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Background

Fecal immunochemical test (FIT), DNA mutation, DNA methylation, and microbial dysbiosis all showed promising in colorectal cancer (CRC) non-invasive detection. We assessed CRC detection with an assay combining all these strategies and investigated the effect of clinical features on the performance of this comprehensive test.



Methods

We performed a multidimensional analysis study using stool samples collected from 108 patients with CRC, 18 patients with colorectal adenoma, and 36 individuals with no evidence of colorectal disease. The multidimensional analysis of stool samples including FIT, stool DNA (sDNA) tests for three methylated genes (Septin9, NDRG4, BMP3) and three mutated genes (KRAS, BRAF, PI3KCA) using next generation sequencing as well as detection of stool bacteria level of Fusobacterium nucleatum and Parvimonas micra using qPCR method. We used a linear support vector classification model to analyze the data.



Results

The sensitivity of FIT alone was 69.4% for CRC and 11.1% for adenoma. Separately, the sensitivity of the detection of intestinal bacteria, DNA mutation, and DNA methylation for CRC was 58.3, 50.0, and 51.9%, respectively. The combination of FIT and sDNA tests had a sensitivity of 81.5% for CRC (AUC: 0.93, better than FIT alone, P = 0.017) and 27.8% for adenoma with 94.4% specificity. Sensitivity of the multidimensional test to detect CRC with stage II (84.6%) and III (91.9%) CRC was relatively higher (88.2%) than that of patients with stage I (60.0%) and stage IV (75.0%) (P = 0.024). The rate of CRC detection increased with tumor size (P = 0.008) and age (P = 0.04). Interestingly, the rate of CRC detection was higher in smoking persons than non-smokers with marginal significance (P = 0.08).



Conclusions

The multidimensional assay of stool samples combining FIT and stool DNA tests further improved the diagnostic sensitivity for CRC. This could provide new approach for improvement of CRC screening and further demonstrations are warranted.





Keywords: colorectal cancer, fecal biomarker, methylation, human gut microbiome, cancer screening



Introduction

Colorectal cancer (CRC) is the third most common cancer with over 1.2 million new patients per year and the fourth leading cause of cancer-related death worldwide (1). The potential processes of colorectal carcinogenesis can be screened (2). Its incidence and mortality are steadily dwindling because of the application of programmatic screening, which has been demonstrated in numerous large, long-term follow-up studies. The Minnesota Colon Cancer Control Study showed a relative risk of 0.68 (95% CI: 0.56–0.82) among participants randomized to annual fecal occult blood test (FOBT) screening compared to the control group over 30 years of follow-up (3). The Nurses’ Health Study and the Nottingham trial also showed the use of colonoscopy/sigmoidoscopy and FOBT screening reduced colorectal cancer mortality (4). In addition, evidence supports and guidelines endorse several tests and strategies, and screening for colorectal cancer has been found to be cost-effective (5).

Despite the supporting evidence, recommendations, and availability of several screening tests, a large proportion of the U.S. population is not up to date with screening. For instance, screening compliance in the Nottingham trial was only around 60%, which signified that those tests still necessitate improving (4). Therefore, a simple, non-invasive test with high sensitivity may increase the compliance rate for patients with colorectal cancer and advanced precancerous lesions which thus could improve clinical outcomes.

More and more study revealed colorectal cancer arises from accumulated genetic and epigenetic alterations (6, 7). The microbial dysbiosis in human gut become a new study area of CRC development and progression (8, 9). But intestinal microecology still lack of researches to combine these strategies for non-invasive CRC detection. In this study, we evaluate a multidimensional stool analysis as a tool for colorectal cancer detection, the assays including fecal immunochemical test (FIT), DNA mutation, DNA methylation, and bacteria relative levels. The results showed multidimensional analysis greatly improved detection rate of colorectal cancer and promising for early screening.



Methods


Ethics Statement

The Ethical Committee and Institutional Review Board of the Fudan University Shanghai Cancer Center reviewed and approved this study protocol. All patients signed written informed consent.



Study Design

In this study, we established a multidimensional analysis using stool samples for the detection of CRC or colorectal adenoma. Stool samples were collected before tumor removal of CRC or adenoma patients. The control stools were collected from control individuals with no evidence of colorectal disease. FIT was tested once the samples were received. Multiple stool DNA (sDNA) test was performed including three methylation markers (Septin9, NDRG4, and BMP3), three mutation genes (KRAS, BRAF, and PI3KCA), and two bacteria relative levels (Fusobacterium nucleatum and Parvimonas micra). To assess the performance of multidimensional stool analysis, stool samples were distributed in balanced to training and validation datasets. A linear support vector classification model was built based on the training set, and then the validation set was evaluated by the model with a pre-selected cut-off.

Cecum, ascending, hepatic angle, or transverse colon tumor were designated as right-sided tumor; splenic flexure, descending, sigmoid colon, and rectum were defined as left-sided tumor. And TNM stage was reclassified according to American Joint Committee on Cancer (AJCC) 8th edition (10). All CRC cases involved in our study were adenocarcinoma. As for adenomas, advanced adenomas were defined as the ones fulfilling any of these following criteria: villous or tubulovillous histologic features, size ≥10 mm or high-grade dysplasia (11).



Stool Collection, Processing, and Storage

All stool samples were collected 7 days after diagnostic colonoscopy but before the removal of CRC or adenomas if there is any (12). Also, all patients were not on antibiotics or received any antibiotics within 4 weeks before stool collection. Some stools were collected to q-FOB sample collection tube according to manufacturer’s instruction. Remained stools were buffered with STE (500 mM Tris-HCl, 10 mM NaCl, 100 mM EDTA), and homogenized with a shaker device at final 1:4 (w/v) in STE. A 16 ml aliquot were used for DNA extraction. Homogenized stools were stored at −80℃ before DNA extraction.



FIT

Before whole stool samples were buffed with STE, some stools were collected to q-FOB sample collection tube and tested with Fecal Occult Blood Gold Gel Stripe (W.H.P.M.INC) according to manufacturer’s instruction.



Stool DNA Extraction

Stool DNA was extracted following the manufacturer’s instruction of E.Z.N.A. Stool DNA Kit (Omega). Humanized DNA was quantified using standard curve method. Stool DNA was diluted with 1,000 fold; 10, 1, 0.1, 0.01, 0.001 ng/µl NA12878 DNA was used to establish the standard curve. Primers targeted to hLINE-1 was used to quantification, the sequence of primers used is listed in Table S1.



Mutation Assays

Ten ng humanized DNA was input for mutation assays, primers for target region amplify was in 4 μM final concentration. The 75 μl PCR mix was composed of 37.5 μl Phusion Blood Direct PCR Master Mix, 3 μl primer pool, and 34.5 μl sDNA. The thermal cycling comprised of 98°C 3 min, following 25 cycles of 98°C 15 s, 62°C 30s, and 72°C 30s, final extension at 72°C 3 min. PCR product was purified by 75 μl AMPure XP Beads and elute with 30 μl Low TE. Second PCR was performed with 12.5 μl Phusion Blood Direct PCR Master Mix, 6.25 μl nuclease free water, 0.75 μl DMSO, 2.5 μl index primers (5 μM), and 3 μl first PCR elute. The thermal cycling comprised of 98°C 3 min, following eight cycles of 98°C 15 s, 55°C 30s, and 72°C 30s, final extension at 72°C 5 min. Then 25 μl nuclease free water was added to each well after PCR, then purified by 40 μl AMPure XP Beads and elute with 20 μl Low TE. The libraries were quantified and loaded to Illumina Miseq or Nextseq sequencer for sequencing. Target sequence (Table S2) was amplified by primers annealed with target regions. The sequence of primers for library preparation-mutation detection is seen in Table S1. The mutation rate over 0.1% was counted and used for downstream analysis.



Methylation Assays

Ten ng humanized DNA was input for HpaII digestion, another 10 ng humanized DNA without HpaII digestion used as control. Digestion was treated in 37°C 3 h, then 80°C 20 min for enzyme inactivation. Digestion product was beads purified and elute with 20 μl low TE. Primers for target region amplify was in 4 μM final concentration, primers for KRAS region were used as reference. The 75 μl PCR mix was composed of 37.5 μl Phusion Blood Direct PCR Master Mix, 3 μl primer pool, 20 μl eluted DNA, 13.75 μl nuclease free water, and 0.75 μl DMSO. The thermal cycling comprised of 98°C 5 min, following 25 cycles of 98°C 15 s, 66°C 30s, and 72°C 30s, final extension at 72°C 3 min. PCR product was purified by 75 μl AMPure XP Beads and elute with 11 μl Low TE. Second PCR was performed with 12.5 μl Phusion Blood Direct PCR Master Mix, 0.75 μl DMSO, 2.5 μl index primers (5 μM), and 9.25 μl first PCR elute. The thermal cycling comprised of 98°C 3 min, following eight cycles of 98°C 15 s, 55°C 30s, and 72°C 30s, final extension at 72°C 5 min. Then 25 μl nuclease free water was added to each well after PCR, then purified by 40 μl AMPure XP Beads and elute with 20 μl Low TE. The libraries were quantified and loaded to Illumina Miseq or Nextseq sequencer for sequencing. The sequence of primers for library preparation-methylation detection is listed in Table S1.



Bacteria Relative Level Assays

Diluted sDNA with nuclease free water to final 0.2 ng/μl, qPCR assays for Fusobacterium nucleatum, Parvimonas micra, and universal 16S were performed in parallel. The 20 μl PCR mix was composed of 10 μl KAPA SYBR FAST qPCR master mix, 5 μl diluted sDNA, 1 μl primers (final 400 nM each), and 4 μl nuclease free water. The thermal cycling comprised of 95°C 5 min, following 40 cycles of 95°C 15 s, 58°C 25s, and 72°C 30s with florescence take. Fusobacterium nucleatum, Parvimonas micra relative level was calculated with delta Ct method with universal 16S as reference. The sequence of primers for Fusobacterium nucleatum, Parvimonas micra, and universal 16S detection is listed in Table S1.



Sequencing Data Analysis

Paired end reads were merged to single end reads by pear (0.9.6) with parameter “-j 4 -v 20 -t 30 -n 30” to recover high quality original DNA fragments. Adapter and primer sequences at the end of reads were trimmed by trim_galore (0.4.0). Reads from each sample were mapped to the reference sequence hg19 using Burrows-Wheeler Aligner (BWA-mem, v0.7.12) (Li and Durbin, 2009). Only the samples with greater than 50,000 total sequencing reads and 10,000 on-target reads were chosen for further analyses. GATK3.4.0 was applied to detect mutations (DePristo et al., 2011). Integrative Genomics Viewer (IGV v 2.2; Broad Institute, Cambridge, MA, USA) was used for visual inspection of the aligned reads. Normalized methylation value of each target region was calculated as follows:

	

Samples were divided into training dataset and validation datasets. Features involved were: “Q-FIT, Age, Fn relative level, Pm relative level, Tumor load (KRAS),Tumor load (BRAF),Tumor load (PIK3CA), Tumor load (known markers), chr7:140453136:A:T, chr12:25398285:C:A, chr12:25398285:C:G, chr12:25398285:C:T, chr12:25398284:C:G, chr3:178936095:A:C, chr3:178952085:A:T, chr12:25398282:C:A, chr3:178952085:A:G, chr12:25398281:C:A, chr12:25398255:G:T, chr3:178936082:G:A, chr3:178936091:G:A, chr3:178936092:A:G, chr3:178936095:A:T, chr12:25398284:C:A, chr12:25398284:C:T, chr12:25398281:C:T, chr3:178936092:A:C, chr3:178952003:G:A, chr12:25398275:C:T, Septin9 methylation, NDRG4 methylation and BMP3 methylation.”

The values of each feature were scaled between 0 to 1 with MinMaxScaler. After scaling, linear support vector classification model was built with the training dataset (sklearn 0.22.1). Putting specificity prior to sensitivity, we set the threshold as the maximum value of prediction value of normal samples minus a margin of 0.005 in training dataset.




Result


Clinicopathological Features

The study comprised 162 samples from 108 patients with CRCs, 18 patients with colorectal adenoma, and 36 healthy control with no evidence of colorectal disease (NED). The median age was 58 years (IQR: 26–86) and 58% (n = 94) were male. Respectively, 80 samples were randomly selected and used for training and the other 82 samples were used for validation. Detailed clinicopathological characteristics in the training and validation sets were listed in Table 1.


Table 1 | Detailed clinicopathological characteristics of individuals in the training and validation sets.





Detection Results of Mutations in Stool Samples

The stool samples from CRC patients accumulated more mutations than adenoma and NED groups (Figure 1A). The results were consistent in training and validation data sets. Same as mutation markers, relative methylation level of Septin9, NDRG4, and BMP3 in CRC samples were higher than adenoma and NED groups (Figure S1), consistently in training and validation data sets (Figure 1B). The relative level of both Fusobacterium nucleatum and Parvimonas micra increased from NED, adenoma to CRC groups (Figure 1C).




Figure 1 | CRC patients accumulated more stool DNA mutation (A) and methylation (B) than adenoma and NED individuals. Quantitative PCR abundance of two bacteria markers of stool DNA showed relative higher level in adenoma and CRC patients’ samples than NED (C).



Feature importance from the machine learning model was shown in Figure S1, which indicated that the weight of different features in the detection of CRC/adenoma varied. Therefore, to develop a multidimensional diagnosis model, we divided the samples to training and validation data sets in balanced group.



Diagnostic Efficacy of Stool Samples

As shown in Table 2, the sensitivity of FIT (69.4%) for CRC was higher than bacteria assay (58.3%), three gene mutations (50.0%), and DNA methylation (51.9%). And for adenoma, the sensitivities of FIT, bacteria assay, DNA mutation, and DNA methylation were 11.1, 38.9, 50.0, and 44.4%, separately. Generally, the specificity of FIT was highest (100%), while specificities of DNA mutation, DNA methylation, and bacteria assay were 88.9, 83.3, and 66.7% (Table 2). As ROC curves shown in Figure 2, FIT and genetic mutation were more accurate for predicting CRC than DNA methylation and bacteria markers. Also, DNA methylation performed better than bacteria markers in CRC screening.


Table 2 | Diagnostic efficacy of separate bacteria assay, DNA mutation, DNA methylation, and FIT analysis.






Figure 2 | Separately, performance of stool DNA mutation (A) and FIT (D) to detect CRC were better than DNA methylation (B) and bacteria markers (C), and stool DNA mutation predicted adenoma much precisely than the left three. The relative receiver operating characteristic (ROC) curves were shown.



Further, FIT, methylation of three genes (Septin9, NDRG4, and BMP3), mutations in four regions of three genes (KRAS, BRAF, and PI3KCA), and bacteria relative levels of Fusobacterium nucleatum and Parvimonas micra were integrated to build a linear support vector model. Putting specificity prior to sensitivity, we set the threshold as the maximum value of prediction value of normal samples minus a margin of 0.005 in training dataset. The specificity of training data set was 93.8% with 84.2% cancer detection rate and 28.6% of adenomas. The performance of validation data set showed similar to training set, the specificity is 95%, CRC detection rate was 78.4%, and adenoma detection rate was 27.3%. The combined specificity was 94.4%, and combined sensitivity of CRC was 81.5% and 27.8% for adenoma (Table 3). Areas under the ROC curve were 0.93 for CRC and 0.73 for adenoma (Figure 3), which was better than FIT alone (AUC = 0.80) (P = 0.017).


Table 3 | Neoplasm detection performance by multidimensional assay of stool samples.






Figure 3 | Neoplasm detection performance by multidimensional assay of stool samples. The sensitivity and specificity of training and validation datasets were consistent. ROC curves of the multidimensional assay in training set (A), test set (B), and combined data (C) were shown.



As for the influence of covariates on sensitivity, combined datasets were used for covariates analysis. The combination of FIT, sDNA tests, and bacteria level was significantly more sensitive for patient over 60 (90.38 vs 73%, P = 0.04). Also, the CRC detection rate increased with the tumor size (P = 0.008) (Figure S2). The CRC detection rate also increased from stage I (60.0%) to stage III (91.9%) while fell to 75.0% in stage IV patients. Sensitivity of CRC detection didn’t show difference with lesion location. Interestingly, there was a trend (P = 0.08) that the rate of CRC detection was higher in smoking persons than non-smokers (Table 4).


Table 4 | The sensitivity of colorectal cancer (CRC) detection of stool multidimensional assay for the stratification by clinicopathological features.






Discussion

In our study, combination of FIT and sDNA was addressed for potential role in detection of CRC and adenoma, with 94.4% combined specificity. Our result indicated that this multidimensional stool model consisting of FIT, three methylation markers, three mutation genes, and two bacteria relative levels reached 94.4% specificity and 81.5% sensitivity of CRC. So far, our study is the first study on combined multidimensional sDNA assay including fecal DNA mutation, DNA methylation, and bacterial in Chinese population, with relative sensitivity of 81.5% for CRC and specificity of 94.4%.

In our cohort, the sensitivity of the synthetical model for CRC was nearly three times to adenomas; it performed better in stage III CRC and larger tumors. According to previous studies, the sensitivity of FIT varied from 30 to 73.8% (13, 14), which was closely related with TNM stage, and multiple molecular stool tests were demonstrated to outperform FIT. As diagnostic biomarker mentioned in previous study (15), methylated Septin9 (mSeptin9) from plasma alone achieved overall sensitivity of 61.8% (53.0–69.9%). An sDNA test approved by Food and Drug Administration (FDA), containing multiple DNA test (KRAS mutations and NDRG4 and BMP3 hypermethylation) and fecal hemoglobin, was validated with 92% sensitivity of CRC. However, this assay was largely limited in white population (16). Similar screening was conducted in Korean population, and the methylated NDRG4 and BMP3 was detected only in 68.8 and 40.0% of CRC, respectively (17). On the other hand, due to changes of gut microecology in incidence of CRC, other studies based on two Fusobacterium species, Porphyromonas asaccharolytica, and Peptostreptococcus stomatis explored the suitability of intestinal microbiota in CRC detection. Nevertheless, the ROC of these metagenomic classifiers were between 0.73 and 0.84 (18). Comparatively, the ROC of our new multidimensional assay for CRC reached 0.93.

