and ssODN or plasmid donor template. Non-

transfected HCT-116 cells were used as a control. 72 hours later, genomic DNA was extracted 

using Quick-gDNA MiniPrep Kit (Genesee Scientific) and 100ng genomic DNA was used for 

PCR amplification with GoTaq Green Master Mix (Promega) resulting in a 217-bp amplicon. 

Each forward primer contained a unique 5-bp bar code sequence at the 5’ end for multiplexing. 

All amplicons were purified using QIAQuick PCR Purification Kit (Qiagen) and pooled at equal 

concentrations for Illumina sequencing. Amplicon sequencing was performed by the CCIB DNA 

Core Facility at Massachusetts General Hospital (Cambridge, MA) following their instructions for 

CRISPR Sequencing. Sequencing data was processed using FLASH2 to overlap forward and 

reverse reads into a single long read. Using FASTX barcode splitter, single long reads were 

demultiplexed by identifying barcodes at the beginning or end of the sequence read, allowing for 

one mismatch. Processed fastq files were analyzed for NHEJ frequency with the CRISPResso 

online tool (http://crispresso.rocks) using default settings. For increased stringency, HDR-

positive reads were identified from fastq files using the grep function to select reads with 100% 

homology to the expected HDR-positive sequence after 20-bp trimming on either side of the 

read. 

 

Single-cell limiting dilutions for 96-well plate seeding and colony expansion. Transfected 

cells were resuspended to a single-cell suspension and counted using a hemocytometer. 



Seeding 2 to 4 96-well plates per gRNA targeting a specific mutation was sufficient to produce 

enough clones for screening and identifying HDR-positive clones. For each 96-well plate, 100 

cells were added to 10mL of fresh medium and distributed at a 100μL volume per well using a 

multichannel pipette. 1-2 days later, wells were checked for the presence of a single cell. 5-7 

days later, 100μL of fresh media was added to each well. Another 5-7 days later, media was 

changed for all wells. Cell colonies were transferred to 24-well plates at 50% confluency. 

 

Genomic DNA extraction and KASP genotyping of clones. Cell clones were harvested for 

genomic DNA when they reached 80% confluency in 24-well plates. For this, each clone was 

dissociated with 100μL of TypLE Express (Thermo Fisher Scientific) and 30μL of cells were 

transferred to a new 24-well plate containing fresh 500uL pre-warmed media per well, while 

70μL were pelleted for genomic DNA extraction. Extraction was performed using the Quick-

gDNA MiniPrep Kit (Genesee Scientific) eluted into 40μL Elution Buffer. Genomic DNA was 

quantified using Qubit 2.0 Fluorometer (Thermo Fisher Scientific) producing concentrations 

between 1-20ng/μL. KASP genotyping reactions (LGC Group) were performed in a 384-well 

plate as follows: 10ng genomic DNA, 5μL 2x KASP Master Mix, 0.14μL Assay (A1, A2, C1 

primers) Mix, H2O up to 10μL total reaction volume. Genotyping plates were run on CFX384 

Touch Real-Time PCR Detection System (Biorad) using KASP manufacturer’s settings and 

cluster analysis visualized with the Biorad CFX Manager 3.1 Allelic Discrimination Viewer. 

 

Off-target analysis of isogenic clones produced by CRISPR-HDR. Putative off-target (OT) 

sites were identified by consensus of output of three online software designed to identify OTs 

based on sequence homology: CHOPCHOP (https://chopchop.cbu.uib.no), Cas-OFFinder 

(http://www.rgenome.net/cas-offinder/) and CC Top (https://crispr.cos.uni-heidelberg.de). 

Primers were designed using Primer3 software to produce a 500-600bp region around OT site. 

PCR amplification of 50ng of genomic DNA from each clone with GoTaq Green Mastermix 



(Promega) was performed following manufacturer’s instructions and PCR products visualized on 

a 1% agarose gel for correct size and specificity. PCR products were then purified with 

QIAQuick PCR Purification kit (Qiagen) and submitted to the UC Davis DNA Sequencing Core 

for Sanger sequencing. Sanger sequencing results were analyzed with MacVector (MacVector 

Inc.) against Sanger sequencing results of genomic DNA from the non-treated parental cell line 

for presence of sequence mismatches within 100bp of the OT site, indicative of NHEJ events. 