This multiple sDNA test had better performance in stage II–IV, especially in stage III, which could be ideal supplement for FIT, consistent with the study by Li et al. showing highest sensitivity for stage III (68%) (15). Given the fact that the methylation markers and mutation genes are broadly expressed in CRC and adenoma, these molecules would be released into stool during cancer progression and vascular invasion. This explanation was also verified by the study showing that mSEPT9 test of peripheral blood samples presented highest sensitivity for stage III (84.1%) and stage IV (100%) (19). Decreased sensitivity in stage IV CRC in our study was due to limited sample and the fact that these tumors were smaller than average (median: 3.5cm, IQR: 3–6).

Age was demonstrated as clinical characteristic related to the sensitivity of multidimensional set in our study (P < 0.05). Defined as presence of methyl groups at CpG dinucleotides, DNA methylation was increasing with age. Further study illustrated that a small number of these certain CpG sites were highly associated with age, which even could be used for predicting age (20). Also, according to National Colorectal Cancer Screening Programme data, age was closely related to increasing sensitivity of FIT (21).

Notably, the rate of CRC detection was significantly higher in smoking persons than non-smokers in our study, which evidenced the advantage of this multidimensional test for colorectal tumor screening in smoking population. This may due to lifestyle changes (22) and immunosuppressive effect of cigarette smoking (23). Smoking CRC patients were found to be more likely to have a high CpG island methylator phenotype, indicating they had a higher level of multiple genes hypermethylation (24), which may explain the reason the above founding in our study. However, due to limited cohort of our study, this trend did not show statistical significance, which required further verification.

In line with knowledge that the low incidence of CRC in cancer screening, specificity is another important indicator for evaluating screening tools and reduces burden of screening follow-up colonoscopy for participants. Up to now, the specificity of sDNA in Chinese population was varied from 87 to 98% (25, 26). In the current study, the specificity was 94.4%, comparable to that in previous reports.

Also, there are several limitations in our study. First, as a retrospective study on cancer screening, our study only included colorectal cancer patients and healthy individuals, which did not include other colorectal non-neoplastic diseases such as ulcerative colitis and other gastrointestinal cancers such as gastric cancer. Moreover, there have been commercial stool DNA detection methods that have been used in clinical practice. However, head-to-head comparison with such commercial multitarget DNA test in feces (Cologuard™) was lack for screening for CRC (27). FIT test alone needs a small amount of stool, but patients had to collect more stools for our multidimensional assay and may feel inconvenient. Our multidimensional assay was also demanding in terms of technique and increased the cost of the screening. There was no external validation and the sample size was not large enough to establish a robust multidimensional assay since the assay was expensive and the budget was limited. A prospective, multicenter, large-scale trial was warranted to further certify the value of this assay since it has been shown to be promising in this preliminary study.



Conclusion

The multidimensional assay of stool samples combining FIT and stool DNA tests further improved the diagnostic sensitivity for CRC. This preliminary study could provide a new approach for improvement of CRC screening. Further demonstrations on a large-scale study especially including more healthy population are warranted.
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Cellular autophagy plays an important role in the occurrence and development of colorectal cancer (CRC). Whether autophagy-related genes and lncRNAs can be used as ideal markers in CRC is still controversial. The purpose of this study is to identify novel treatment and prognosis markers of CRC. We downloaded transcription and clinical data of CRC from the GEO (GSE40967, GSE12954, GSE17536) and TCGA database, screened for differentially autophagy-related genes (DEAGs) and lncRNAs, constructed prognostic model, and analyzed its relationship with immune infiltration. TCGA and GEO datasets (GSE12954 and GSE17536) were used to validate the effect of the model. Oncomine database and Human Protein Atlas verified the expression of DEAGs. We obtained a total of 151 DEAGs in three verification sets collaboratively. Then we constructed a risk prognostic model through Lasso regression to obtain 15 prognostic DEAGs from the training set and verified the risk prognostic model in three verification sets. The low-risk group survived longer than the high-risk group. Age, gender, pathological stage, and TNM stage were related to the prognostic risk of CRC. On the other hand, BRAF status, RFS event, and tumor location are considered as most significant risk factors of CRC in the training set. Furthermore, we found that the immune score of the low-risk group was higher. The content of CD8 + T cells, active NK cells, macrophages M0, macrophages M1, and active dendritic cells was noted more in the high-risk group. The content of plasma cells, resting memory CD4 + T cells, resting NK cells, resting mast cells, and neutrophil cells was higher in the low-risk group. After all, the Oncomine database and immunohistochemistry verified that the expression level of most key autophagy-related genes was consistent with the results that we found. In addition, we obtained six lncRNAs co-expressed with DEAGs from the training set and found that the survival time was longer in the low-risk group. This finding was verified in the verification set and showed same trend to the results mentioned above. In the final analysis, these results indicate that autophagy-related genes and lncRNAs can be used as prognostic and therapeutic markers for CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors of the digestive system, with the top five morbidity and mortality rates in the world (1). At present, the main treatment methods of CRC are surgery, radiotherapy, and chemotherapy. As more research data being gathered, immunotherapy is also gradually applied to treatment of CRC (2). Although the current treatment solutions have extended the survival time of patients with CRC, the prognosis of patients is still not ideal. Nowadays, there are extensive researches regarding to the topics of accurate diagnosis, CRC treatment, and prognostic evaluation tools for the efficacy of tumor molecular drugs about chemotherapy, targeted therapy and immunotherapy in cancer (3). Cell autophagy exists in human body cells as an important biological process. The genetic information of cell autophagy can participate in the development of CRC and has good application prospects in diagnosis and treatment (4). However, whether cell autophagy has the potential for therapeutic efficacy and prognosis evaluation of CRC is not yet known.

Cellular autophagy can degrade its own structure through lysosomal phagocytosis, which is divided into large autophagy, small autophagy, and molecular chaperone-mediated autophagy which has a wide range of biological effects. In the early stage of tumor growth, autophagy plays a role in suppressing cancer (5). As the tumor grows, in order to adapt to nutritional deficiencies and hypoxic conditions, autophagy starts to come back to the tumor cells. At this stage, autophagy plays a role in protecting the tumor (6). Meanwhile, there are many important genes regulating these processes. PINK1 was also identified as a tumor suppressor gene, indicating that mitochondrial autophagy has a certain role in promoting cancer (7). The relative expression levels of Beclin-1 and Atg7, which are the key proteins associated with the initial formation of autophagosomes in the tumor tissues of patients (8). Also, ATG4B can cleave microtubule-associated protein light chain 3 and other ATG8 adaptor proteins, which are necessary steps for the subsequent lipidation, autophagosome binding, and maturation of autophagy. At the same time, ATG4B inhibitors can block autophagy and promote the death of tumor cells (9).

In view of the dual role of autophagy as a tumor suppressor and tumor promoter, upregulation of autophagy and inhibition of autophagy can be used as potential therapeutic and prognostic strategies in different types of tumors (10). Similarly, autophagy may exhibit dual effects of inhibition and promotion at different stages of CRC development, and the relationship between autophagy and CRC treatment and prognosis is also very close. Studies have shown that the mutation, reduction, or deletion of Beclin1 will reduce the autophagy of cells and promote the occurrence and development of CRC (4). Both UVRAG and Ambra1 proteins can be combined with Beclin1 to induce autophagy in microsatellite unstable CRC. Frameshift mutation UVRAG can counteract Beclin1 induced autophagy and DNA repair and other tumor suppressing functions (11). Prox1 not only promotes the survival and metastasis of CRC cells by inducing autophagy and inhibiting apoptosis, but also promotes the survival of tumor cells in hypoxic regions by increasing autophagy (12). Christensen et al. (13) found that patients with CRC have a high mutation rate of the KRAS (Kirsten rat sarcoma viral oncogene homolog) gene. KRAS mutations promote autophagy through the ERK signaling pathway, which helps CRC cells survive under starvation conditions Drug treatment also affected the autophagy activity of CRC cells. Also, Fluorouracil (5-FU) induces increased autophagy in colon cancer cells with p53 deletion or mutation leading to increased drug resistance (14). Some scholars have studied the effect of autophagy on the efficacy of oxaliplatin and found that L-OHP can induce autophagy in CRC cells to protect CRC cells from apoptosis (15). Other studies have shown that certain drugs can exert anti-CRC effects by inducing autophagy. For instance, Salvianolic acid B is a new type of autophagy inducer that can induce autophagy by inhibiting the AKT/mTOR pathway and inhibit CRC growth (16). On the other hand, structural modification of berberine can increase its antitumor effect on CRC cells, and this new berberine derivative can trigger non-apoptotic death of CRC cells by inducing autophagy (17). Therefore, the role of autophagy in CRC is still controversial.

Although there are studies that showing the effectiveness of cell autophagy and its relationship to CRC, the role of autophagy-related genes and lncRNA in the immune and prognosis of CRC is not completely clear. The analysis method of bioinformatics can comprehensively analyze the whole genome data of all samples in the public database to obtain more objective results (18). Therefore, we download the transcriptome and clinical information of CRC patient samples from GEO and TCGA databases to construct CRC cancer risk prognosis model based on differentially expressed autophagy-related genes (DEAGs) and lncRNAs. Our findings can be used to evaluate the efficacy of patients with chemotherapy and immunotherapy. Also, it can screened out potential markers that might be used as diagnosis and treatment tool of CRC to provide a basis for the clinical application of autophagy-related molecules in CRC.



Materials and Methods


Data Collection and Collation

We download transcriptome data and clinical data of CRC from GEO database (GSE40967, GSE12954, GSE17536) and TCGA database (https://portal.gdc.cancer.gov/). GSE40967 from GEO datasets were selected by search term: colorectal cancer, survival, and following the criteria:(1) The samples were only from Homo sapiens; (2) The data set must contain expression profile of array and clinical survival data; (3) Raw data could be obtained; (4) The data set must contain tumor and/or normal samples. GSE40967 data including 566 tumor samples and 19 normal samples is used as the training set; TCGA data (including 488 tumor samples and 52 normal samples), GSE12954 (62 tumor samples), and GSE17536 (177 tumor samples) were used as the verification set. Then all the gene id was transformed. According to the name of 222 autophagy genes (AGs) in the autophagy gene database (http://www.autophagy.lu/clustering/index.html), the AGs in the transcriptome were obtained and analyzed for differential expression by R package “edgeR” with the significance threshold “p < 0.05” and “logFC fold change>2.” At the same time, biotype screening of lncRNA was also used for differential analysis by R package “edgeR” with the significance threshold “p < 0.05,” and the Weighted Gene Co-expression Network Analysis was used to analyze and screen out differentially autophagy-related lncRNAs (DAR-lncRNAs) by R package “WGCNA”. Cytoscape draws a co-expression network diagram of AGs and lncRNA.



Gene Enrichment Analysis

We used WebGestalt (http://www.webgestalt.org/) to analyze enrichment level of all DEAGs in biological process, cellular component, molecular function, and signaling pathway of CRC. Gene Set Enrichment Analysis (GSEA) was performed enrichment analysis on all AGs about risk prognosis model signaling pathways of CRC. All enrichment results were selected with the significance threshold “p < 0.05.”



Immune Cell Infiltration Calculation and Tumor Microenvironment Score

We calculated the scores of 22 immune cells by CIRBESORT to evaluate the infiltration of immune cells by R package “e1071,” “parallel,” and “preprocessCore.” Then we calculated the matrix score and immune score of the tumor microenvironment to evaluate the content of immune components in the tumor microenvironment.



Cluster Analysis

Through unsupervised clustering by R package “Consensus ClusterPlus,” we clustered CRC samples based on the similarity of DEAGs to evaluate the optimal number of clusters according to the maximum area under the CDF curve (http://www.bioconductor.org/). Principal component analysis (PCA) analyzed the expression patterns of DEAGs in each cluster. Then we compared the survival time and the changes of clinical factors of each cluster (age, gender, pathological stage, TNM stage, whether there are progression events, gene mutations, and mismatch repair) according to the clusters, and present the results with heat maps (R package “pheatmap”). Additionally, the immune cells infiltration degree and the tumor microenvironment score of the two groups were compared.



Construction of Risk Prognosis Model With Differentially Autophagy-Related Genes

We screened the DEAGs related to prognosis by unicox with the significance threshold “p < 0.05” from GEO data, and then built risk prognosis model by Lasso regression to reduce the dimension (The calculation formula of the risk prognosis model = the expression level of gene 1*genecoef 1 + the expression level of gene 2*genecoef 2 +…+ the expression level of gene N + genecoef N), and divided the tumor samples into high-risk group and low-risk group according to the median of the risk score (19). Then the difference of the survival and clinical factors of the two groups (age, gender, pathological stage, TNM stage, whether there are progression-stage survival events, gene mutations, mismatch repair) in the two groups was compared by Chi-squared test with the significance threshold “p < 0.05,” and present the results with a heat map. Univariate cox and multivariate cox determined the correlation between clinical factors and prognostic risk and were visualized by forest plot by R package “survival” and “forestplot.” The nomogram baseline was also used to present the multivariate regression results. The relationship between model sensitivity and specificity was evaluated by area under the curve (AUC) of ROC curve. When AUC was greater than 0.5, the model had better specificity and sensitivity. Additionally, the immune cells infiltration degree and the tumor microenvironment score of the two groups were compared with the significance threshold “p <0.05.”



Validation of Model and Gene Expression With Differentially Autophagy-Related Genes

We used expression and clinical data of CRC from TCGA database to verify the effectiveness of the model. The expression of DEAGs in TCGA database was substituted into the calculation formula of the risk prognosis model. The AGs obtained from the TCGA data were intersected with the data from the GEO training set. The model was also constructed using unicox and Lasso regression to evaluate whether the results were consistent and compared the difference of overall survival. The expression of DEARs related to prognosis was verified in the Oncomine database (https://www.oncomine.org/resource/main.html) and Human Protein Atlas database (https://www.proteinatlas.org/).



Construction and Validation of Risk Prognosis Model With Differentially Autophagy-Related lncRNA

Similarly, we screened DAR-lncRNA related to the prognosis by unicox with the significance threshold “p < 0.05” and performed Lasso regression analysis from the training set to obtain a risk score. Based on the median risk score, the samples were also divided into high-risk group and low-risk group, and the overall survival of the two groups was compared. The ROC curve measured the sensitivity and specificity of the model. The validation set verified the effect of the model.



Statistical Analysis

All data statistics were implemented using R-3.6.3. The statistical significance of all results was measured by p < 0.05. The figures were shown by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Results


Analysis Results of Differentially Autophagy-Related Genes in Colorectal Cancer

We performed differential expression analysis from the transcriptome data downloaded from the GEO database and the TCGA database, and obtained 151 DEAGs from the intersection, including 77 DEAGs with high expression and 74 DEAGs with low expression. All results were visualized by heatmap (Figure S1A). Gene enrichment analysis and signaling pathways by WebGestalt showed that DEAGs played an important role in autophagy-related biological processes (Figures 1A–C) and signaling pathways (Figure 1D) in CRC cells. The protein interaction network analysis was shown in the Figure 1E.




Figure 1 | Enrichment analysis results of DEAGs in CRC from the WebGestalt website. (A) The biological process of GO analysis in CRC. (B) The cellular component of GO analysis in CRC. (C) The molecular function of GO analysis in CRC. (D) The signaling pathway of KEGG analysis in CRC. (E) The protein-protein interaction network of DEAGs in CRC.





Unsupervised Cluster Analysis and Clinical Characteristics of Differentially Autophagy-Related Genes in Colorectal Cancer

We classified CRC patients with different AGs quality based on DEAGs in training set. Two different expression patterns were finally determined using unsupervised clustering based on the CDF curve, including 374 cases in cluster1 and 192 cases in cluster1 (Figures 2B–E). Principal component analysis showed the results of two clusters (Figure 2F). Prognostic analysis of the two main clusters revealed a slightly prominent survival advantage in cluster1, but it was not statistically significant. (Figure 2G). Comparison of clinical factors in the two clusters showed that about T stage T1-T2 was better in cluster1, and T3-T4 was more prominent in cluster2. In the tumor location, the proximal location occurred more in cluster1, and the distal location occurred more in cluster2. The tp53 gene status and BRAF gene status were particularly prominent in the wild-type of cluster1 and the superiority of mutated-type in cluster2. The clinical factors such as age, gender, and survival status were not significantly different between the two clusters (Figure 2A). The patients in the TCGA data were also classified into two clusters. However, the survival of two clusters also had no significant difference (Figure S2).




Figure 2 | Unsupervised cluster analysis of CRC by R package “ConsensusClusterPlus.” (A) The expression of DEAGs in GEO database and clinical characteristics in two clusters by R package “pheatmap.” (B) Consensus matrix of unsupervised cluster analysis (k = 2). (C) Consensus CDF curve of unsupervised cluster analysis. (D) Delta area under CDF curve of unsupervised cluster analysis. (E) Tracking plot of unsupervised cluster analysis. (F) Principal component analysis of unsupervised cluster analysis. (G) Survival curve of two main clusters. (H) 22 types of immune cells infiltration in the two clusters. Green showed cluster1 and red showed cluster2. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





Immune Score and Immune Cell Infiltration of Each Cluster in Colorectal Cancer

Meanwhile, we compared the immune scores of the two clusters and the infiltration of 22 immune cells. The immune score did not show a significant difference between the two clusters (Figure S3). However, there were some significant difference about 22 types of immune cells in the two clusters. The infiltration level of B cell naïve, plasma cells, T cell CD4+ memory resting, Tregs, NK cell resting, NK cell activated, Macrophage M0, Macrophage M1, Myeloid dendritic cell resting, Mast cell activated, and Eosinophil was higher in cluster1. And the infiltration level of B cell memory, T cell follicular helper, Monocyte, Macrophage M2, dendritic cell activated, and Mast cell resting was higher in cluster 2 (Figure 2H).



Construction and Verification of Risk Prognosis Model in Colorectal Cancer

We used the unicox to filter prognosis-related DEAGs and then Lasso regression to construct a risk prognosis model. We obtained 15 prognostic risk-related DEAGs (Risk model = DAPK1*0.089824 + CAPN2*0.041346 + RAF1*0.118416 − MYC*−0.13661 − BIRC5*0.13171 − PRKAB1*0.06286 BCL2*0.25849 − CASP3*0.17743 − CASP1*0.05293 + BAG3*0.006582 + ULK3*0.196998 − MTMR14*0.17958 − DAPK2*0.00886 − BID*0.14231 − HDAC1*0.02745), and divided all samples into high risk group and low risk group (Figure S4). Consistent with the prediction, the data of the GSE40967 training set (HR = 0.462158, 95% CI = 0.347134–0.615297) (Figures 3A, B) and the validation sets including TCGA set (HR = 0.453087, 95% CI = 0.284488–0.721604) (Figures 4A, B), GSE12954 set (HR = 0.622264, 95% CI = 0.200154–1.934574) (Figures 4K, L) and GSE17536 set (HR = 0.585198, 95% CI = 0.319431–1.072084) (Figures 4N, O) showed that the survival advantage was both more prominent in the low-risk group. Furthermore, in the low-risk group of the training set, the survival status, pathological stage I-II, T1-2, no lymph node metastasis, no distant metastasis, distant occurrence location, no RFS event and wild-type BRAF occurred more times (Figure 3C). However, this significant change was not shown in the verification set (Figure 4C).




Figure 3 | Risk prognosis model construction of 15 prognostic risk-related DEAGs in GEO data by unicox and Lasso regression. (A) The distribution of risk score and the scatterplot of the relationship between risk scores and survival time by R package “ggplot.” (B) Survival curve comparing high-risk and low-risk groups by R package “survival.” (C) Heat map of prognostic DEAGs and clinical parameters at high-risk and low-risk groups by R package “pheatmap.” (D) The univariate cox forest map of 13 clinical characteristics in the training set by R package “survival” and “forestplot.” (E) The multivariate cox forest plot of 13 clinical characteristics in the training set by R package “survival” and “forestplot.” (F) The nomogram baseline of multivariate cox analysis by R package “rms.” (G) ROC curve of risk sore and other clinical characteristics by R package “survivalROC.” (H) ROC curve of 3-year survival. (I) ROC curve of 5-year survival by R package “survivalROC.” (J) The survival curve of 15 prognostic risk-related DEAGs expression by R package “survival.” *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.






Figure 4 | Risk prognosis model verification of 15 prognostic risk-related DEAGs in validation sets with the formula of risk model. (A) The distribution of risk score and the scatterplot of the relationship between risk scores and survival time in TCGA data by R package “ggplot.” (B) Survival curve comparing high-risk and low-risk groups in TCGA data by R package “survival.” (C) Heat map of prognostic DEAGs and clinical parameters at high-risk and low-risk groups in TCGA data by R package “pheatmap.” (D) The univariate cox forest map of clinical characteristics in TCGA data by R package “survival” and “forestplot.” (E) The multivariate cox forest plot of clinical characteristics in TCGA data by R package “survival” and “forestplot.” (F) The nomogram baseline of multivariate cox analysis in TCGA data by R package “rms.” (G) ROC curve of risk sore and other clinical characteristics in TCGA data by R package “survivalROC.” (H) ROC curve of 3-year survival in TCGA data. (I) ROC curve of 5-year survival in TCGA data by R package “survivalROC.” (J) The survival curve of 15 prognostic risk-related DEAGs expression in TCGA data by R package “survival.” (K) Survival curve comparing high-risk and low-risk groups in GSE12954 set by R package “survival.” (L) The distribution of risk score and the scatterplot of the relationship between risk scores and survival time in GSE12954 set by R package “ggplot.” (M) ROC curve of risk sore and other clinical characteristics in GSE12954 set by R package “survivalROC.” (N) Survival curve comparing high-risk and low-risk groups in GSE17536 set by R package “survival.” (O) The distribution of risk score and the scatterplot of the relationship between risk scores and survival time in GSE12954 set by R package “ggplot.” (P) ROC curve of risk sore and other clinical characteristics in GSE17536 set by R package “survivalROC.” *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



At the same time, we screened other prognostic risk factors through univariate and multivariate cox analysis. The forest map of univariate cox in the training set indicated gender, age, pathological stage, T stage, N stage, M stage, the occurrence of RFS events, wild-type KRAS,and risk model scores were all significant risk factors for the prognosis of CRC. Tumor location and dMMR were protective factors but not statistically significant (Figure 3D). The univariate cox analysis of the validation set only had that pathological stage, T stage, N stage, and M stage were meaningful risk factors, and no other clinical features showed meaningful changes (Figure 4D). The multivariate cox forest plot of the training set showed that age, N stage, M stage, RFS event occurrence, and risk model score were also significant risk factors for the prognosis of CRC. Instead of the result in the univariate cox analysis, dMMR was a meaningful protection factor. The remaining factors showed no statistical significance (Figure 3E). The multivariate cox analysis of the validation set only showed that age (>65 year-old) was a meaningful risk factor (Figure 4E). The nomogram baseline also calculated and presented the relationship between the 1-year, 2-year, and 3-year survival scores and clinical factors, showing that the scores were negatively correlated with risk factors and positively correlated with protective factors in the training set (Figure 3F) and verification set (Figure 4F).

The AUC of the ROC curve measured the specificity and sensitivity of the model. The model of training set (AUC = 0.702) indicated that this model had a good evaluation accuracy (Figure 3G). The TCGA validation centralized model AUC = 57 (Figure 4G), which did not show the good evaluation of the model. The AUC of ROC curve was 0.754 in GSE12954 set (Figure 4M) and 0.718 in GSE17536 set (Figure 4P) respectively. The two validation sets showed good evaluation accuracy. The ROC curves of the 3-year survival (AUC = 0.683 in Figure 3H) and 5-year survival (AUC = 0.677 in Figure 3I) in the training set showed good authenticity. However, the authenticity of the 3-year survival (AUC = 0.51 in Figure 4H) and 5-year survival (AUC = 0.57 in Figure 4I) in the validation set was not high.

Furthermore, we evaluated the relationship between each prognostic risk-related DEAG and overall survival. In the training set, the low expression of BCL2, DAPK2, CASP1, CASP3, HDAC1, PRKAB1, MTMR14, BID, BIRC5, and MYC was more beneficial to the survival of CRC patients, as well as the high expression of ULK3, CAPN2, DAPK1, RAF1, and BAG3 corresponded to longer survival (Figure 3J). The low expression of CASP1, HDAC1, BIRC5 was better to the survival of CRC patients in the verification set. However, other DEAGs did not show the meaningful change to survival of CRC (Figure 4J). GSEA analysis showed that DEAGs of low-risk in KEGG analysis were enriched autophagy associated pathway but the results were not statistically significant (Figure S5).



Immune Score and Immune Cell Infiltration of Risk Model in Colorectal Cancer

In terms of evaluating tumor immunity, the immune score was higher in the low-risk group than in the high-risk group in the training set (Figure 5A) but there was no significant difference in the validation set (Figure S6). With regard to the infiltration level of 22 immune cells in the high-risk and low-risk groups of the training set and validation set, the content of CD8 + T cell, active NK cell and macrophages M0 was more in the low-risk group of the training set but in the high-risk group the validation set. Active dendritic cell was more in the high-risk group of two sets. The content of CD4+ T cell naïve, Tregs, T cell follicular helper, Monocyte, and Macrophage M2 was only more in the high-risk group of the training set, and macrophages M1 was only more in the high-risk group of the validation set. On the other hand, the content of resting memory CD4 + T cell was more in the low-risk group of two sets. The content of resting dendritic cell was just more in the low-risk group of the training set, and the content of plasma cell, resting NK cells, resting mast cells, and neutrophil cells was only higher in the low-risk group of the validation set. The remaining immune cells were not significantly different between the high and low risk groups. (Figures 5B, C).




Figure 5 | Relationship of between immune and prognostic risk in CRC. (A) Immune microenvironment score of high-risk and low-risk group in GEO data with wilcox.test. (B) 22 types of immune cells infiltration of high risk and low risk group in GEO data by R package “e1071”, “parallel”, and “preprocessCore”. (C) 22 types of immune cells infiltration of high-risk and low-risk group in TCGA data by R package “e1071”, “parallel”, and “preprocessCore”.





The Expression of Prognosis-Related Differentially Autophagy-Related Gene Verification in Oncomine Database and Human Protein Atlas

Compared with normal tissues, BCL2, ULK3, DAPK2, CAPN2, CASP1, DAPK1, CASP3, RAF1, HDAC1, PRKAB1, and MTMR14 are lowly expressed in CRC, and BAG3, BID, BIRC5, and MYC are highly expressed. Verifying the expression of key DEAGs in the Oncomine database, we found that the expression levels of most of 15 prognosis-related DEAGs were verified in Oncomine database and the same to our results. However, the expression of RAF1, PRKAB1, and MTMR14 was no obvious difference. Through the results of immunohistochemistry in Human Protein Atlas (HPA) database, we found that these 15 DEAGs were consistent with our results excluding DAPK2 without data in HPA database (Figure 6).




Figure 6 | The expression of 15 prognosis-related DEAGs in Oncomine database (https://www.oncomine.org/resource/main.html) and Human Protein Atlas database (https://www.proteinatlas.org/). The blue box plot was a visualization of gene expression from Oncomine database. (“1” represented normal tissue and “2” represented tumor tissue.) The results of immunohistochemistry and HE staining were obtained from the HPA database. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





Screening of Differentially Autophagy-Related lncRNA and Reconstruction of Risk Prognosis Models

In addition, we obtained that six DAR-lncRNAs in CRC are AC022893.2, AC111149.2, AL359313.1, LINC00616, NAALADL2-AS2, and TBX5-AS1 by WGCNA (Figure 7A).




Figure 7 | Risk prognosis model construction of three prognostic risk-related DAR-lncRNAs in GEO data. (A) Co-expression network diagram of DAR-lncRNAs and DEAGs in the Cytoscape. (B) ROC curve of risk prognosis model in the training set by R package “survivalROC”. (C) Survival curve comparing high-risk and low-risk groups by R package “survival”. (D) Heat map of prognostic DAR-lncRNAs and clinical parameters at high-risk and low-risk groups by R package “pheatmap”. (E) The univariate cox forest map of clinical characteristics in the training set by R package “survival” and “forestplot”. (F) The multivariate cox forest plot of clinical characteristics in the training set by R package “survival” and “forestplot”. (G) The nomogram baseline of multivariate cox analysis by R package “rms”. (H) The survival curve of three prognostic risk-related DAR-lncRNAs by R package “survival”. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



In the same way, we would get three prognosis-related DAR-lncRNAs (Risk model = NAALADL2.AS2*0.202782 − AC022893.2*0.1573 − TBX5.AS1*0.02432) and also build the risk prognosis model (Figure S7) in the training set (AUC = 0.625 in Figure 7B) and verified in the verification set (AUC = 0.558 in Figure 8B), and the overall survival was also longer in the low-risk group from the training set (HR = 0.562987, 95% CI = 0.424013–0.747511) (Figure 7C) and validation set (HR = 0.583937, 95% CI = 0.412720–0.826185) (Figure 8A). Then we checked the relationship between clinical factors and the model, and found that in the training set, the dead status of patients, stage 3–4, the occurrence of RFS events, and the mutation status of the BRAF gene were all closely related to the high prognostic risk (Figure 7D). Through univariate cox regression analysis, RFS event, M stage, pathological stage, risk score, N stage, age, T stage, KRAS gene status, and gender were all risk factors for prognosis of CRC patients (Figure 7E). Multivariate regression analysis also reported that RFS event, age, M stage, and risk score were risk factors for CRC prognosis. It was also found that MMR status was a protective factor (Figure 7F). In the TCGA verification set, we have not found that clinical factors have a great relationship with risk prognosis models. However, TNM stage and pathological stage are risk factors through univariate cox regression analysis (Figure 8C). However, multivariate regression analysis only obtained risk score and age as dangerous factors for CRC prognosis (Figure 8D). The nomogram baseline was also used to display multivariate regression analysis results (Figures 7G and 8E). The survival curves of three prognostic risk-related DAR-lncRNAs in the training set and TCGA set were shown in the Figure 7H and Figure 8F.




Figure 8 | Risk prognosis model verification of three prognostic risk-related DAR-lncRNAs in TCGA data. (A) Survival curve comparing high-risk and low-risk groups by R package “survival”. (B) ROC curve of risk prognosis model in the verification set by R package “survivalROC”. (C) The univariate cox forest map of clinical characteristics in the verification set by R package “survival” and “forestplot”. (D) The multivariate cox forest plot of clinical characteristics in the verification set by R package “survival” and “forestplot”. (E) The nomogram baseline of multivariate cox analysis by R package “rms”. (F) The survival curve of three prognostic risk-related DAR-lncRNAs by R package “survival”.



Furthermore, the microenvironmental immune score did not show correlation with the risk model in the training set (Figure S8A) and the validation set (Figure S8B). In the training set (Figure S8C) and verification set (Figure S8D), there were still no difference in the relationship with 22 types of immune cells.




Discussion

In the process of CRC treatment, the enhancement of autophagy can make CRC cells survive under the stress state of lack of nutrition and energy, which strengthens the resistance to radiotherapy and chemotherapy. In biological therapy, cell autophagy is continuously amplified and can cause programmed cell death of CRC cells (20). Therefore, autophagy can be used as a predictor in the treatment and prognosis of CRC. We downloaded the transcriptome data from the GEO and TCGA databases to screen out DEAGs and DAR-lncRNAs to construct risk prognosis model respectively. We used no supervised cluster to classify CRC patients and evaluate the relationship between clinical characteristics and immune response of each group. In order to develop a new prognosis and efficacy evaluation tool of CRC, we got 15 key DEAGs related to prognosis and compared results among normal tissues. We find that BCL2, ULK3, DAPK2, CAPN2, CASP1, DAPK1, CASP3, RAF1, HDAC1, PRKAB1, and MTMR14 were lowly expressed in CRC, and BAG3, BID, BIRC5, and MYC were highly expressed. These different results of RAF1, PRKAB1, and MTMR14 between our results and Oncomine database need to further study due to limited sample size.

As a conclusion, evidence of 15 prognostic-related DEAGs are associated with autophagy has been confirmed in some cancers. BCL2 is a marker protein of apoptosis (21). In experiments using conditioned reprogrammed cells from patients with CRC, the expression of BCL2 in CRC was reduced to regulate the formation and apoptosis of autolysosomes. A synergistic growth inhibitory effect was observed in the cells (22). The promoter of autophagy-related gene ULK3 will promote the proliferation of NCoR-enriched glioblastoma cells (23). In the early years, researchers discovered that autophagy defects caused by the role of the tumor suppressor DAPK in the autophagy pathway played a pathogenic role in the formation of cancer (24). DAPK1 gene silencing can prevent the autophagy to induce apoptosis by Dihydroartemisinin in cholangiocarcinoma (25). The low expression of DAPK2 in hepatocellular carcinoma (HCC) attenuates the protective effect of DNA damage mediated by autophagy (26). RAF1 is one of the targeted molecules for sorafenib in the treatment of HCC affecting the proliferation, autophagy, and apoptosis of HCC cells (27). When the expression level and activity of PRKAB1 decrease, it can inhibit the process of autophagy induction of hepatocellular carcinoma (28). Knocking out MTMR14 can induce autophagy to promote liver cancer cell apoptosis and inhibit cell migration ability (29). Similarly, MYC is highly expressed in glioblastoma that can induce autophagy to inhibit apoptosis of hypoxic GBM cells (30). For the research of HDAC1, it has been found that inhibition of HDAC1 can enhance DNA-mediated cell death of CRC cells (31). These conclusions were consistent with our results.

CAPN2 is involved in tumor autophagy (32). But the role of autophagy gene CAPN2 in CRC is not clear. We found that lowly expressed CAPN2 was associated with the CRC poor prognosis. CASP1 mediated autophagy to regulate mitochondrial dysfunction can also effectively control the immune system disorders of inflammatory immune diseases (33). However, the role of CASP1 in tumor autophagy is still unclear. CASP3 is mainly involved in the process of apoptosis, which is involved in the autophagy and apoptosis of various tumors (34). We found that low expression of CASP1 or CASP3 corresponded to longer survival in CRC. Highly expressed BAG3 and BID were closely related to good prognosis of CRC. Other researchers found different conclusions in other tumors. Down-regulation of BAG3 by autophagy inhibitors can enhance mitochondrial-dependent apoptosis activity of Jurkat T cells (35). BID is a pro-apoptotic factor that also plays an important role in autophagy (36). BID is increased in HCC to induce enhanced autophagy, thereby accelerating cell apoptosis (37). Zhang et al. found that down-regulation of BIRC5 can induce double cell death of head and neck cell carcinoma apoptosis and autophagic cell death (38). But Lin et al. found that BIRC5 can negatively regulate autophagy to maintain the DNA integrity of tumor cells (39). These genes need further study in CRC.

The three prognostic DAR-lncRNAs we obtained are AC022893.2, NAALADL2.AS2, TBX5.AS1. AC022893.2 and NAALADL2.AS2 have not found evidence related to tumor prognosis in the currently published studies. We found for the first time in CRC that they co-expressed with DEAGs and may be involved in the process of autophagy in CRC. TBX5.AS1 is significantly down-regulated in damaged heart tissue of tetralogy of Fallot (40). TBX5.AS1 has been found to be a prognostic factor for lung adenocarcinoma (41). We found that TBX5.AS1 is involved in autophagy. These three lncRNAs are risk factors for CRC prognosis and worth further study.

It is an established fact that the low-risk group survives longer. Low TNM and pathological stages predict better survival and have been widely used in the diagnosis and treatment of CRC. We also found that low-stage, no lymph nodes and distant metastasis predict a better prognosis. Advanced age (>65) and men may have a worse prognosis. Current studies have indicated that dMMR is an independent protective factor in stage II CRC, while it is a risk factor in advanced CRC (42). In our data, dMMR is a protective factor in the overall comparison of this study. The possible reason is that the proportion of advanced CRC is low. The TCGA dataset is not as sensitive to model validation as the training set data. This may be due to individual differences between patients, different sample acquisition, detection and analysis method, the limited sample size. The analysis of each prognosis-related DEAG and survival found that a single prognosis-related DEAG can also predict the prognosis, as discussed in the previous paragraph.