  

Chromatin immunoprecipitation real-time qPCR and quantitative allele-specific 

occupation (ChIPnQASO) assays. ChIP was performed as previously described with 

modifications120. In summary, 10 million cells in a 10cm dish were cross-linked with a 10min 

incubation in 1% Formaldehyde. Cross-linking was quenched by 0.125M Glycine incubated for 

5min. Cells were scraped, pelleted and lysed via 15min incubation in Cell Lysis Buffer (5mM 

PIPES, 85mM KCl, 1% Igepal, 1x Protease Inhibitors (Pierce Protease Inhibitor Mini Tablets, 

Thermo Fisher Scientific); pH 8.0) on ice. Nuclei were pelleted and lysed via 30min incubation in 

Nuclear Lysis Buffer (50mM Tris-HCl, 10mM EDTA, 1% SDS; pH 8.0) on ice. DNA was sheared 

to 100-500bp length using the Covaris E220 Focused-ultrasonicator using the following settings: 

1mL volume, PIP 140, Duty 5%, CPB 200, Time 240sec. For each ChIP, 3 volumes of IP 

Dilution Buffer (16.7mM Tris-HCl, 167mM NaCl, 1.2mM EDTA, 1.1% Triton X 100, 0.01% SDS, 

1x Protease Inhibitors; pH 8.0) was added to 15ug of chromatin and 2ug of antibody (TCF7L2 

(D31H2 Cell Signaling Technology); CTCF (C48H11 Cell Signaling Technology); H3K27ac 

(39133 Active Motif)). Chromatin was incubated with antibody at 4C overnight on a rotating 

platform. Staph A cells were added to chromatin and rotated at room temp for 15min. 

Chromatin-antibody complexes were pelleted and washed twice with Wash Buffer 1 (50mM 

Tris-HCl, 2mM EDTA, 0.2% Sarkosyl; pH 8.0) and four times with Wash Buffer 2 (100mM Tri-

HCl, 500mM LiCl, 1% Igepal, 1% Deoxycholic Acid; pH 8.0). Immunoprecipitated chromatin was 

eluted in ChIP Elution Buffer (50mM NaHCO3, 1% SDS) via 15min shaking at RT. Crosslinks 



were reversed at 67C overnight with 10% 5M NaCl. Finally, immunoprecipitated DNA was 

treated with 10ug RNase, incubated at 37C for 20min, and purified using QIAQuick PCR 

Purification Kit (Qiagen). Real-time qPCRs were performed in 384-well plate as follows: 1.5uL 

Immunoprecipitated DNA or 1:50 diluted Input DNA, 6.5uL 2x IQ Syber Green Supermix (Bio-

Rad), 1.0uL each of 5uM forward and reverse primers, H2O up to 13μL total reaction volume. 

Each condition was run in technical triplicates. KASP ChIPnQASO reactions were performed 

in 384-well plate as follows: 1μL Immunoprecipitated or Input DNA, 5μL 2x KASP Master Mix, 

0.14μL Assay (A1, A2, C1 primers) Mix, H2O up to 10μL total reaction volume. Genotyping 

plates were run on CFX384 Touch Real-Time PCR Detection System (Biorad) using KASP 

manufacturer’s settings and cluster analysis visualized with the Biorad CFX Manager 3.1 Allelic 

Discrimination Viewer. Allelic ratios were calculated by setting the Input DNA RFU values to 

50% allelic percentages and using the conversion factor to convert the Immunoprecipitated DNA 

RFU values to allelic percentages relative to input DNA. All ChIPnQASO reactions were 

performed in biological triplicate and standard deviation was calculated for each run.  