In recent years, the status of BRAF, KRAS, and MMR, and the occurrence of RFS events can also be used as tools for evaluating efficacy and prognosis of CRC (2). KRAS is generally recognized tumor suppressor gene, and its mutations usually lead to the poor prognosis and low response of chemotherapy in CRC (43). BRAF is one of the key genes of the MAPK/ERK signaling pathway, which is an important pathway for regulating tumor proliferation and apoptosis. Its mutation will lead to the abnormal activation of the MAPK/ERK signaling pathway, thereby promoting tumor proliferation and inhibiting apoptosis (44). Our results indicated that the mutational status of these genes also put patients at greater risk of poor prognosis. dMMR/MSI-H status is one of the predictive indicators of CRC immunotherapy and chemotherapy. dMMR/MSI-H CRC patients undergoing XELOX or FOLFOX chemotherapy have a higher ORR (45). When the genes expression of MMR is lost or weakened, it will cause DNA mismatch aggregation, and the microsatellite repeat sequence in the cell will change, resulting in genetic instability (46). We found that dMMR is associated with good prognosis, although it is not statistically significant. Therefore, these factors may be the independent predicted tool of prognosis in CRC.

Tumor immunity always exists in the prognosis, development, and therapeutic response of CRC (47). The higher immune microenvironment score of the tumor prognosis, which is consistent with our findings. The subtypes of tumor-associated macrophages (TAM) in the tumor microenvironment is associated with the good or poor prognosis of several tumor types. Lowly infiltrating macrophage M2, highly infiltrating macrophage M0 and macrophage M1 cause lower risk of prognosis and better therapeutic response of treatment in CRC (48). Plasma cells, resting memory CD4+ T cells and resting NK cells are good prognostic factors for various tumors (49). This is consistent with the CRC results. These results showed that the model we constructed and the prognostic-related DEAGs not only can predict the changes in the level of these immune cells but also prognosticate the efficacy and prognosis of CRC immunotherapy.

Dendritic cells are the most important antigen-presenting cells in immunity. The central link connecting the initial and secondary immunity can be used for tumor immunotherapy. Dendritic cell vaccines have been tested in clinical trials of various tumors (50). NK cells are known to kill tumor cells (51). However, active dendritic cells and active NK cells increased in the CRC prognosis high-risk group, which is contrary to most studies. Resting mast cells and neutrophil cells have been shown to be poor prognostic factors in existing CRC studies (52, 53). This is also inconsistent with our results. These opposite results may be due to the limited sample size. Also, the individual differences between patients, pathological stages, and molecular subtypes will all cause such opposite results. In other words, the higher abundance of immune cell infiltration may predict the better response of immunotherapy. The level of infiltration of these immune cells is closely related to the risk model based on DEAGs, so these DEAGs are also potential markers for predicting the efficacy of immunotherapy.

In the final analysis, we use DEAGs to build a risk prognosis model for CRC, and then use DAR-lncRNAs to build the model again. The influence trend of the two models on CRC prognosis is consistent. This provided the evidence for the clinical application of these autophagy-related molecules as a tool for evaluating the therapeutic efficacy and prognosis of CRC, and they can also be used as biomarkers for prognosis and treatment of CRC. This provided evidence that shows autophagy-related molecules can be used as a tool to evaluate the therapeutic efficacy and prognosis of CRC. Also, it is reliable to use autophagy related molecules as biomarkers for prognosis and treatment of CRC.
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Background

Early detection of colorectal cancer (CRC) and precancerous lesion is vitally important for mitigating CRC morbidity and mortality. Aberrant DNA methylations in certain promoter regions have been identified to be closely associated with CRC development and progression, suggesting their potential as diagnostic biomarkers for early detection. In this study, we evaluated the performance of methylated CLIP4 in stool specimens as a potential biomarker for CRC detection.



Methods

A total of 321 subjects out of 365 enrolled participants were included in the final analysis, including 154 CRC patients, 23 advanced adenoma (AA) patients, 49 small polyp (SP) patients, and 95 healthy controls. CLIP4 methylation level was examined by qPCR with bisulfite converted DNA purified from approximately 5 g stool specimen.



Results

Methylated CLIP4 test showed high sensitivities of 78.3% (95% CI: 55.8%–91.7%) and 90.3% (95% CI: 84.2%–94.3%) for detecting AA and CRC, respectively, with a specificity of 88.4% (95% CI: 79.8%–93.8%). CLIP4 methylation level discriminated AA and CRC patients from control subjects with area under the curve values of 0.892 (95% CI: 0.795–0.988) and 0.961 (95% CI: 0.938–0.983). Further analysis indicated no significant difference in sensitivities among different ages, genders, stages, locations, sides, tumor sizes and differentiation statuses.



Conclusions

Methylated CLIP4 showed a strong potential as a noninvasive biomarker for early CRC detection.
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Background

Colorectal cancer (CRC) remains the third most commonly diagnosed cancer types, and the second most common cause of cancer-related deaths worldwide in 2020 (1). In China, new CRC cases and death in 2020 were 555,477 and 286,162, accounting for approximately 29% of the global disease burden. Rankings of CRC rose from the fifth most common cancer before 2015 to the second in both sexes. Incidence rate of CRC in China exhibited a substantial upward trend in the past decades, and age-standardized mortality rate also endured an upward swing (2). Meanwhile, significant and sustained declines in both incidence and mortality for adults over 50 years old have occurred in the United States, owing to increased awareness of screening, especially by colonoscopy (3, 4).

Multiple CRC screening methods have been developed over the years, and each has its own advantages and disadvantages. For adults over 50 years old in the US, routine fecal occult blood test (FOBT) or fecal immunochemical test (FIT) (5), sigmoidoscopy, colonoscopy, computed tomography colonography or stool DNA (sDNA) test are recommended for CRC screening (3, 4). Similar screening methods are recommended for high-risk group over 40 years old and low-to-average-risk group over 50 in China (6). As the gold standard, colonoscopy has higher sensitivity and specificity than stool-based tests, especially for precancerous lesion and early stage CRC. However, the population coverage in China is still insufficient. The compliance rates for colonoscopy and FOBT remained at low levels of 4.01% and 11.01%, respectively, even in Shanghai, one of the most developed Chinese cities in the past decade (7–9). A large screening campaign of 182,927 participants with high-risk for CRC from 16 Chinese provinces only increased the compliance rate for colonoscopy to 14.0%. History of FOBT or colonic polyp, family history of CRC and high level of education were found to be associated with the increased participation (10).

In the meantime, existing stool-based tests providing non-invasive and high-compliance alternatives bear their own drawbacks. FOBT or FIT for fecal hemoglobin detection is affordable, but their performance is unsatisfactory due to low sensitivity in detecting advanced colorectal neoplasia. Cologuard, the first stool-based CRC screening test approved by the US Food and Drug Administration (FDA), demonstrated relatively high sensitivity and specificity (11). However, a high list price of $649 due to its complex operations associated with multiple assays per test makes it difficult to promote among uninsured and/or low- and moderate-income population. Therefore, intensive efforts have been made to develop more accurate and cost-effective screening tests.

DNA methylation is an epigenetic mechanism of gene regulation. Aberrant DNA methylation has been observed in all cancer types including CRC (12). Therefore, it has emerged as a class of important biomarkers with more diagnostic values than mutation markers for early CRC detection (13). A number of methylated genes have been proposed as CRC biomarker candidates in previous studies. Several among them have been incorporated into one-marker or multi-marker commercial tests, such as methylated SEPT9, SDC2, SFRP2, VIM, BMP3, and NDRG4. Another new candidate, CLIP4, is a member of CAP-Gly domain containing linker protein (CLIP) family involved in plus-end binding of microtubule, and has been implicated in immune response-related biological processes, cell migration and viability in certain cancer metastases (14, 15). Hypermethylation of CLIP4 in plasma has been shown for cancer types such as CRC and gastric cancer. Further studies in multiplex blood-based methylation tests validated its potential as another promising biomarker for CRC (16–19). However, the performance of methylated CLIP4 (mCLIP4) in stool samples for CRC detection has never been reported. The aim of this study was to evaluate the feasibility of stool mCLIP4 as a biomarker for early CRC detection.



Materials and Methods


Sample Collection

The original plan was to perform stool mCLIP4 test on 400 participants at the Affiliated Hospital of Xuzhou Medical University, comprising 200 CRC patients, 100 polyp patients and 100 subjects with no evidence of disease (NED). The inclusion criteria consisted of the following: 18 years old or older, no history of CRC, no pregnant woman; and all participants must have undergone complete colonoscopies by trained physicians. Standard operation was followed for all colonoscopy examinations where endoscope reached cecum. Participants with abnormal colonoscopy results should have pathological diagnoses. Pathology analysis was first done independently by two trained pathologists. If both agreed on the same diagnosis, no further evaluation was needed. If their diagnoses did not agree, evaluation by a third pathologist was required for the final determination of diagnosis. All pathologists involved were at or above the level of associated chief pathologist. During stool sample collection, transferring urine into the collection tube was avoided, and no diarrhea sample was collected. All samples were collected before purgative bowel preparation for colonoscopy. Approximately 5 g of solid specimen was collected from whole stool and preserved in 25 mL of preservative buffer (Suzhou VersaBio Technologies Co., Ltd., Kunshan, China) in a 50 mL tube to stabilize human genomic DNA. Stool samples were stored at room temperature for at most 7 days before being transferred to −80°C for long-term preservation and storage.

Until the submission of this manuscript, 365 stool specimens were collected, among which 11 were excluded due to insufficient sample information and another three were excluded due to repeated sampling. Of the remaining 351 specimens evaluated by mCLIP4 test, 30 samples were excluded due to insufficient DNA indicated by low ACTB levels (see data analysis). As a result, the final analysis included 321 specimens collected from 154 CRC patients, 23 patients with advanced adenomas (AA, an adenoma measuring ≥ 10 mm in size, with high-grade dysplasia, or with ≥ 25% villous features), 49 with small polyps (SP, non-advanced adenoma or hyperplastic polyp) and 95 NED control subjects (Figure 1).




Figure 1 | Flow diagram of the study.



Fresh-frozen CRC tissues (n=28) and paired adjacent paracancerous tissues (n=28) were collected at the time of surgery at the Affiliated Hospital of Xuzhou Medical University. The details of age and gender distribution of tissue samples were described in Supplementary Table 1. All tissue samples were stored at −80°C until use.

This study was performed according to the principles of the Helsinki Declaration and approved by the Institutional Review Board of the Affiliated Hospital of Xuzhou Medical University (Ethics Committee reference number: XYKY2020-KL156-01). All participants have acknowledged and signed the informed consent.



DNA Extraction, Bisulfite Treatment and Quantitative Real-Time PCR

Tissue genomic DNA was extracted with a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol, and purified DNA was eluted into 200 μl Buffer AE. DNA concentration was quantified with an Invitrogen NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts).

Stool specimens were first thawed for approximately 30 min at 15°C to 30°C and homogenized for 1 min on a shaking device. After centrifugation at 10,000 g for 20 min, human genomic DNA was isolated with a stool DNA extraction kit (Suzhou VersaBio Technologies Co., Ltd.) from 150 μl supernatant. Bisulfite conversion of the extracted DNA and purification of the converted DNA were performed with a bisulfite conversion kit (Suzhou VersaBio Technologies Co., Ltd.). Both kits were used according to previously published protocols (20).

Converted and purified DNA was then tested by a duplex qPCR assay. Tissue genomic DNA was tested in a single PCR reaction, and stool DNA was tested in three PCR replicates for mCLIP4 and an internal control (ACTB). The primers and probes used for mCLIP4 qPCR test were showed in Supplementary Table 2. The total reaction volume was 30 μl including 15 μl DNA. qPCR was performed on an ABI 7500 instrument (Applied Biosystems, Foster City, CA, USA) under the following conditions: initial activation at 95°C for 20 min, followed by 50 cycles at 95°C for 10 sec, 60°C for 30 sec and 72°C for 15 sec, and a final cooling to 40°C for 30 sec.

The target sequences of HCT116 and Jurkat genomic DNA were determined by bisulfite Sanger sequencing. Bisulfite-treated DNA was amplified with primers flanking the target region (Supplementary Table 2), and the expected size of the PCR product was 263 bp. PCR cycling conditions were as follows: initial activation at 95°C for 15 min, followed by 50 cycles at 95°C for 1 min, 58°C for 45 sec and 72°C for 30 sec, and a final cooling to 4°C for 1 min. PCR products were excised from agarose gels and purified with AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Hangzhou, China). Purified PCR products were ligated into pUCM-T vector (Sangon Biotech) at 16°C overnight and then transformed into competent E. coli cells (Tiangen Biotech, Beijing, China) according to the manufacturers’ instructions. Randomly selected transformants were subsequently sent for Sanger sequencing with the canonical MF-13 primer by Genewiz, Inc. (Suzhou, China). The agarose gel electrophoresis and Sanger sequencing results were shown in Supplementary Figures 1 and 2.



Limit of Detection of mCLIP4 Assay

Limit of detection (19) of mCLIP4 test was evaluated with a series of mixtures between fully methylated HCT116 genomic DNA and unmethylated Jurkat genomic DNA at different ratios (0, 6.75, 12.5, 25, 50, 60, and 70 pg fully methylated DNA out of 70 pg total DNA per qPCR reaction). The test was performed in 24 replicates for each mixture. Genomic DNA concentration was measured by an Invitrogen Qubit fluorometer and a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts).



Data Analysis

Ct values of ACTB and mCLIP4 were obtained to validate sample processing and to determine whether mCLIP4 was detected, respectively. The results for stool specimens were considered ‘valid’ if all three replicate reactions for ACTB produced amplification signals and the mean Ct value was less than 40.0. To be scored positive by 3/3 algorithm, all three replicate mCLIP4 PCR reactions of a stool sample must have valid amplification curves and mean Ct value must be less than 39.0. Sensitivity was defined as the positive detection rate of CRC or AA and specificity was defined as 100% minus the positive detection rate of NED.

All statistical analyses were performed with IBM SPSS for Windows Version 22.0. Pearson chi-square test for sensitivity comparisons among groups was performance at a significant level of p < 0.05. And the differences in methylation levels were analyzed using the Mann–Whitney U test. ΔCt was used to determine the methylation levels of CLIP4 in tissue samples. It was defined as the difference between the Ct values of the target (mCLIP4) and the internal control gene (ACTB) to normalize for DNA amounts of tissue samples. Mean Ct values from individuals in CRC, AA and control groups were used to plot the receiver operating characteristic (21) curves and to calculate the area under the curve (22) values. Ct values of reactions returning no amplification signals were set to 50 (the maximal number of PCR cycles) for the analysis (23). Mean Ct values were also used to represent the methylation level of each plasma sample.




Results

Twenty-eight colorectal cancer and paired adjacent paracancerous tissues were collected, including 16 males of 33 to 78 years old (Supplementary Table 1). Stool specimens were evaluated by mCLIP4 test for 321 subjects (Table 1), including 95 control (NED) subjects, 49 SP patients, 23 AA patients, and 154 CRC patients at median ages of 48, 55, 66 and 62.5, respectively. The CRC patients included 4 Stage 0, 26 Stage I, 48 Stage II, 48 Stage III, 10 Stage IV and 18 patients of unknown stage (Supplementary Table 4). Fifty-one point six percent of NED subjects and 60.4% of CRC patients were males. Across different groups, there was no significant difference for gender distribution, whereas age distribution showed significant difference (Table 1).


Table 1 | Characteristics of subjects enrolled in this study.



To evaluate the analytical performance of mCLIP4 test, a series of genomic DNA solutions of different methylation levels were tested in 24 replicates. As shown in Table 2, mCLIP4 test was able to detect as low as 6.75 pg fully methylated genomic DNA (~2 copies of human genome) per PCR reaction. Defined as the concentration at which more than 95% of the replicates generated amplification signals (24), LoD of mCLIP4 test was approximately 60 pg (~18 copies of human genome) per PCR reaction.


Table 2 | The analytical performance of mCLIP4 test.



The results of tissue samples indicated that mCLIP4 levels in all cancer tissues were higher than those in their paired adjacent paracancerous tissues (p < 0.0001, Figure 2). Out of 321 subjects diagnosed by colonoscopy and further confirmed for CRC patients by pathological analysis of surgically resected specimens, mCLIP4 was detected in 11.6% of NED (11/95), 53.1% of SP (26/49), 78.3% of AA (18/23) stool specimens, as well as 75.0% of Stage 0 (3/4), 96.2% of Stage I (25/26), 95.8% of Stage II (46/48), 83.1% of Stage III (40/48), 100% of Stage IV (10/10), and 83.3% CRC samples of unknown stage (15/18) (Supplementary Table 4). The overall sensitivities for detecting AA and CRC by mCLIP4 test were 78.3% (95% CI: 55.8%–91.7%) and 90.3% (95% CI: 84.2%–94.3%), respectively, with a specificity of 88.4% (95% CI: 79.8%–93.8%) (Table 3). As shown in Figure 3, mean Ct value of each group represented the average methylation level, and a lower Ct value indicated a higher methylation level. Stool mCLIP4 levels of NED were significantly lower than those of patients with intestinal lesions, including SPs, AAs, and CRCs (p < 0.0001). There were no significant differences in mCLIP4 levels between samples of SP and stage 0 CRC patients (p > 0.05), whereas Stage I-IV CRC patient samples showed significantly higher mCLIP4 levels than those of SP patients. Differences in stool mCLIP4 levels between AA and stage III-IV CRC patients were not significant, but stage I-II CRC patients showed significantly higher mCLIP4 levels than those of AA patients. Furthermore, ROC curves of mCLIP4 test for AA and CRC detection demonstrated its ability to discriminate AA and CRC from controls with AUC values of 0.892 (95% CI: 0.795–0.988) and 0.961 (95% CI: 0.938–0.983) (Figure 4).




Figure 2 | The Methylation levels of CLIP4 gene in CRC tissues and paired adjacent paracancerous tissues.




Table 3 | The sensitivities and specificities of CRC, AA and SP.






Figure 3 | Methylation levels (mean Ct values) of CLIP4 gene in stool samples from NED subjects, as well as SP, AA and CRC patients of different stages. Horizontal red bars denote the median value of mean Ct values of all samples within the group. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.0001.






Figure 4 | ROC curves for stool mCLIP4 test for detecting AA (A) and CRC (B). AUC values for AA (A) and CRC (B) were 0.892 (95% CI: 0.795–0.988) and 0.961 (95% CI: 0.938–0.983), respectively.



Further analysis showed no significant sensitivity difference among different age groups, genders, stages, locations, sides, tumor sizes and differentiation statuses (p > 0.05, Table 4).


Table 4 | Sensitivities of stool mCLIP4 test for detecting CRC for different age groups, genders, stages, tumor locations, sides, tumor sizes and differentiation statuses.





Discussion

Appropriate screening and surveillance for precancerous lesion and early stage CRC can significantly mitigate CRC mortality, and AA is the preferred target stage. Coverage of guideline-recommended screening in the US has increased to 67%: approximately 61% and 11% of US adults over 50 underwent a colonoscopy or a stool test, respectively, contributing to substantial reduction in morbidity and mortality (4). However, the invasiveness of colonoscopy and limited medical resource per capita have resulted in low compliance rate especially in average-risk and young adults in most countries. In this study, we provided a convenient stool DNA (mCLIP4) test as an alternative screening and potential surveillance method.

The cost-effectiveness of FIT and gFOBT, two guideline-compliant screening methods, has been intensively investigated. Previous studies showed the sensitivities of selected commercial FIT and high-sensitivity gFOBT kits for detecting advanced colorectal neoplasia and CRC varied from 7.4% to 57.1%, with relatively high specificities between 96.8% and 98.6% (25, 26). Studies suggested that FIT in consecutive 3 years could play a role in significant cost savings by replacing colonoscopy, with a risk of missing 40% to 70% AAs and 30% to 40% CRCs (27). In comparison, our case-control study showed a much higher sensitivity of 78.3% and 90.3%, respectively, for detecting AA and CRC. As a result, the risk of missed diagnosis would dramatically decrease to approximately 21.7%, 4.7% or 1.0% for AA, and 9.7%, 0.9% or 0.1% for CRC, respectively, if mCLIP4 tests were performed 1, 2 or 3 times in consecutive years, indicating its potential for early CRC screening.

Numerous studies indicated better performance of DNA methylation markers in stool than those in plasma due to a limited amount of circulating tumor DNA (ctDNA) in plasma and a substantial background of circulating free DNA (cfDNA) from other sources. This was particularly true for the ability to detect precancerous lesions and CRC at early stage. In addition to better performance, stool DNA test offered a feasible solution of at-home cancer screening in populous countries with limited medical resources per capita (28). Furthermore, unlike stool DNA test, blood-based DNA test has not been included in the guideline for routine CRC screening, since its effectiveness has yet to be demonstrated in asymptomatic screening population (29). Comparisons of the performance of the same methylated DNA markers in stool to those in plasma were conducted in several studies. Epi proColon 2.0 assay, the first blood-based mSEPT9 assay approved by FDA, showed a limited sensitivity of 22% for AA and 68.2% for CRC with a specificity of 78.2% (30). A direct comparison study found significantly higher mSEPT9 level in stool samples than in plasma. Whereas the performance of both tests in detecting all stage CRC was similar, stool mSEPT9 test achieved improvement of 35.9% and 7.9% in sensitivity for detecting AA and stage I-II CRC when compared to plasma test (31). Jensen et al. identified three methylation markers, C9orf50, KCNQ5, and CLIP4, and evaluated their performance for CRC detection with plasma samples. Hypermethylation of CLIP4 by itself showed a 77% sensitivity to discriminate CRC patients from healthy individuals. Multiplex methylation assay of all three markers showed an improved sensitivity of 85% at 99% specificity, and sensitivities of 80%, 85%, 89% and 88% for stage I, stage II, stage III and stage IV CRC, respectively, while lacking data for AA patients (16). Compared to the above plasma multiplex test, our stool mCLIP4 test demonstrated sensitivities of 78.3% for AA and 90.3% for CRC (96.2% for stage I, 95.8% for stage II, 83.1% for stage III and 100% for stage IV) with a slight compromise in specificity, suggesting it as a promising tool for early CRC screening.

Single-and multi-target stool DNA assays have been developed and evaluated over the past decades. For example, studies on stool-based mSDC2 tests showed sensitivities ranging from 42.1% to 66.7% for AA and 81.1% to 90.2% for CRC with a 90.2% to 98.0% specificity (24, 32–34). In comparison, mCLIP4 assay in this study showed better performance for detecting AAs by an increase of 12% to 36% in sensitivity with similar specificity for CRC detection. Furthermore, Wang et al. showed significantly lower sensitivity of 75.6% for detecting stage IV CRC with stool mSDC2 test, implying the possible preference of mSDC2 by stages. For mCLIP4 test, no such preference was observed for stage IV CRC in our limited study. In general, multi-target methylation or methylation-mutation assays were considered capable of reducing false negative rate and improving sensitivity. Cologuard, another FDA-approved molecular diagnostic test for early CRC screening, included assays for 7 K-RAS point mutations, aberrant NDRG4 and BMP3 methylation with β-actin as a reference gene and a hemoglobin immunoassay. It demonstrated sensitivities of 42.4% for AA and 92.3% for CRC with 86.6% specificity in an extensive study (11). Our previous study also evaluated a combined assay of mSEPT9 and mSDC2, ColoDefence test, resulting in sensitivities of 66.7% for AA and 92.3% for CRC with 93.2% specificity (20). Compared to these two multiplex tests, mCLIP4 test achieved an even higher sensitivity for AA by an increase of 12% to 36% with a similarly high specificity. In addition, similar to ColoDefence test, only 5 g of stool sample was required for mCLIP4 test, a single-tube multiplex qPCR assay, leading to reduction of cost and complexity of the procedure.

Stool mCLIP4 test demonstrated the feasibility for CRC detection, especially in detecting precancerous lesions and early stage CRC in our study. However, this case-control study had several limitations. First, the main purpose of this study was to evaluate the feasibility of stool mCLIP4 test for CRC detection in a training cohort of a limited number of participants. Further validation and comparison with other existing molecular diagnostic tests in future studies could provide additional support to its potential for CRC screening and prevention. Second, due to limited enrollment, characteristics of the subjects, such as age distribution in different groups, did not reflect the true distribution in a larger population. Although mCLIP4 level did not correlate with patient age in our study, future studies with larger cohorts may better define this relationship. Third, hypermethylation of CLIP4 in plasma and/or tissues was also found in other gastrointestinal (GI) cancers, possibly leading to false positives in CRC detection in the presence of other GI cancers. Although degradation of DNA from upper gastrointestinal tract via intestine would be expected to significantly reduce the false positive results due to other GI cancers, including stool samples from such patients as control in future studies would help address this concern. Nonetheless, our findings demonstrated that mCLIP4 stool test may be a promising tool for early CRC detection.



Conclusions

Stool methylated CLIP4 test demonstrated high sensitivities in detecting SP, AA and CRC with a high specificity. Its performance on precancerous lesions and early stage CRCs made it a promising biomarker for the early detection of colorectal neoplasms. Small amount of sample needed and single-biomarker assay may also reduce screening cost. Therefore, stool mCLIP4 test has the potential to become a convenient alternative method for early CRC screening.
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Antibody-dependent cellular cytotoxicity (ADCC) in the anti-tumor effect of cetuximab in metastatic colorectal cancer (mCRC) is only based on the impact of FcγRIIIA (CD16) polymorphisms as predictive of therapeutic response. However, nature, density and therapeutic impact of FcγRIIIA+ (CD16) effector cells in tumor remain poorly documented. Moreover, the inhibition of cetuximab-mediated ADCC induced by NK cells by the engagement of the new inhibitory CD94-NKG2A immune checkpoint has only been demonstrated in vitro. This multicentric study aimed to determine, on paired primary and metastatic tissue samples from a cohort of mCRC patients treated with cetuximab: 1) the nature and density of FcγRIIIA+ (CD16) immune cells, 2) the expression profile of HLA-E/β2m by tumor cells as well as the density of CD94+ immune cells and 3) their impact on both objective response to cetuximab and survival. We demonstrated that FcγRIIIA+ (CD16) intraepithelial immune cells mainly correspond to tumor-associated neutrophils (TAN), and their high density in metastases was significantly associated with a better response to cetuximab, independently of the expression of the CD94/NKG2A inhibitory immune checkpoint. However, HLA-E/β2m, preferentially overexpressed in metastases compared with primary tumors and associated with CD94+ tumor infiltrating lymphocytes (TILs), was associated with a poor overall survival. Altogether, these results strongly support the use of bispecific antibodies directed against both EGFR and FcγRIIIA (CD16) in mCRC patients, to boost cetuximab-mediated ADCC in RAS wild-type mCRC patients. The preferential overexpression of HLA-E/β2m in metastases, associated with CD94+ TILs and responsible for a poor prognosis, provides convincing arguments to inhibit this new immune checkpoint with monalizumab, a humanized anti-NKG2A antibody, in combination with anti- FcγRIIIA/EGFR bispecific antibodies as a promising therapeutic perspective in RAS wild-type mCRC patients.




Keywords: cetuximab, metastatic colorectal carcinoma, CD16, tumor-associated neutrophils, antibody-dependent cellular cytotoxicity, HLA-E/NKG2A axis



Introduction

The introduction of targeted therapies, especially monoclonal antibodies targeting epidermal growth factor receptor (EGFR), such as cetuximab, a human-mouse chimeric IgG1 antibody, in the treatment of patients with metastatic colorectal cancer (mCRC), has led to a consistent improvement in survival. RAS mutations are the only well-established predictive biomarkers of resistance to cetuximab (1). Antibody-dependent cellular cytotoxicity (ADCC) mechanism by which Fc region of the antibody binds to the Fc gamma receptors expressed by immune cells plays a key role in the antitumor effect of IgG1 antibodies (2), and in vitro studies demonstrated that cetuximab can mediate ADCC against several tumor cell lines (3). Fcγ receptor type IIIA (FcγRIIIA), commonly expressed on NK cells as well as on several other immune cells including γδ T cells, neutrophils and monocytes/macrophages, is well known for its role in ADCC (4, 5). More specifically, the impact of FcγRIIIA polymorphisms as a predictive factor for CRC patients treated with cetuximab suggests an important role of ADCC in cetuximab efficacy (6, 7).

In parallel, some in vitro data based on CRC cell line demonstrated that the non-classical major histocompability complex (MHC) Class I, human leucocyte antigen E (HLA-E) expressed by tumor cells and stabilized by β2 microglobulin (β2m) co-expression, inhibits the cetuximab-mediated cellular cytotoxicity induced by natural killer (NK) cells. Indeed, Levy et al. specified that this inhibitory effect on ADCC was dependent of the direct interaction between HLA-E/β2m, overexpressed by tumor cells, and its specific inhibitory receptor, CD94/NKG2A (NK group 2 member A) expressed by NK cells (8). HLA-E is a poorly polymorphic human MHC class Ib molecule, ubiquitously expressed at low levels on the cell surface of most tissues, whose functional expression requires its stabilization by the light chain β2-microglobulin (β2m) to form a membrane heterodimeric ligand. This ligand, aberrantly overexpressed by tumor cells in several solid tumors, interacts either with the inhibitory CD94/NKG2A receptor, or the activating CD94/NKG2C (NK group 2 member C) receptor selectively expressed by immune cells with cytolytic functions such as NK cells, NKT (natural killer T) cells and a subset of T cells (9). Indeed, we have previously shown that overexpression of HLA-E/β2m by tumor cells (primary tumors) characterizes a subgroup of 23% of CRC. In the tumor microenvironment of those primary HLA-E/β2m+ tumors, NK cells and mostly CD8+ αβ T lymphocytes preferentially expressed the inhibitory CD94/NKG2A receptor. These two immune markers (HLA-E/β2m and CD94/NKG2A) were associated with poor prognosis (10, 11). Besides, the CD94/NKG2A receptor, recently considered as a new inhibitory immune checkpoint that blocks the terminal cytolytic tumor-attack in the tumor microenvironment, can be blocked by the anti-NKG2A antibody, monalizumab, a therapy associated with promising clinical responses in gynecologic and head and neck refractory cancers (12).

Altogether, these results prompted us to address for the first time in a cohort of RAS wild-type mCRC patients treated with cetuximab, on paired primary and metastatic tissue samples: 1) the nature and density of FcγRIIIA+ (CD16) immune cells, 2) the expression profile of HLA-E/β2m by tumor cells as well as the density of intra-tumor CD94+ immune cells and 3) their impact on both objective response to cetuximab and overall survival.



Patients and Methods


Patients and Tissue Samples

Forty-three patients treated with cetuximab for a mCRC at the “Centre Hospitalier Universitaire” (CHU) of Nantes (n=13), Angers (n=3) and La Roche sur Yon (n=7), and at the “Hôpital du Confluent” of Nantes (n= 20) between 2000 and 2015, were retrospectively included in this study. For these patients, tissues samples of both primary and matched metastatic tumors were available. Rectal carcinomas previously treated with chemo-radiotherapy were excluded from the study, as well as patients with unavailable tissue samples for immunohistochemistry and/or complementary molecular analyses. As the patients were treated before the cetuximab new indications in July 2013, only the KRAS codon 12/13 (exon 2) wild-type status was known at the time of the study. For the purpose of this study, all primary and metastatic collected tissues were re-analyzed for other RAS mutations in four additional KRAS codons (exons 3 and 4) and six NRAS codons (exons 2, 3, and 4) using HRM PCR and sequencing. Additional mutations were found in 4 patients (two 436G>A mutations in KRAS exon 4 in both primary tumor and paired metastasis, one 351A>C mutation in KRAS exon 4 in a primary tumor and one 181C>A mutation in NRAS exon 3 in a metastasis), thus resulting in 39 patients with a wild-type RAS status eligible for the current study. All patients received Cetuximab plus chemotherapy (or other cytotoxic agent) for their metastatic disease (Irinotecan n=18; FOLFIRI regimen (irinotecan + folinic acid + 5 fluorouracil combination) n=10; FOLFOX regimen (oxaliplatin + folinic acid + 5 fluorouracil combination), n=6; Camptomycine n=2, Afatinib n=1), except two patients who received Cetuximab alone. Distant metastases were defined as synchronous or metachronous according to their identification, at the time of the primary tumor diagnosis or more than 12 months after, respectively (13).

For each patient, formalin-fixed and paraffin-embedded tissues representative of the primary tumor (37 surgical resections and 2 biopsies) and matched metastasis (26 surgical resections and 13 biopsies) were selected. Tissue samples were collected from the archives of the Department of Pathology or of each participating center, and were processed according to the guidelines of our institution and of the French Ethics Committee for Research on human tissues. The institutional board of the University Hospital of Nantes approved this study. Our tissue biocollection has been registered with the French Ministry for Higher Education and Research (DC-2014-2206) with approval from the ethic committee (CPP Ouest IV-Nantes). Our study was conducted in accordance with the Helsinki Declaration.

For the flow cytometry analysis, as no viable fresh tissues samples were available for our retrospective cohort of 39 patients, we included prospectively four successive patients who benefited from a colectomy for a CRC at the University Hospital of Nantes, and who did not receive any neoadjuvant chemotherapy or radiotherapy. A fresh tissue sample of the primary tumor was immediately dissected for flow cytometry analyses. Each patient included signed an informed consent form.



Clinical Evaluation and Response Criteria

Tumor response was assessed 12 weeks after starting chemotherapy by computed tomography (CT-Scan) according to the Response Evaluation Criteria in Solid Tumors (RECIST) criteria and classified as partial response (PR), stable disease (SD) or progression disease (PD). Patients with SD or PD were defined as non-responders (14). Overall survival (OS) was measured from the date of first diagnosis (tumor resection or biopsy) to the date of death related to CRC or to the latest follow-up, and censured at five years.



Tumor Sample Dissociation

In order to precisely define the nature of FcγRIIIA+ (CD16) immune cells in the tumor microenvironment of CRC, we assessed by flow cytometry the phenotype of FcγRIIIA+ (CD16) cells from cell suspensions derived from four fresh primary tumors of CRC patients included prospectively. Fresh dissected tumor samples were treated as described previously (15). Briefly, the tissue fragments were cut into small pieces (1–2 mm2) at room temperature in RPMI 1640 medium (Life Technologies), and then transferred into a GentleMACS C tube (MiltenyiBiotec) for two rounds of non-enzymatic mechanical dissociation with a GentleMacsOctoDissociator (Program A.01, MiltenyiBiotec). The resulting cell suspension was filtered through a 40-µm cell strainer (Dutscher), and then centrifuged for 15 min at 600g at room temperature, and finally resuspended in RPMI 1640 before the ex-vivo flow cytometry analyses.



Flow Cytometry Analyses

Immediately after fresh tumor samples dissociation, 2 × 105 cells were incubated in 100 µl of brilliant stain buffer (BD Biosciences) with one of the three following combinations of antibodies at saturating concentrations at 4°C for 30 min. To identify FcγRIIIA+ (CD16) expressing cells in the lymphoid and myeloid tumor-infiltrating cells, the CD16-Phycoerythrin (PE) mAb (clone 3G8, BD Pharmingen) was used in association with three different combinations of antibodies: 1) CD3-Brillant Violet (BV) 421 (clone UCHT1, BD Pharmingen), TCR αβ-BV510 (clone T10B9.1A-31, BD Pharmingen), TCR γδ-Allophycocyanin (APC) (clone B1, BD Pharmingen), CD8α-BV650 (clone RPA-T8, BD Pharmingen), CD4-BV786 (clone L200, BD Biosciences); 2) CD3-BV421 (clone UCHT1, BD Pharmingen), CD56-APC (clone B159, BD Pharmingen), TCRα24-BV711 (clone 6B11, BD Biosciences); and 3) CD15-APC (clone HI98/HIM1, BD Pharmingen), CD11β-BV510 (clone ICRF44/44, BD Pharmingen), CD14-PE-Cyanin 7 (clone M5E2, BD Biosciences). Dead cells were identified with the viability marker Zombie NIR (BioLegend). Following incubation, cells were washed twice in PBS with 0.1% BSA medium and finally suspended in 200 µl of PBS. Stained cells were analyzed by flow cytometry using a LSRII flow cytometer and BD Diva software (BD Biosciences). The compensation adjustments were made using the anti-mouse Ig, k/negative control compensation particle set (BD Biosciences). Flow cytometry gating strategy is depicted in Figure 1A. FcγRIIIA+ (CD16) immune cells were gated in lymphoid (G1) and myeloid (G2) living cells among the lymphoid cells, NK cells and T cells were identified by their CD3−CD56+ or CD3+TCR αβ/TCR γδ expression profile, respectively. Among the myeloid cells, granulocytes and monocytes/macrophages were identified by their CD15+CD11b+ CD14− or CD15−CD11b+CD14+/− phenotype.