 

Real-time Reverse Transcription-qPCR (RT-qPCR) and analysis. Cells for each genotype 

clone were seeded in 6-well plates and allowed to grow until 60% confluent. RNA was extracted 

and isolated using RNeasy Plus Mini kit (Qiagen) and Qiashredder (Qiagen) following 

manufacturer’s instructions. RNA was quantified with Nanodrop and 2ug RNA reverse 

transcribed using Superscript IV VILO Master Mix (Thermo Fisher Scientific) following 

manufacturer’s instructions.  RT-qPCR reactions were performed in 384-well plate as follows: 

4.5 uL cDNA sample, 6.5 uL of IQ Syber Supermix (BioRad) and 1.0 uL 5uM primers each were 

added to each well of 384-well plate. All cDNA samples were diluted 1:300 prior to loading. All 

samples were run in technical triplicate. RT-qPCR reactions were run on CFX384 Touch Real-

Time PCR Detection System (Biorad) using IQ Syber manufacturer’s settings. Relative 

expression for each sample was calculated using the delta-delta-Ct method. Genotype clones 



were averaged, and standard deviation calculated for plotting. Statistical significance was 

calculated via one-way ANOVA followed by post hoc Tukey HSD analysis. 

 

4C-Sequencing and analysis. 4C libraries were generated following previously published 

protocol121 using restriction enzymes DpnII and CviQI with the following modifications: (Cross-

Linking) 10 million cells in a 10cm dish were cross-linked with a 10min incubation in 1% 

Formaldehyde. Cross-linking was quenched by 0.125M Glycine incubated for 5min. Cells were 

scraped and pelleted for lysis. (Sequencing) In order to conduct allele-specific 4C-seq analyses 

in the heterozygous clones, libraries were prepared to be sequenced paired-end with a 

genotyping primer and a sequencing primer as previously described76. Libraries were QCed with 

Bioanalyzer High Sensitivity DNA kit (Agilent) and quantified with Qubit dsDNA High Sensitivity 

assay kit (Thermo Fisher) then pooled at equimolar ratios. Due to low complexity, 4C-Seq 

library pool was further pooled 1:1 with unrelated RNA-Seq libraries and sequenced on two 

lanes of PE150 sequencing on a HiSeq4000. Sequencing data for each genotype clone was 

combined into a single FASTQ file for analysis. Libraries were analyzed following previously 

published protocol54 using the pipe4C54 pipeline in R developed by the de Laat lab 

(https://github.com/deLaatLab/pipe4C) and peakC55 significant cis-interaction peak calling 

software developed by the de Wit Lab (https://github.com/deWitLab/peakC). Raw FASTQ files 

are deposited on NCBI GEO.  

 

RNA-Sequencing and analysis. Cells for each genotype clone were seeded in 6-well plates 

and allowed to grow until 60% confluent. RNA was extracted and isolated using RNeasy Plus 

Mini kit (Qiagen) and Qiashredder (Qiagen) following manufacturer’s instructions. RNA libraries 

were generated using the NEBNext Ultra Directional RNA Library Prep kit (NEB) following 

manufacturer’s instructions. 1ug of RNA was used for each library. Libraries were QCed with 

Bioanalyzer High Sensitivity DNA kit (Agilent) and quantified with Qubit dsDNA High Sensitivity 



assay kit (Thermo Fisher) then pooled at equimolar ratios for a single lane of PE150 sequencing 

on a HiSeq4000. Sequencing reads were demultiplexed and index/adapter trimmed and aligned 

to the Hg38 reference genome with STAR Universal Aligner version 2.5.3a using the following 

settings: Indexed reference genome: Ensembl reference genome and annotation files for 

Hg38 release 77 were downloaded and complied, Genome was indexed using the following 

code:  

“STAR --runMode genomeGenerate --runThreadN 12 –genomeDir 

/STAR_INDEX_HG38 --genomeFastaFiles GRCh38_r77.all.fa --sjdbGTFfile 

Homo_sapiens.GRCh38.77.gtf --sjdbOverhang 149” 

Sample read alignment: alignment of sample reads was performed with the following code: 

“STAR --runThreadN 24 --genomeDir /STAR_INDEX_HG38 --outFileNamePrefix 

/STAR/SampleName_ --outSAMtype BAM SortedByCoordinate --outWigType bedGraph 

--quantMode TranscriptomeSAM GeneCounts --readFilesCommand zcat --readFilesIn 

Sample-Read1.fastq.gz Sample-R2.fastq.gz” 