Figure 1 | FcγRIIIA (CD16) expression on tumor-infiltrating immune cells. Flow cytometry gating strategy of FcγRIIIA (CD16) expression on a representative primary tumor sample from a CRC patient (A). FcγRIIIA (CD16) positive cells are gated among the living lymphoid (G1) and myeloid (G2) cells and different immune sub-populations are highlighted according to their phenotype: T cells (CD3+TCRαβ+ or γδ+), NK cells (CD3−CD56+), monocytes/macrophages (CD15−CD11b+CD14−/low) and granulocytes (CD15+CD11b+CD14−). Frequency of FcγRIIIA (CD16) positive infiltrating immune sub-populations among total FcγRIIIA+ (CD16) positive living cells from the 4 non metastatic CRC patients included prospectively. The bar charts represent mean +/- standard deviation (B).





Immunohistochemical Analyses

We analyzed by immunohistochemistry, both in primary tumors and paired metastasis for each patient, the density of intraepithelial FcγRIIIA+ (CD16) immune cells, as immune cells in close contact with tumor cells can be considered as the most efficient effector cells to kill tumor cells via ADCC. Immunohistochemistry was performed on full tissue sections of all tumors (except for CD94/NKG2 and NKp46 performed on 19 cases due to exhaustion of some paraffin blocks). Slides were stained with the following primary antibodies: CD16 (clone 2H7, 1:100, Leica), NKp46 (clone 195314, 1:100, R&D Systems), CD8 (clone C8/144B, 1:50, Dako), CD163 (clone 10D6, 1:100, Leica) HLA-E (clone MEM-E/02, dilution 1:200, Serotec), β2m (clone SC11.1, 1:200, gift of J Gachet U1232, Nantes), and CD94/NKG2 (clone B-D49, 1:20, Diaclone). The immunological reactions were visualized with the Envision detection system (DakoCytomation) and 3,3-diaminobenzidine tetrahydrochloride as the chromogen. The slides were counterstained with Mayer’s hematoxylin. The percentage of intraepithelial immune cells expressing CD8, FcγRIIIA (CD16), CD94/NKG2 or NKp46, was assessed by counting the number of labeled cells per 100 tumor cells on three fields at a magnification of 400.

The level of HLA-E expression, assessed by staining intensity, was compared with the paired normal colonic mucosa, as previously described (10). Furthermore, since a heterogeneous expression of HLA-E by tumor cells in whole tissue sections was observed, the percentage of strongly positive HLA-E tumor cells was also taken into account. Accordingly, HLA-E overexpression by tumor cells was defined as more than 5% of tumor cells showing a strong staining compared with that of the normal colonic mucosa.



Statistics

Clinical and pathological data, as well as the percentages of CD8+, FcγRIIIA+ (CD16), NKp46+ or CD94+, and HLA-E/β2m overexpression by tumor cells, were entered into a database. Mann-Whitney test was used to test the relationship between the density of the different intraepithelial immune cells (CD8, NKp46, FcγRIIIA (CD16), CD94) and the tissue localization (normal colonic mucosa, primary tumor and metastases). Associations between the different immunological markers (CD8, FcγRIIIA (CD16), CD94 and HLA-E/β2m) and the objective response to cetuximab at 3 months were tested by Fisher’s test. Overall survivals were estimated using Kaplan-Meier method. The log-rank test and Cox regression analyses were used to assess survival differences between groups. For all analyses, a p value<0.05 was considered significant.




Results


Clinicopathological Features of Patients

The main clinicopathological features of the patients included in this study are summarized in Table 1.


Table 1 | Clinicopathological features of mCRC patients treated with cetuximab in combination with chemotherapy.





FcγRIIIA+ (CD16) Tumor-Infiltrating Immune Cells Mainly Correspond to Myeloid and Lymphoid Cells

In order to precise the exact nature of tumor-infiltrating immune cells that express FcγRIIIA (CD16), a flow cytometry analysis was performed on fresh tumor tissues from surgically resected primary tumors of CRC. For this purpose, 4 non metastatic patients (1 man, 3 women; aged from 67.5 to 79 years; 2 right colon, 2 left colon; 4 adenocarcinoma NOS (3 stages II and 1 stage III) who do not receive any neoadjuvant chemotherapy or radiotherapy were included prospectively.

The nature and the absolute frequency of different FcγRIIIA+ (CD16) tumor-infiltrating cell types are summarized in Table 2 and are illustrated in Figure 1A. The density of FcγRIIIA+ (CD16) cells in tumors, except 1 case, is quite homogeneous representing an average of 4% among all viable cells (immune and tumor cells). The case harboring a particularly rich population of FcγRIIIA+ (CD16) cells (92C—51%) corresponded to a very inflamed tumor with neutrophilic microabcess. In any case, those cells mainly corresponded to myeloid cells, i.e., granulocytes and macrophages (Figure 1B). Indeed, about 48% and 25% of FcγRIIIA+ (CD16) immune cells featured a granulocyte-like (CD15+CD11b+CD14−) or a monocyte/macrophage-like phenotype (CD15−CD11b+CD14+/−), respectively. Furthermore, we also identified FcγRIIIA+ (CD16) lymphoid cells representing NK cells (3.2%–14.8%, mean 7.5%) and T lymphocytes (1.5%-16.5%, mean 7.2%), mainly corresponding to CD8+ αβ T cells. We did not observe any invariant NKT cells (CD3+TCRαβ+TCRα24+) (data not shown).


Table 2 | Nature and percentages of FcγRIIIA+ (CD16) tumor-infiltrating cells among all viable cells (immune and tumor cells).





The Density of FcγRIIIA+ (CD16) Intraepithelial ADCC Effector Cells (Tumor-Associated Neutrophils and Cytotoxic T Lymphocytes) Is Higher in Tumors Than in the Normal Colonic Mucosa

The flow cytometry results were confirmed by immunohistochemistry, as we also identified the different FcγRIIIA+ (CD16) immune cell subtypes in the stroma (CD163+ tumor-associated macrophages (TAM), and tumor-associated neutrophils (TAN) as well as TILs identified morphologically) or in the epithelial compartment (TAN and some TIL but no CD163+ TAM). As immune cells in close contact with tumor cells can be considered as the most efficient effector cells to kill tumor cells via ADCC, we focused on the density of intraepithelial FcγRIIIA+ (CD16) immune cells, identified by flow cytometry, i.e., cytotoxic CD8+ T cells, NK cells and granulocytes (corresponding morphologically to TAN). As we identified morphologically 2 subpopulations of FcγRIIIA+ (CD16) intraepithelial immune cells, i.e., small mononuclear cells corresponding to T lymphocytes or NK cells, and granulocytes, we performed in parallel CD8 and NKp46 immunostainings. NKp46+ cells were very rare in tumors (around 0.03%) and mostly observed in the stroma. Thus, the majority of FcγRIIIA+ (CD16) mononuclear intraepithelial cells corresponded to a fraction of CD8+ lymphocytes rather than NK cells.

The mean percentages of intraepithelial CD8+ and FcγRIIIA+ (CD16) cells are summarized in Table 3 and illustrated in Figure 2. The density of FcγRIIIA+ (CD16) intraepithelial effector cells was significantly higher in tumors (primary tumors or metastasis) compared with paired normal colonic mucosa (p = 0.0001). It should be noted that the percentage of each cell type, CD8+ or FcγRIIIA+ (CD16), was quite similar in the primary and paired metastatic tumors, and intraepithelial FcγRIIIA+ (CD16) cells were mostly neutrophils, and to a much lower degree, lymphocytes.


Table 3 | Mean percentages of CD8+ and FcγRIIIA+ (CD16) intra-epithelial (IE) cells in normal colonic mucosa, primary tumors and metastases (Mann Whitney test).






Figure 2 | Potential intraepithelial ADCC effector immune cells in colorectal tumors assess by immunohistochemistry. Intraepithelial FcγRIIIA+ (CD16) lymphocytes (A) or neutrophils (B). CD8+ lymphocytes in close contact with tumor cells (C). Scarce Nkp46+Nk cells, only observed in the stroma (D). CD163+ macrophages only found in the stroma (E).





The Density of FcγRIIIA+ (CD16) Intraepithelial TAN in Metastases Predicts a Better Objective Response to Cetuximab, Whereas Their High Density in Primary Tumors Is Associated With a Better Overall Survival

At 3 months, 15 of the 39 patients (38%) showed a partial response to cetuximab, and 24/39 (62%) were non responders, i.e., with a stable or progressive disease (13/24, 34% and 11/24, 28%, respectively) according to the RECIST criteria. Among the 15 patients who exhibited a partial response, five benefited from surgical resection of their metastases. The impact of the different intraepithelial FcγRIIIA+ (CD16) immune cells on the therapeutic response to cetuximab is summarized in Table 4. The density of intraepithelial FcγRIIIA+ (CD16) lymphocytes in primary tumors did not influence the clinical response to cetuximab in primary or in metastatic tumors. However, the density of intraepithelial FcγRIIIA+ (CD16) TAN (≥ 0.54%, 2nd quartile) in metastases was significantly associated with a better response to cetuximab.


Table 4 | Relation between the density of FcγRIIIA+ (CD16) immune cells involved in ADCC within tumor sites and objective response to cetuximab (p Fisher’s exact test).



Furthermore, a high density of FcγRIIIA+ (CD16) intraepithelial TAN in primary tumors (>0.6%, 2nd quartile) was associated with a better OS (median not reached vs 44.03 months; log rank test = 0.0168) (Figure 3).




Figure 3 | The density of FcγRIIIA+ (CD16) intraepithelial TAN in metastasis is associated with a better overall survival in mCRC patients treated with cetuximab. Kaplan-Meier curves depict overall survival of patients with a mCRC featuring a low (solid curve) or a high (broken curve) density of FcγRIIIA+ (CD16) intraepithelial TAN (second quartile).





The Objective Response to Cetuximab Is Not Influenced by HLA-E/β2m Overexpression by Tumor Cells or Density of CD94+ Intraepithelial Lymphocytes

We have previously demonstrated that about 20% of CRC aberrantly overexpressed HLA-E/β2m by tumor cells (10). This ligand is well known to interact with the CD94/NKG2A inhibitory receptor, mainly expressed by NK cells and some CD8+ T lymphocytes. Indeed, in CRC, we have shown that this receptor is preferentially expressed by CD8+ TILs (10, 11). Furthermore, in vitro data based on CRC cell lines showed that aberrant cell surface expression of HLA-E/β2m by tumor cells inhibits the cetuximab-mediated cellular cytotoxicity by NK cells. This cetuximab-induced lysis was restored by blocking the CD94/NKG2A inhibitory receptor (8), a finding suggesting that this inhibitory immune checkpoint interferes with ADCC mediated, at least, by NK cells. Thus, we correlated herein the expression profile of these potential ADCC regulatory molecules in both primary tumors and paired metastases with the objective response to cetuximab. HLA-E/β2m was preferentially overexpressed in metastatic tumors (12/39, 30.8%) compared with primary tumors (8/39 cases, 20.5%). Noticeably, HLA-E/β2m overexpression profile by tumor cells was concordant between primary and paired metastatic tumors in the majority of cases (31/39, 79.5%) but discordant in 8 (20.5%) cases. Among these discordant cases, the majority (6/8 cases) featured an overexpression of HLA-E/β2m by tumor cells in metastasis only, while only 2 cases were characterized by HLA-E/β2m overexpression in primary tumor (Figures 4A–D). According to the expression profile of HLA-E/β2m, the therapeutic response at 3 months was not statistically different between the 2 groups of tumors HLA-E+ vs HLA-E−, regardless of the tumor site considered, primary or paired metastatic (Table 5).




Figure 4 | Expression profile of HLA-E in primary and metastatic tumors, and its association with intraepithelial CD94+ lymphocytes. Two representative cases of mCRC with distinct HLA-E overexpression profile. (A, B) A discordant profile of HLA-E/β2m overexpression between primary tumor (negative) and its matched metastasis (positive) and (C, D) a concordant case featuring HLA-E overexpression both in primary tumor and its paired metastasis. (E) CD94+ intraepithelial lymphocytes. (F) The density of CD94+ intraepithelial lymphocytes is quite similar between primary tumors and metastases (p = 0.1 Mann Whitney test).




Table 5 | Relation between HLA-E/β2m overexpression and objective response to cetuximab (p Fisher’s exact test).



Regarding the intraepithelial CD94+ immune cell density, analyzed in 19 cases, their mean percentage in primary tumors was 0.7% ± 0.5 (ranged from 0 to 1.8%) and 0.5% ± 0.5 (ranged from 0 to 1.84%) in metastases (Figures 4E, F). As for HLA-E expression profile, no significant relationship was observed between the density of CD94+ intraepithelial lymphocytes and the objective response to cetuximab at 3 months, regardless of the tumor site (primary or metastatic).

However, as we previously demonstrated in a first cohort of 80 patients (10), we confirmed in this new independent cohort of metastatic CRC patients, that overexpression of HLA-E/β2m by tumor cells in primary tumors was significantly associated with a worse OS (median OS 35.97 months for HLA-E+ primary tumors vs 57.87 months for HLA-E− primary tumors; log rank test = 0.0012) (Figure 5A). In the same way, a high density of CD94+ intraepithelial lymphocytes (>0.64%, 2nd quartile) was associated with a worse overall survival compared with primary tumors containing a low density of CD94+ intraepithelial TIL (median 39.7 months vs median not reached), although the difference was not statistically significant (log rank test, p 0.079) (Figure 5B). In multivariate analysis taking into account the density of FcγRIIIA+ (CD16) intraepithelial TIL, CD8+ TIL (2nd quartile), FcγRIIIA+ (CD16) intraepithelial TAN, and HLA-E overexpression, the negative impact of HLA-E overexpression in primary tumors on prognosis was confirmed (HLA-E/β2m: HR 3.9, CI [1.08;14.3], p = 0.038). This negative prognostic impact of both HLA-E/β2m overexpression and density of CD94+ intraepithelial lymphocytes was not observed for metastases.




Figure 5 | HLA-E/β2m overexpression by tumor cells and a high density of CD94+ intraepithelial lymphocytes in primary tumors are associated with a poor overall survival in mCRC patients. (A) Kaplan-Meier curves depict overall survival of patients with a mCRC without HLA-E/β2m overexpression by tumor cells (solid curve) or with HLA-E/β2m overexpression by tumor cells (broken curve). (B) Kaplan-Meier curves depict overall survival of patients with a mCRC containing a high (broken curve) or a low (solid line) density of CD94+ intraepithelial lymphocytes (second quartile).






Discussion

In situ analysis of the tumor microenvironment emerges as an important means to understand tumor progression but also to predict therapeutic response through the close interactions between tumor cells and immune cells, especially in the promising field of immunotherapies - but not exclusively -, in order to improve their therapeutic efficacy (16). In the current study, we demonstrated for the first time, in wild-type RAS mCRC patients, a significant relationship between the density of FcγRIIIa+ (FcγRIIIA+ (CD16) intraepithelial TAN in close contact with tumor cells in metastases and the objective response to cetuximab. Until now, the strongest evidence supporting ADCC as a key mechanism of some monoclonal antibodies was based on studies evaluating the impact of FcγRIIIa polymorphisms on clinical response to IgG1 mAbs such as rituximab in lymphoma patients (17, 18), trastuzumab in breast carcinomas (19) or cetuximab in colorectal carcinomas (6). The fact that we demonstrated the therapeutic impact of the density of FcγRIIIA+ (CD16) ADCC effector cells in metastases, the main target of cetuximab in mCRC, gives a decisive evidence of the importance of this mechanism of action. Furthermore, as most of our responder patients (12/15) have received chemotherapy in combination with cetuximab, the synergistic effect of chemotherapy with cetuximab treatment to increase the efficiency of ADCC effectors can be raised. Indeed, several studies have demonstrated the major role of some chemotherapeutic drugs such as anthracyclines, cyclophosphamine, oxaliplatine, among others, to boost the anti-tumor immune response, through the induction of an immunogenic tumor cell death (20). Moreover, in the setting of ADCC, in breast adenocarcinomas, paclitaxel seems to enhance ADCC mediated by trastuzumab by rapidly recruiting ADCC effectors from blood (21). Interestingly, regarding the exact nature of infiltrating intraepithelial effector FcγRIIIA+ (CD16) immune cells in direct contact with tumor cells, we showed that the majority of those cells corresponded to TAN and to some T cells, but very few NK cells. Indeed, we identified only scarce NKp46+ NK cells, both in primary and metastatic tumors, and their density in the whole tumor (intraepithelial compartment and stroma) assessed by flow cytometry was very low. Our results are in accordance with previous studies showing the scarcity of infiltrating NK cells in CRC (11, 22, 23). Thus, these results suggest that intraepithelial NK cells, considered as the main effector cells in monoclonal antibodies-mediated tumor therapy, are not the major effector cell population in the setting of cetuximab-mediated ADCC in mCRC. Conversely, TAN constitute the main intraepithelial FcγRIIIA+ (CD16) ADCC effector cells, that we identified in both primary and metastatic tumors. Neutrophils are known to be potent mediators of ADCC against antibody-opsonized tumor cells, by a mechanism recently identified as trogoptosis (24). Their role in ADCC was first demonstrated in vivo in tumor-xenografted murine models treated with different monoclonal antibodies (24). In human, their cell killing mechanisms have not yet been completely unraveled, and more generally, the FcR-expressing cell populations responsible for the mAb-induced therapeutic effects on tumors, have not been formally identified. However, neutrophils could represent a major player of ADCC as they constitutively express FcγRIII, and this receptor is the most abundant Fcγ receptor expressed by neutrophils (25, 26). Our results underscore this assumption as we showed that these myeloid cells represent the main intraepithelial cell subtype expressing FcγRIIIA+ (CD16) and most importantly, their high density in metastases was associated with a better response to cetuximab. Sconnochia et al. also identified FcγRIIIA+ (CD16) myeloid cells in the stroma of CRC primary tumors with a phenotype (CD33+CD11b+CD11c+) suitable for neutrophils (23). Besides neutrophils, we also identified FcγRIIIA+ (CD16) and GrB+ (in an equal proportion) intraepithelial lymphocytes. Sconnochia et al. also identified in primary CRC tumor some FcγRIIIA+ (CD16) T lymphocytes without more information concerning their precise localization in the stroma or in the epithelial compartment (23). The FcγRIIIA+ (CD16) intraepithelial lymphocytes we identified could correspond mainly to cytotoxic CD8+ T cells, as suggested by our flow cytometry data. According to this hypothesis, Bjorkstrom et al. found CD8+ αβ T cells expressing FcγRIIIA (CD16) in the peripheral blood and in the liver of HCV-infected patients, and reported that these T cells displayed a late-stage effector phenotype and expressed high levels of perforin (27). Furthermore, it has been demonstrated that FcγRIIIA+ (CD16) subset of CD8+ T cells was able to mediate ADCC ex vivo and that their number increased during a virus-specific T-cell response (28). Altogether, our findings suggest that FcγRIIIA+ (CD16) intraepithelial TAN, as well as FcγRIIIA+ (CD16) intraepithelial cytotoxic T lymphocytes although found in a lower proportion than TAN, represent important ADCC effector cells in metastases in a context of cetuximab-based therapy in mCRC patients. From a clinical point of view, our results provide strong support for the use of bispecific antibody anti-EGFR/anti-FcγRIIIA as a novel strategy of antitumor immunotherapy to improve the ADCC-mediated efficiency of cetuximab in recruiting FcγRIIIA+ (CD16) ADCC effector cells at tumor site and offering an effective linkage between drugs and tumor target. Indeed, a phase I study has already tested a bispecific antibody (AFM13) directed against both the FcγRIIIa (CD16) and CD30, a membrane antigen strongly expressed by tumor cells, in patients with refractory or relapsed Hodgkin’s lymphoma and demonstrated its tolerability and its significant effectiveness with an overall response rate of 23% (29). One bispecific antibody targeting both FcγRIIIA (CD16) and EGF-R has yet been constructed and humanized (30) and could be tested in mCRC patients to enhance the ADCC-mediated response to cetuximab.

Interestingly, in contrast to some in vitro experiments based on co-cultures showing that HLA-E overexpression by CRC cell lines inhibits the cetuximab-mediated cellular cytotoxicity by NK cells via engagement of its inhibitory CD94/NKG2A receptor (8), we failed to demonstrate a negative impact of HLA-E/β2m overexpression by tumor cells or presence of CD94+immune cells on the clinical response to cetuximab. These apparent discordant results could be explained by the limitation of the in vitro conditions (CRC cell lines co-cultured with healthy PBMC containing the major effectors of ADCC, i.e., NK cells), which do not mimic the CRC tumor microenvironment. Indeed, the immune cell populations recruited in CRC significantly differ from those tested in these in vitro experiments, as we detected only scarce NK cells in line with other previous studies, but numerous FcγRIIIA+ (CD16) TAN which are known not to express (or scarcely) the inhibitory CD94/NKG2A receptor (31). Thus, one can hypothesize that intra-epithelial TILs, mostly corresponding to CD8+ TILs, could replace NK cells to inhibit the cetuximab-mediated cellular cytotoxicity as they represent the second cytotoxic cell type known to display this inhibitory receptor. However, we found an altered balance between FcγRIIIA+ (CD16) TAN and CD94+ intra-epithelial TILs in metastases (0.99% vs 0.5%, respectively) that could explain this lack of significant inhibitory effect on ADCC. So we can speculate that NKG2A could represent a critical player in this imbalance between TAN and CD94+ intraepithelial cytotoxic TILs, limiting the expansion of cytotoxic TILs without affecting TAN expansion, and thus, impairing the anti-tumor immune response mediated by those TILs.

In line with this defective anti-tumor immune response caused by exhausted cytotoxic TILs by the engagement of the CD94/NKG2A-HLA-E/β2m axis, we confirmed in this study, based on an independent cohort of metastatic CRC patients, our previous results demonstrating that overexpression of HLA-E/β2m by tumor cells (10), as well as the high density of CD94+ TILs (11), in primary tumors at diagnosis predict an unfavorable prognosis. Furthermore, our study, the first to explore and compare the expression profile of this new immune checkpoint in paired primary and metastatic tumors of mCRC patients, demonstrates that HLA-E/β2m is preferentially expressed by tumor cells in metastases compared with primary tumors. This differential expression of HLA-E between primary tumor and metastases was also reported by Sasaki et al. in gastric carcinoma (32). Taking into account the confirmed unfavorable prognostic impact of this new inhibitory immune checkpoint NKG2A and its ligand HLA-E/β2m in terms of OS, our results provide additional arguments to consider that HLA-E/β2m overexpression by tumor cells promotes tumor progression in CRC and facilitates the metastatic dissemination through an immune escape mechanism. They also provide convincing arguments to inhibit this new immune checkpoint with monalizumab, a humanized IgG4 anti-NKG2A antibody, as a promising new therapeutic alternative in the field of immunotherapy for mCRC patients, beyond anti-PD1 therapies.

Furthermore, we found that the density of intraepithelial FcγRIIIA+ (CD16) TAN in primary tumors was associated with a better prognosis in accordance with the results of Sconnochia et al. who reported the favorable prognostic impact associated with a high density of FcγRIIIA+ (CD16) tumor-infiltrating myeloid cells in a large series of primary CRC tumors. However, they did not report the presence of FcγRIIIA+ (CD16) TAN but of mainly large cells mostly corresponding to TAM (23). Our finding rather supports the tumor-suppressive function of FcγRIIIA+ (CD16) TAN in primary tumor at least, although in many tumors a high intratumor density of neutrophils is known to be associated with a poor prognosis, probably in line with the tumor-supportive function of some subpopulations of TAN (N2 phenotype) (33, 34). Thus, the subpopulation of FcγRIIIA+ (CD16) TAN we considered and counted for the first time to our knowledge, could rather represent neutrophils with N1 phenotype which exert their antitumor activity by the activation of different innate and adaptive immune cells including B and T lymphocytes, and dendritic cells (35). Indeed, it is known that NK cells and CD8+ T lymphocytes can be engaged in bidirectional cross-talk with neutrophils, resulting in the regulation of the adaptive immune response (36). Further studies are urgently needed to deeply explore in situ the complex interactions between innate and adaptive immune cells in the tumor microenvironment of CRC, owing to the identification of more accurate immune cells signatures as predictive/prognostic biomarkers.

In conclusion, we demonstrated for the first time in this study that a high density of FcγRIIIa+ (CD16) intraepithelial TAN in close contact with tumor cells in CRC metastases, is associated with an improved response to cetuximab. From a therapeutic point of view, our results strongly support the use of bispecific antibodies as a dual targeting strategy, both neutralizing EGFR on tumor cells and recruiting FcγRIIIa+ TAN in contact with tumor cells to boost the ADCC-mediated tumor cell lysis. Furthermore, the preferential overexpression of HLA-E/β2m in metastases associated with CD94+ TILs, provides supplementary convincing arguments to inhibit this new immune checkpoint NKG2A with monalizumab, in combination with anti- FcγRIIIA/EGFR bispecific antibodies as a promising therapeutic perspective in RAS wild-type mCRC patients to improve both ADCC and anti-tumor T cell responses.
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Colorectal cancer (CRC) is one of the major causes of cancer deaths across the world. Patients’ survival at time of diagnosis depends mainly on stage of the tumor. Therefore, understanding the molecular mechanisms from low-grade to high-grade stages of cancer that lead to cellular migration from one tissue/organ to another tissue/organ is essential for implementing therapeutic approaches. To this end, we performed a unique meta-analysis flowchart by identifying differentially expressed genes (DEGs) between normal, primary (primary sites), and metastatic samples (Colorectal metastatic lesions in liver and lung) in some Test datasets. DEGs were employed to construct a protein-protein interaction (PPI) network. A smaller network containing 39 DEGs was then extracted from the PPI network whose nodes expression induction or suppression alone or in combination with each other would inhibit tumor progression or metastasis. These DEGs were then verified by gene expression profiling, survival analysis, and multiple Validation datasets. We suggested for the first time that downregulation of mitochondrial genes, including ETHE1, SQOR, TST, and GPX3, would help colorectal cancer cells to produce more energy under hypoxic conditions through mechanisms that are different from “Warburg Effect”. Augmentation of given antioxidants and repression of P4HA1 and COL1A2 genes could be a choice of CRC treatment. Moreover, promoting active GSK-3β together with expression control of EIF2B would prevent EMT. We also proposed that OAS1 expression enhancement can induce the anti-cancer effects of interferon-gamma, while suppression of CTSH hinders formation of focal adhesions. ATF5 expression suppression sensitizes cancer cells to anchorage-dependent death signals, while LGALS4 induction recovers cell-cell junctions. These inhibitions and inductions would be another combinatory mechanism that inhibits EMT and cell migration. Furthermore, expression inhibition of TMPO, TOP2A, RFC3, GINS1, and CKS2 genes could prevent tumor growth. Besides, TRIB3 suppression would be a promising target for anti−angiogenic therapy. SORD is a poorly studied enzyme in cancer, found to be upregulated in CRC. Finally, TMEM131 and DARS genes were identified in this study whose roles have never been interrogated in any kind of cancer, neither as a biomarker nor curative target. All the mentioned mechanisms must be further validated by experimental wet-lab techniques.




Keywords: colorectal cancer, cancer progression, EMT, metastasis, therapeutic/curative targets, diagnostic biomarkers



Introduction

Colorectal cancer (CRC) is a major global medical burden worldwide (1). Approximately more than one million people are diagnosed with CRC each year, and about half of them die of CRC annually (2). Complex genetic interactions are combined with environmental factors to trigger a cell to become cancerous. Among them, aberrant growth factor signals contribute to uncontrolled cells’ proliferation, which ultimately leads to metastasis. Contrary to early-stage tumor cells, malignant cells have the ability to detach from the stroma as well as acquire motility (3). This event happens during a process called Epithelial-Mesenchymal Transition (EMT), in which cells lose their epithelial characteristic, including adhesion, and subsequently dedifferentiate into mesenchymal mobile cells (4). Therefore, Investigating DEGs between primary and metastatic sites of tumors would aim to recognize key factors playing roles in cell migration. We performed the statistical analysis between primary sites and metastatic sites in one part of the analyses. While primary sites were non-malignant colon biopsies in Test datasets, CRC metastatic sites were located on the other organs.

Many molecular and pathway targets have been identified for treatment of CRC during the past decades. Besides, growing progresses have been made in development of chemotherapy and antibody drugs (5). Tyrosine kinase (TK) targeting monoclonal antibodies and small-molecule tyrosine kinase inhibitors are effective strategies (6). Targeting cancer-related inflammation biomarkers like IL-6/JAK/STAT3 pathway, which inhibits progression of solid tumors, is another beneficial therapeutic strategy (7). In addition, restraint of cytosolic β‐catenin via disturbing hyperactive Wnt/β‐catenin signaling pathway could be another treatment approach for colorectal and many other types of cancer (8–10). Inhibition of matrix metalloproteinases (MMPs) and TGFβ signaling pathways is a therapeutic approach to prevent liver metastasis (11–14). Furthermore, PI3K inhibition suppresses lung metastasis in CRC patients (15, 16). Among the known anticancer drugs, Cetuximab is one of the popular ones, which is a monoclonal antibody against epidermal growth factor receptor (EGFR) (17). Furthermore, vascular endothelial growth factor (VEGF) antibody, bevacizumab, is the standard treatment for metastatic colorectal cancer (18).

The aim of this study was to suggest multiple combinations of genetic targets that can prevent cancer progression. Therefore, We looked for the unknown key factors that partially control one or more steps of cancer progression, including cell proliferation, transformation, angiogenesis, and metastasis to the distant secondary sites. One way to identify molecular mechanism of pathogenesis in a biological context is to analyze transcriptomic data. Systematic investigation of gene expression data and cellular and molecular information in the literature for identified DEGs in normal and cancer tissues helped us to propose a number of these DEGs as therapeutic genetic targets. Once these targets were identified, we would see which ones can be targeted together in order to hinder cancer progression because each of the proposed genetic targets could control to some extent different steps of tumor formation towards malignancy. We conducted a unique meta-analysis flowchart where we separated datasets into two sets of Test and Validation datasets in order to not only recognize DE genes but also introduce them as the curative CRC targets. Furthermore, the shortest pathway scoring system for neighborhood finding around the core genes was first introduced by Seth I. Berger and his colleagues (Systems Pharmacology of Arrhythmias) on Long-QT syndrome (LQTS) PPI Network (19). They realized that the neighborhood ranking around the twelve core genes (Drivers of the LQTS Syndrome) discovered the genes that are targeted with FDA-approved drugs. Since our goal was to find therapeutic genetic targets to inhibit metastasis, we applied the algorithm on colorectal cancer PPI network for the first time. First of all, three Test datasets were constructed from three microarray studies, and DE genes were excavated for any pairwise comparison between four groups of samples. Common DEGs between similar analyses in Test datasets were regarded as final DEGs employed for PPI network assembly. Test datasets provided us with a sufficient number of common DEGs with desired log-fold change and p-value thresholds for network construction. Twelve common genes called Core genes were recognized that their expression were different between primary and metastatic sites. A smaller network called Core network was then extracted from the PPI based on a shortest-path-based scoring formula on these Core genes. To compensate for the small number of datasets in Test set, seven Validation datasets were employed from different genomic repositories to validate selected DEGs in the Core network (Figure 1). Besides, expression profiling and survival analysis provided more evidence about the accuracy of our results. We obtained some DEGs involved in cancer progression whose expression could be targeted (suppressed or induced) individually or in combination with one another for CRC treatment. Moreover, some of those gene expressions were proposed to be CRC biomarkers.




Figure 1 | The meta-analysis flowchart to attain therapeutic genetic targets. Gene expression datasets were extracted from different databases. Data were analyzed and visualized using R programming language. DEGs were obtained from analyzing Test datasets, then verified by Validation datasets. STRING database was utilized to construct the PPI network from DEGs. R software was used to analyze the network. Cytoscape was employed to visualize the networks, and enrichment results were obtained from ClueGO Cytoscape plugin and Enrichr online tools. Next, survival analysis and expression profiling were used for more validation of expression results. Finally, our results were compared to other studies, and molecular mechanism of validated DEGs was interrogated to propose a combination of target therapies.





Materials and Methods


Database Searching and Recognizing Pertinent Experiments

Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) and ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) repositories were searched to detect experiments containing high-quality transcriptomic samples concordance to the study design. Colorectal/colon cancer, primary, EMT, and metastasis were the keywords utilized in the search, but search was filtered for Homo sapiens. Microarray raw data (.CEL files) for GSE41258, GSE9348, and GSE10961 studies were downloaded from GEO and ArrayExpress to create Test datasets (20–22). Dataset1 and Dataset2 were constructed from samples in GSE41258 study. Dataset1 encompassed CRC liver metastasis samples, primary samples and normal samples, while Dataset2 contained CRC lung metastasis samples, primary samples and normal samples. To construct Dataset3, normal samples and primary samples were extracted from GSE9348 study, but colorectal liver metastasis samples were obtained from GSE10961 study. In all datasets, normal samples were healthy colon tissues adjacent to the primary tumors and primary samples were non-metastatic colorectal biopsies. To make Validation datasets, two new datasets were constructed from GSE41258 study whose samples were not present in Test datasets. One dataset contained CRC liver metastasis samples, and another one contained CRC lung metastasis samples. In addition, a dataset was constructed from count RNAseq files in The Cancer Genome Atlas (TCGA) database (TCGA dataset). Three RNAseq datasets were constructed from GSE50760, GSE144259, and GSE89393 studies encompassing CRC liver metastasis samples (23–25). The last dataset was built from GSE40367 microarray study containing CRC liver metastasis samples (26). Except for TCGA dataset, all Test and Validation datasets contained three groups of metastatic, primary and normal samples.



Identifying Differential Expressed Genes in Microarray Datasets

R programming language (v3.6.2) was used to import and analyze data for each dataset separately. Preprocessing step involving background correction and probe summarization was done using RMA method in “affy” package (27). Absent probesets were identified using “mas5calls” function in this package. If a probeset contained more than two absent values in each group of samples, that probeset was regarded as absent and removed from the expression matrix. Besides, outlier samples were identified and removed using PCA and hierarchical clustering methods. Next, data were normalized using Quantile normalization approach (28). Then, standard deviation (SD) for each gene was computed, and median of all SDs was utilized as a cutoff to remove low-variant probesets. Therefore, low-variant probesets no longer influenced the significance of the high-variant genes. “Many to Many” problem (29), which is mapping multiple probesets to the same gene symbol, was solved using “nsFilter” function in “genefilter” package (30). This function selects the probeset with the highest Interquartile range (IQR) to map to the gene symbol. “limma” R package, which applies linear models on the expression matrix, was utilized to discover DE genes between all groups of samples (31). Genes with absolute log fold change larger than 0.5 and Benjamini-Hochberg adjusted p-value (32) less than 0.05 were selected as the DEGs.