Differential Expression (DE) analysis was performed with Limma-Voom (EdgeR) software in R 

Studio. Gene count files were combined into a single file and non-expressed and lowly-

expressed genes were removed from the analysis by removing genes with gene counts in less 

than 3 of the 24 samples using the “filterByExpr” function. Normalization and DE analysis were 

performed using default Limma-Voom settings followed by empirical Bayes moderation of the 

standard errors towards a common value using the “eBayes” function. DE gene lists from 

pairwise comparisons were exported into .csv files and utilized for GO term analysis using 

DAVID (https://david.ncifcrf.gov). Tak et al. (2015) dataset analysis: FASTQ files containing 

sequencing data of homozygous enhancer deletion line (SRR2242932.fq, SRR2242933.fq, 

SRR2242934.fq) and wildtype control HCT116 lines (SRR2242920.fq, SRR2242921.fq, 

SRR2242922.fq, SRR2242923.fq, SRR2242924.fq, SRR2242925.fq, SRR2242926.fq, 

SRR2242927.fq, SRR2242928.fq, SRR2242929.fq, SRR2242930.fq, SRR2242931.fq) were 



downloaded from NCBI Sequence Read Archive using sratoolkit. Indexed reference genome 

was generated using “--sjdbOverhang 74” since the FASTQ files were produced from a SE75 

sequencing run. For all analyses, significantly differentially expressed genes were identified 

using log2 fold change less than -1.0 or greater than 1.0 and FDR adjusted p-value less than 

0.05 cutoffs. Gene count files and raw FASTQ files are deposited on NCBI GEO. 

 

Cellular proliferation (MTS) assay. Cells from each genotype clone were seeded in 96-well 

plates in technical triplicate at a confluency of 50,000 cells in 200uL of fresh medium per well. At 

each timepoint (24hr, 48hr, 72hr post-seeding) 20uL of Cell Titer 96 Aqueous One Solution 

(Promega) was added to each well and cells were incubated for 2hr at 37C. After incubation, 

96-well plates were measured for absorbance at 490nm on Tecan M1000 Pro plate reader. All 

absorbances were normalized against the background absorbance of wells without cells. 

Absorbances for technical replicates for each clone were averaged. Clones for each genotype 

were further averaged and standard deviation calculated for plotting. Statistical significance was 

calculated via one-way ANOVA followed by post hoc Tukey HSD analysis. 

 

Cellular Invasion assay. Cells from each genotype clone were seeded in QCM ECMatrix Cell 

Invasion Assay 96-well plates (8um, fluorometric) (Milipore-Sigma) in technical triplicate at a 

confluency of 50,000 cell in 100uL of serum-free medium (supplemented with 5% BSA) per well. 

Receiving wells were filled with 150uL of full medium (+ 10% FBS). As a control, all clone cells 

were identically seeded with receiving wells that contained serum-free medium. Cells were 

incubated for 72hr and invasion measured following manufacturer’s instructions using a Tecan 

M1000 Pro plate reader. All absorbances were normalized against the background absorbance 

of wells without cells. Absorbances for technical replicates for each clone were averaged. 

Clones for each genotype were further averaged and standard deviation calculated for plotting. 



Statistical significance was calculated via one-way ANOVA followed by post hoc Tukey HSD 

analysis. 

 

TCGA CRC dataset analysis. SNP rs6983267 genotyping: Simple nucleotide variation 

(*.birdseed.data.txt) files from Affymetrix Genomewide SNP6 genotyping arrays and related 

metadata was downloaded from GDC Legacy Archive122 for all COAD individuals (n=461). 

Genotypes were extracted from the birdseed files and compiled into PLINK PED/MAP files 

utilizing annotation information provided in GenomeWideSNP_6.na35.annot.db sqlite database 

and internal scripts. For each individual, normal genotyping was extracted and only one normal 

sample was selected for each individual using PLINK (v.1.9)123. For individuals where no Blood 

Derived Normal sample was available, Solid Tissue Normal sample was used. SNP_A-8283428 

probeset for rs6983267 was extracted for all COAD individuals with normal genotyping data 

(n=417) using PLINK. CCAT2 expression: RNA-Seq HT-Seq gene count files were 

downloaded from GDC Legacy Archive122 for all COAD individuals with rs6983267 genotyping 

data (n=352) and CCAT2 expression extracted and converted to log counts per million 

(logCPM) expression. Cases were binned into CCAT2 expression quartiles based on logCPM 

expression values (no expression n=111, low expression n=65, moderate expression n=88, high 

expression n=88). Consensus Molecular Subtyping: CRC CMS assignments were obtained 

from the CRC Subtyping Consortium (https://www.synapse.org/#!Synapse:syn4978511) based 

on previously published CMS for TCGA COAD samples (CMS1 n=71, CMS2 n=135, CMS3 

n=46, CMS4 n=100)114. APC and PIK3CA somatic mutation analysis: Somatic mutation data 

for APC and PIK3CA for all COAD individuals with normal genotyping (n=413) and CCAT2 

expression (n=352) were obtained from GDC Data Portal (https://portal.gdc.cancer.gov) using 

UUID. Statistical significance of CCAT2 expression across genotypes was calculated via one-

way ANOVA followed by post hoc Tukey HSD analysis. Statistical significance of somatic 

mutation frequencies was calculated via Chi-squared test.  



 

AVAILABILITY OF DATA AND MATERIALS 

HCT-116 SNP genotype clones 4C-Seq FASTQ files are available in NCBI GEO 

(Accession numbers TBD). HCT-116 SNP genotype clones 4C-Seq differential interaction peak 

calls are available in the supplementary file “Coggins2021_4CseqPeakCSignificantInteractions-

SuppTable”.  

All primer and oligo sequences utilized in this study are available in the supplementary 

file “Coggins2021_PrimersOligosList-SuppTable2”.  

HCT-116 SNP genotype clones RNA-Seq FASTQ files and raw gene count files are 

available in NCBI GEO (Accession numbers TBD). HCT-116 SNP genotype clones RNA-Seq 

differentially expression analysis log2 fold change and statistical values are available in 

supplementary file “Coggins2021_RNAseqExpressionMYCTargets-SuppTable3”. Qiagen IPA 

curated c-Myc direct target gene list is available in supplementary file “Coggins2021_ 

RNAseqExpressionMYCTargets-SuppTable3”.  

HCT-116 homozygous enhancer deletion RNA-Seq FASTQ files from Tak et al. were 

obtained from NCBI Sequence Read Archive: homozygous enhancer deletion HCT-116 lines 

(SRR2242932.fq, SRR2242933.fq, SRR2242934.fq); wildtype control HCT-116 lines 

(SRR2242920.fq, SRR2242921.fq, SRR2242922.fq, SRR2242923.fq, SRR2242924.fq, 

SRR2242925.fq, SRR2242926.fq, SRR2242927.fq, SRR2242928.fq, SRR2242929.fq, 

SRR2242930.fq, SRR2242931.fq). 

 

 

MAIN FIGURE LEGENDS 

Figure 1| Preferential binding of transcription factor TCF7L2 to the rs6983267 risk allele 

and its effects on local enhancer function. (a) Scarless genome editing and clonal selection 

pipeline producing 3 homozygous reference, 3 heterozygous and 6 un-edited homozygous risk 



clonal lines derived from HCT-116 modeling rs6983267 genotypes. (b) Graphical representation 

of enhancer region encompassing risk SNP rs6983267. TCF7L2 transcription factor (red) 

binding site, adjacent CTCF insulator (purple) binding site, histone mark H3K27ac (green) 

associated with active enhancers surrounding risk SNP. (c) Chromatin Immunoprecipitation and 

Quantitative Allele-Specific Occupancy (ChIPnQASO) in heterozygous lines (n=3) shows strong 

preference of TCF7L2 binding to the risk allele (orange bars) over the non-risk allele (blue bars) 

and slight preference for adjacent CTCF binding and surrounding H3K27ac marks. Asterisks (*) 

indicate significantly different groups by Student’s t-test (*) p-value < 0.05, (***) p-value < 0.001. 

Error bars show standard deviation. (d,e,f) Chromatin Immunoprecipitation comparing overall 

binding of TCF7L2 (red), CTCF (purple), H3K27ac (green) in across all genotypes (n=6 for GG, 

n=3 for GT and TT) shows ablation of TCF7L2 binding in the absence of the risk (G) allele. Grey 

bars indicate negative control IgG. Asterisks (*) indicate significantly different groups by One-

Way ANOVA followed by Post-Hoc Tukey HSD. (*) p-value < 0.05. Error bars show standard 

deviation. 

 

Figure 2| Local regulatory interactions for risk SNP rs6983267 in HCT-116 genotype 

clones. (Top) Genes annotated within +/- 1Mb of SNP. (a) 4C-Seq DNA interactions 

(significant interactions in red called by PeakC software) generated for all genotypes (n=6 for 

GG, n=3 for GT and TT) of rs6983267 show differential interactions. Loss of the risk (G) allele 

shows loss of interactions with the MYC promoter (highlighted in orange) and gain of 

interactions near the PCAT1 promoter (highlighted in blue). Bait indicates region encompassing 

SNP used for interaction detection. (b) ENCODE ChIP-Seq signal tracks for CTCF, TCF7L2 and 

H3K27ac histone marks in HCT-116 cell line. (c) Hi-C chromatin contacts at 5Kb resolution from 

Rao et al. in HCT-116 cell line. Visualized using Juicebox.js software. TAD containing 

rs6983267 and its interactors indicated by dotted line outlining enrichment of contacts within the 

region. (d,e) Relative RNA expression of MYC and lncRNA CCAT2 across genotypes (n=6 for 



GG, n=3 for GT and TT) measured by RT-qPCR. Asterisks (*) indicate significantly different 

groups by One-Way ANOVA followed by Post-Hoc Tukey HSD. (**) p-value < 0.01, (***) p-value 

<0.001. Error bars show standard deviation. Error bars show standard deviation. (f) Chromatin 

Immunoprecipitation comparing overall binding of TCF7L2 across all genotypes (n=6 for GG, 

n=3 for GT and TT) shows no statistically significant difference in TCF7L2 enrichment within the 

MYC promoter at multiple binding sites (+1900bp, +1200bp) identified by ENCODE ChIP-seq 

upstream of the MYC TSS across genotypes. Grey bars indicate negative control IgG. Groups 

were assessed with One-Way ANOVA followed by Post-Hoc Tukey HSD. Error bars show 

standard deviation.  

 

Figure 3| SNP status of rs6983267 affects a subset of enhancer gene that function in the 

PI3K and Ras/Raf/MAPK pathways in HCT-116 cells. (a,b) Volcano plots showing 

significantly differentially expressed genes (DEGs) across rs6983267 genotype clones. 

Significantly downregulated (blue dots) and upregulated (red dots) genes were selected using 

log2 fold change <-1.0 or >1.0 and FDR adjusted p-value < 0.05 cut-off values for heterozygous 

(a) and homozygous non-risk (T/T) (b) compared to parental homozygous risk (G/G). (c) 

Unsupervised hierarchical clustering heatmap of top 500 DEGs shows clustering of 

heterozygous clones (n=3) away from both homozygous risk (n=3) and homozygous non-risk 

clones (n=3). (d) DAVID Gene Ontology (GO) analysis of significantly upregulated DEGs in 

heterozygous compared to parental homozygous risk (G/G) shows enrichment for pathways 

involved in extracellular matrix remodeling and cell motility and migration (orange bar terms) as 

well as enrichment for aberrantly activated cell growth and proliferation pathways PI3K and 

Ras/Raf/MAPK (red bar terms). (e) UCSC Genome Browser shot of Enhancer Deletion in HCT-

116 cells by Tak et al. (black bar, middle), SNP rs6983267 (light blue vertical line) and ENCODE 

ChIP-Seq signal tracks for H3K27ac, TCF7L2 and CTCF. (f) Heatmap of 148 common DEGs 

between heterozygotes and enhancer deletion (upregulated in blue, downregulated in red) 



indicate putative target genes of enhancer SNP regulation. (g) DAVID GO analysis of commonly 

upregulated genes from 5d shows enrichment for same pathways involved in extracellular 

matrix remodeling and cell motility and migration (orange bar terms) as well as enrichment for 

aberrantly activated cell growth and proliferation pathways such as PI3K, Ras and MAPK (red 

bar terms) seen for Heterozygous enrichment analysis alone. (h) Direct c-Myc targets identified 

by IPA (Qiagen) significantly DE in enhancer deletion and heterozygotes show putative target 

genes of enhancer SNP regulation within the c-Myc interactome. 

 

Figure 4| rs6983267 risk allele correlates with higher CCAT2 in CRC tumors with aberrant 

canonical WNT signaling and affect APC and PIK3CA co-mutations in TCGA colorectal 

adenocarcinoma (COAD) patient cohort. (a) Stratification of COAD patients by consensus 

molecular subtype (CMS) shows significantly higher CCAT2 expression overall within the CMS2 

subtype. F (3,348) = 17.82. (b, c, d) Further stratification by rs6983267 genotype (TT, F (3,60) = 

4.155; GT, F (3,151) = 7.907, GG, F (3,126) = 6.056) shows this effect is strengthened with the 

presence of the risk allele (G) as both heterozygous (GT) and homozygous risk (GG) groups 

show significant increase in CCAT2 expression within the CMS2 subtype compared to CMS1 

and CMS3. Asterisks (*) indicate significantly different groups by One-Way ANOVA followed by 

Post-Hoc Tukey HSD. (*) p-value < 0.05, (**) p-value < 0.01, (****) p-value <0.0001. Error bars 

show standard deviation. 
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Figures

Figure 1

Preferential binding of transcription factor TCF7L2 to the rs6983267 risk allele and its effects on local
enhancer function. (a) Scarless genome editing and clonal selection pipeline producing 3 homozygous
reference, 3 heterozygous and 6 un-edited homozygous risk clonal lines derived from HCT-116 modeling



rs6983267 genotypes. (b) Graphical representation of enhancer region encompassing risk SNP
rs6983267. TCF7L2 transcription factor (red) binding site, adjacent CTCF insulator (purple) binding site,
histone mark H3K27ac (green) associated with active enhancers surrounding risk SNP. (c) Chromatin
Immunoprecipitation and Quantitative Allele-Speci�c Occupancy (ChIPnQASO) in heterozygous lines
(n=3) shows strong preference of TCF7L2 binding to the risk allele (orange bars) over the non-risk allele
(blue bars) and slight preference for adjacent CTCF binding and surrounding H3K27ac marks. Asterisks
(*) indicate signi�cantly different groups by Student’s t-test (*) p-value < 0.05, (***) p-value < 0.001. Error
bars show standard deviation. (d,e,f) Chromatin Immunoprecipitation comparing overall binding of
TCF7L2 (red), CTCF (purple), H3K27ac (green) in across all genotypes (n=6 for GG, n=3 for GT and TT)
shows ablation of TCF7L2 binding in the absence of the risk (G) allele. Grey bars indicate negative
control IgG. Asterisks (*) indicate signi�cantly different groups by One-Way ANOVA followed by Post-Hoc
Tukey HSD. (*) p-value < 0.05. Error bars show standard deviation.



Figure 2

Local regulatory interactions for risk SNP rs6983267 in HCT-116 genotype clones. (Top) Genes annotated
within +/- 1Mb of SNP. (a) 4C-Seq DNA interactions (signi�cant interactions in red called by PeakC
software) generated for all genotypes (n=6 for GG, n=3 for GT and TT) of rs6983267 show differential
interactions. Loss of the risk (G) allele shows loss of interactions with the MYC promoter (highlighted in
orange) and gain of interactions near the PCAT1 promoter (highlighted in blue). Bait indicates region



encompassing SNP used for interaction detection. (b) ENCODE ChIP-Seq signal tracks for CTCF, TCF7L2
and H3K27ac histone marks in HCT-116 cell line. (c) Hi-C chromatin contacts at 5Kb resolution from Rao
et al. in HCT-116 cell line. Visualized using Juicebox.js software. TAD containing rs6983267 and its
interactors indicated by dotted line outlining enrichment of contacts within the region. (d,e) Relative RNA
expression of MYC and lncRNA CCAT2 across genotypes (n=6 for GG, n=3 for GT and TT) measured by
RT-qPCR. Asterisks (*) indicate signi�cantly different groups by One-Way ANOVA followed by Post-Hoc
Tukey HSD. (**) p-value < 0.01, (***) p-value <0.001. Error bars show standard deviation. Error bars show
standard deviation. (f) Chromatin Immunoprecipitation comparing overall binding of TCF7L2 across all
genotypes (n=6 for GG, n=3 for GT and TT) shows no statistically signi�cant difference in TCF7L2
enrichment within the MYC promoter at multiple binding sites (+1900bp, +1200bp) identi�ed by ENCODE
ChIP-seq upstream of the MYC TSS across genotypes. Grey bars indicate negative control IgG. Groups
were assessed with One-Way ANOVA followed by Post-Hoc Tukey HSD. Error bars show standard
deviation.



Figure 3

SNP status of rs6983267 affects a subset of enhancer gene that function in the PI3K and Ras/Raf/MAPK
pathways in HCT-116 cells. (a,b) Volcano plots showing signi�cantly differentially expressed genes
(DEGs) across rs6983267 genotype clones. Signi�cantly downregulated (blue dots) and upregulated (red
dots) genes were selected using log2 fold change <-1.0 or >1.0 and FDR adjusted p-value < 0.05 cut-off
values for heterozygous (a) and homozygous non-risk (T/T) (b) compared to parental homozygous risk



(G/G). (c) Unsupervised hierarchical clustering heatmap of top 500 DEGs shows clustering of
heterozygous clones (n=3) away from both homozygous risk (n=3) and homozygous non-risk clones
(n=3). (d) DAVID Gene Ontology (GO) analysis of signi�cantly upregulated DEGs in heterozygous
compared to parental homozygous risk (G/G) shows enrichment for pathways involved in extracellular
matrix remodeling and cell motility and migration (orange bar terms) as well as enrichment for aberrantly
activated cell growth and proliferation pathways PI3K and Ras/Raf/MAPK (red bar terms). (e) UCSC
Genome Browser shot of Enhancer Deletion in HCT- 116 cells by Tak et al. (black bar, middle), SNP
rs6983267 (light blue vertical line) and ENCODE ChIP-Seq signal tracks for H3K27ac, TCF7L2 and CTCF.
(f) Heatmap of 148 common DEGs between heterozygotes and enhancer deletion (upregulated in blue,
downregulated in red) indicate putative target genes of enhancer SNP regulation. (g) DAVID GO analysis
of commonly upregulated genes from 5d shows enrichment for same pathways involved in extracellular
matrix remodeling and cell motility and migration (orange bar terms) as well as enrichment for aberrantly
activated cell growth and proliferation pathways such as PI3K, Ras and MAPK (red bar terms) seen for
Heterozygous enrichment analysis alone. (h) Direct c-Myc targets identi�ed by IPA (Qiagen) signi�cantly
DE in enhancer deletion and heterozygotes show putative target genes of enhancer SNP regulation within
the c-Myc interactome.



Figure 4

rs6983267 risk allele correlates with higher CCAT2 in CRC tumors with aberrant canonical WNT signaling
and affect APC and PIK3CA co-mutations in TCGA colorectal adenocarcinoma (COAD) patient cohort. (a)
Strati�cation of COAD patients by consensus molecular subtype (CMS) shows signi�cantly higher CCAT2
expression overall within the CMS2 subtype. F (3,348) = 17.82. (b, c, d) Further strati�cation by rs6983267
genotype (TT, F (3,60) = 4.155; GT, F (3,151) = 7.907, GG, F (3,126) = 6.056) shows this effect is



strengthened with the presence of the risk allele (G) as both heterozygous (GT) and homozygous risk
(GG) groups show signi�cant increase in CCAT2 expression within the CMS2 subtype compared to CMS1
and CMS3. Asterisks (*) indicate signi�cantly different groups by One-Way ANOVA followed by Post-Hoc
Tukey HSD. (*) p-value < 0.05, (**) p-value < 0.01, (****) p-value <0.0001. Error bars show standard
deviation.
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