Identifying Differential Expressed Genes in RNAseq Datasets

Count files for five primary samples containing more than 90 percent tumor cells as well as five normal samples involving 100 percent normal cells were downloaded from TCGA database. Each sample was imported into R, and they were merged together to construct the TCGA expression matrix encompassing a five-sample primary group and a five-sample normal group. Genes with zero expressions in the two groups were omitted. Then, data were normalized with “DESeq2” R package (33), and DEGs were identified between the two groups. For RNAseq datasets in GEO, FPKM normalized data were downloaded and imported into R. data were log2 transformed, and using “limma” R package, DEGs were identified between the groups.



Network Construction

Final DEGs were imported into STGRING web server database and different sources of evidence were chosen to generate interactions and the Protein-Protein Interaction (PPI) network. Afterward, Interactions were downloaded and imported into R programming language in form of an annotated edgelist. Next, extra information were removed, and an undirected edgelist was obtained using “igraph” R package (34). Interaction scores were considered as weights, so a weighted PPI network was created. The giant component of the weighted PPI network was then extracted for further analyses. The weighted adjacency matrix of the giant component was created and transformed into a symmetric matrix. It was then modified into a new adjacency matrix using topological overlapping measure (TOM) function in “WGCNA” R package (35). Finally, this modified adjacency matrix was subtracted from one to create a distance adjacency matrix.



Neighborhood Ranking to the Core Genes

Using Dijkstra algorithm in R, a matrix of all shortest paths, called SP, between all pairs of nodes was constructed from the distance adjacency matrix (36). By utilizing this matrix, a distance score, DJ, for each node in the PPI network was computed. Moreover, we considered DEGs between metastatic versus primary analysis as the Core nodes in the PPI network. Dj is a scoring formula that is the average of the shortest paths from all the non-core nodes to reach the node j subtracted from the average of the shortest paths from the Core nodes to reach the node j divided by the average of the all shortest paths to reach the node j from the whole network. This scoring system implies how much close each node is to the Core nodes (19, 37).

	

C is the number of Core nodes, and NC is the number of non-core nodes. ∑i ∉ c SPij is the sum of all distances in SP matrix between node j and all the non-core nodes. ∑i ∈ c SPij is the sum of the distances between node j and all the Core nodes. ∑i SPij is the sum of the distances between node j and all the nodes. A positive score implies that node j is closer to the Core nodes than the rest of the nodes. Nodes with positive scores were kept, but the others were removed from the network. It should be noted that D scores were calculated without imposing any threshold on edge weights. The R source codes for the network analysis are available at https://github.com/mehranpiran/Meta-Analysis.



Enrichment Analysis

Enrichment analysis was performed using ClueGO Cytoscape plugin (38). Enriched terms for biological processes were obtained from GO repository. For pathway enrichment analysis, information in KEGG (39), Reactome (40) and WikiPathways (41) databases were used. P-value were adjusted using Benjamini-Hochberg method and cut off was set on 0.05. In addition to Cytoscape, Enrichment analysis was performed using Enrichr online tool (42) as well. Enriched terms for biological processes were obtained from GO repository. For pathway enrichment analysis, WikiPathways signaling repository version 2019 for humans was used. Enriched terms with a top score and a p-value less than 0.05 were selected.



Analyzing Gene Expression Profiles

Genes were given to GEPIA2 webserver to validate identified DEGs based on datasets in TCGA genomic database (43, 44). To draw boxplots, expression profiles were compared between tumor and normal samples in multiple colorectal adenocarcinoma (COAD) datasets. LogFC cutoff was set at 0.5 and p-value was set at 0.01. TPM normalized data were log2 transformed. To draw survival plots, “Overall Survival” option was selected and median was chosen to define the border of High and Low groups. 95% confidence interval was set for analysis. All COAD datasets with monthly expression values were selected in order to obtain survival results.




Results


Data Preprocessing in Test Datasets

Each dataset was imported into R separately. Outlier sample detection was conducted using PCA and hierarchical clustering approaches. Figure 2A illustrates the PCA plot for samples in Dataset1. The same plot was created for the second and third datasets. Some samples in the PCA plane lay at a distance from their group, particularly along the PC1 axis, so they were considered as the outliers. To be more specific, a hierarchical clustering method introduced by Oldham MC, et al. (45) was used. To compute the distances between samples, Pearson correlation analysis was performed between them, and coefficients were subtracted from one. Figure 2B depicts the dendrogram for normal samples. In Figure 2C normal samples were plotted based on their Number-SD scores. To get this number for each sample, the average of whole distances was subtracted from the distance average of each sample. Then, results of these subtractions were normalized by standard deviation of sample distance averages (45). Samples with Number-SD less than negative two usually fall apart from their cluster set in the PCA plane. Thus, they were regarded as the outliers in our analyses. Sixteen outlier samples in GSE41258 Test dataset and three outliers in Dataset3 were recognized. Supplementary File 1 contains information about the groups of samples.




Figure 2 | Illustration of outlier samples in the first dataset. (A) is the PCA plot, (B) is the dendrogram for the primary samples and (C) is the Number-SD plot for primary samples. GSM1012445 is an outlier sample in primary group as it has located in a distance from its group in the PCA plane. In addition, it has formed a unique cluster in the dendrogram and its Number-SD score is less than negative two.



Supplementary File 2 illustrates the average expression values for some housekeeping genes and DEGs between Primary and Metastatic samples. Common DEGs between lung-primary analysis and liver-primary analysis with absolute LogFC larger than one in GSE41258 datasets were illustrated in A. The same plot was made for the common DEGs in liver-primary analysis in the third dataset in B. Housekeeping genes were situated on the diagonal of the plots whilst DEGs were located above or under the diagonal. Hence, the preprocessed data were of sufficient quality for downstream analyses.



Meta-Analysis and Identifying Differentially Expressed Genes

10891 unique DEGs with adjusted p-value < 0.05 and absolute log fold change > 0.5 were achieved from eight groups of DEGs yielded from eight independent analyses on three Test datasets. They included two analyses of liver metastasis versus normal, two analyses of liver metastasis versus primary, one analysis of lung metastasis versus normal, one analysis of lung metastasis versus primary, and two analyses of primary versus normal (Table 1). Liver metastasis contained metastatic colorectal samples taken out from liver; however, lung metastasis contained metastatic colorectal samples obtained from lung. In fact, this kind of dataset selection provided us with some DE genes that could significantly contribute to tumor progression within the primary site and towards liver and lung organs. Common DEGs between all metastasis vs normal analyses (Test datasets) were 155 genes. Common DEGs between all metastasis vs primary analyses (Test datasets) were 72 genes. Common DEGs between all primary vs normal analyses (Test datasets) were 239 genes. There were 334 unique DEGs between these three sets of analyses. Finally, from these 334 DEGs, 242 of them were identified to be in all Test and Validation analyses considered as the final DEGs. There were 12 final DEGs in primary versus normal analyses considered as the Core genes. All DE gene sets and their LogFC are presented in Supplementary File 3.


Table 1 | The practical information for the Core network DE genes in Test dataset.





Undirected Protein-Protein Interaction Network

242 final DEGs were utilized to construct the Protein-Protein-Interaction (PPI) network. STRING database was employed to generate the Interactions based on seven sources of evidence, namely Neighborhood, Text mining, Experiments, Databases, Co-expression, Gene fusion, and Co-occurrence. STRING combined scores were used as the edge weights. The giant component of the weighted network with 205 nodes and 554 edges is depicted in Figure 3.




Figure 3 | The whole network giant component. Labels are protein/gene symbols. This is a scale free network (46) which follows a power law distribution (most of the network nodes have a low degree while there are few nodes with high degree).





Determination of Core Genes Neighborhood Through Shortest Path-Based Scoring System

In this step, interactions combined score computed from all sources of evidence in STRING database were converted into weights between nodes. These weights were used as the estimation of distances in the weighted adjacency matrix. Nodes with shorter distances from the Core genes were selected, and a smaller network was extracted from the main network. Computing the shortest path score for the non-core genes led to a network of 39 nodes comprising 12 Core nodes and 27 neighbors. This multi-component graph called Core network is illustrated in Figure 4.




Figure 4 | The Core network. The network contains seven components numbered from 1 to 7. Component 1 is the giant component. Core genes are in red and non-core genes are in blue.



Majority of the nodes in Core network were selected for investigation based on the similarity of expression patterns in all datasets. Expression status of selected genes between any pairwise comparisons was depicted in Table 1. For the three Metastatic-Normal comparisons (MvsN), most of the nodes exhibited a similar expression pattern. The same was true for all Primary-Normal analyses (PvsN) and Metastatic-Primary comparisons (MvsP). Heatmaps were illustrated in Figure 5 for all members of the Core network in three datasets. Clustering was performed by applying “Euclidean” distance and “Complete” method on gene expression values. Genes present in the top right corner of the three plots possessed high expression values in colon tissues. Moving from border to the center of plots, we go from Normal to primary and from primary to metastatic samples. Some genes exhibited a descending expression trend such as mitochondrial genes ETHE1, TST and SQOR. Few genes witnessed an ascending trend, such as collagen genes and SORD and P4HA1.




Figure 5 | Core network genes heatmaps. (A) is dataset1, (B) in dataset2 and (C) is dataset3. Values were obtained from expression matrices, Log2 transformed and normalized by quantile method. Sample IDs are placed in the left-hand side of each plot. Normal samples start with N, Primary samples start with P and liver and lung metastatic samples start with M. Outer samples are normal, middle samples are primary and inner samples are metastatic. Genes were clustered together based on hierarchical clustering.





Network Descriptive

The giant component diameter was eight containing TRIM31, HLA-F, CD74, PLAGL2, TMPO, MAD2L1 PSMA7, AIMP1, and TWF1. Transitivity was around 60%, edge density was about 18%, and the mean distance was 3.48. Two important centralities, Degree and Betweenness, along with other centralities and the average distances for giant component nodes, are provided in Supplementary File 4. MAD2L1 had the highest Degree and a relatively high betweenness. TMPO had the highest Betweenness and a pretty high degree. Similar to TMPO, its direct neighbor, PLAGL2 had a relatively high Betweenness. This gene has linked the upper and lower parts of the PPI giant component together.



Processing Validation Datasets

Core network nodes were identified in the seven Validation datasets. They were presented in Table 2. Most of the DEGs illustrated similar results in both Tables 1, 2, which proves the accuracy of obtained DEGs from Test datasets. Expression of genes that were totally homogeneous in each of MvsN or MvsP or PvsN analyses are presented in green, and the ones that differed only in one analysis are shown in yellow. Expression of Genes that were different in more than one dataset are in white. Absolute LogFCs less than 0.2 were not reported in Table 2. Expression analysis of all Validation datasets are presented in Supplementary File 3.


Table 2 | Illustration of Core network DEGs in Validation datasets.





Over-Representation Analysis

Figure 6 illustrates the enrichment results for the Core network genes using ClueGO software. Three signaling databases called KEGG, Reactome, and WikiPathways were used for the pathway enrichment. Biological Function terms were enriched from GO database. Genes and terms associated with a specific cellular mechanism formed distinct components. Different pathway terms related to polymerization and degradation of collagens in extra cellular matrix (ECM) have emerged in blue, which formed a distinct component (component 3) in the Core network. In a tumor environment, different concentrations of collagen fibers are regularly secreted, degraded, and aligned together to make ECM stiffness suitable for cellular migration (47, 48). Genes that were enriched for sulfide oxidation terms formed a distinct component in the Core network as well. Genes in green are engaged in interferon-gamma signaling that has dual roles in cancer. On the one hand, INF-γ has anti-proliferative functions by employing different mechanisms such as induction of p21 (49), induction of autophagy (50), regulation of EGFR/Erk1/2 and Wnt/β-catenin signalings (51), and so on. On the other hand, it enhances the outgrowth of tumor cells with invasive properties depending on cellular and microenvironmental context (52, 53).




Figure 6 | The enrichment results for the Core network genes. Terms in the shape of octagons are from KEGG, Triangular terms are from WikiPathways, rectangular expressions are from Reactome and circular terms are from GO database. Size of the terms present their significance.



In the enrichment analysis with “Enrichr” online tool, Gastric Cancer Network2 was of the lowest p-value containing TOP2A and RFC3 genes involved in DNA replication process. Involvement of the same genes in retinoblastoma cancer (WP2446) proposes the potential importance of these genes in different cancers. Top2A was involved in Gastric Cancer Network1 as well. All the enrichment results yielded from “Enrichr” are presented in Supplementary File 5.



Expression Profiling and Survival Analysis of TCGA Gene Expression Profiles

Expression of DEGs in Tables 1, 2 were further supported by boxplots and survival plots using GEPIA2 web server. Expression profiles were attained from 275 colorectal adenocarcinoma and 41 normal colon RNA-seq samples in TCGA database to create boxplots for each gene in Figure 7. Except for TWF1, all plots were in agreement with our results. In other words, if a gene was upregulated in our analysis between cancer and normal groups, the expression median for that gene in tumor samples was larger than normal samples in boxplots and vice versa. Even boxplots for expression of some genes that were later shown to be contradictory to other studies, were in favor of our findings. They were MT2A, TRIM31, CDC6, SGK1, and PTP4A1 genes.




Figure 7 | Gene expression profiles boxplots. Red boxes present normalized expression values for tumor adenocarcinoma samples and gray boxes present values for normal colon samples.



Survival plots were also created for DEGs in Tables 1, 2 in different months using TCGA database. Only three genes had a significant p-value larger than 0.05 illustrated in Figure 8, and rest of survival plots were presented in Supplementary File 6. Low expression of LGALS4 is associated with poor survival rate, while high expression of COL1A2 and the new reported gene DARS is linked to poor survival rate in colorectal cancer patients. In our study, LGALS4 were downregulated in MvsN and PvsN analyses of all Test and Validation datasets while DARS and COL1A2 were upregulated in majority of MvsN and PvsN analyses. Although other survival tests were non-significant, majority of them were in agreement with our expression results.




Figure 8 | Survival plots. Plots present the monthly survival rate of patients having high expression, red line, or low expression, blue line, of a specific gene. Patients having high expression of LGALS4 had higher survival rates compared to patients having low expression of LGALS4. Contrary, patients having low expression of COL1A2 and DARS genes had higher survival rate.






Discussion

The Core network giant component is composed of an up and a down part attached via PLAGL2 transcription factor (TF). The lower part is engaged mainly in cell cycle and DNA replication. Components 2 and 3 contain genes involved in ECM remodeling, component 4 is composed of genes involved in transcription inhibition, and Component 5 is composed of mitochondrial genes playing essential roles in controlling cellular redox homeostasis. Here we discussed most of the genes in the Core network exhibiting more similar expression patterns which were present in Tables 1, 2.

PLAGL2 is considered an oncogene in different cancers. It binds to and prevents Pirh2 proteasomal degradation, which in turn Pirh2 promotes proteasomal degradation of P53 protein (54). In glioblastoma, PLAGL2 suppresses neural stem cell differentiation by regulating Wnt/β-catenin signaling (55). Besides, PLAGL2 regulates actin cytoskeleton and cell migration through promoting actin stress fibers and focal adhesion (56). Results of PvsN analysis manifests that this gene is induced in primary tumors in colon cancer. In addition, this gene had a high betweenness centrality in the giant component (S4). Since this gene connected the two parts of the giant component, it would be a pertinent target for disturbing colon cancer network. Its induction in CRC was supported by the majority of Validation datasets in Table 2.

TRIM31 (a ubiquitin ligase) was downregulated in MvsN in all Test and Validation datasets. However, there are contradictory results in different studies where it was shown to be reduced in lung cancer cells (57) and stepped up in gastric (58) and colorectal cancer (59). Therefore, its downregulation in nine analyses in Tables 1, 2 needs to be further explored. MT2A gene is an antioxidant that protects cells against hydroxyl radicals and plays an important role in detoxifying heavy metals (60, 61). Expression inhibition of this gene results in proliferation inhibition of CRC cells (62), and its silencing promotes the effects of chemotherapy drugs on primary osteosarcoma tumors (63). However, MT2A gene expression was downregulated in PvsN analyses supported by the results in Table 2. Likewise, it is downregulated in pancreatic cancer as well (64). Therefore, this downregulation in primary CRC tumors has to go under more investigation. OAS1 is a protein induced by interferons that synthesizes the oligomers of adenosine from ATP. These oligomers bind to RNase L to regulate cell growth, differentiation, and apoptosis (65). Its expression is downregulated in breast ductal carcinoma and prostate cancer (PCa) at both mRNA and protein levels. In addition, OAS1 expression is negatively correlated with the progression of these cancers (65). The given information supports the downregulation of this gene in our analysis supported by Validation datasets. Consequently, expression induction of this gene might help prevent both tumor growth and cell differentiation. The mentioned three genes, TRIM31, MT2A and OAS1, were enriched for IFN-γ and all were downregulated. Although there are contradictory results in different papers, these downregulations at mRNA level would help tumor cells to defeat the anti-cancer properties of interferon gamma signaling.

CTSH gene is a lysosomal cysteine protease upregulated in PvsN. This protease plays an important role in cytoskeletal protein Talin maturation. Talin promotes integrin activation and focal adhesion formation leading to cell migration (66). Validation datasets more verified upregulation of this gene in CRC. As a result, suppression of CTSH expression could be a choice of metastasis inhibition. Glutathione peroxidase 3 (GPX3) is an important antioxidant enzyme that protects cells against Reactive Oxygen Species (ROS), downregulated in many cancers. For instance, its expression is suppressed in human colon carcinoma Caco2 cell lines, resulting in augmented ROS production (67). It reduces H2O2 and lipid peroxides to water and lipid alcohols, respectively, and in turn, oxidizes glutathione to glutathione disulfide (68). Downregulation of GPX3 happened in PvsN analyses, leading to ascending of H2O2 level, which is positively correlated with tumor progression (69). Its downregulation was further supported by all datasets in Table 2. As a result, induction of GPX gene families would be a therapeutic approach.

TMPO gene had the greatest Betweenness centrality illustrating a reduced expression trend in MvsP analyses supported by Validation datasets. This gene produces different protein isoforms via alternative splicing (70, 71). The proteins are located in the nucleus of the cells, which help form nuclear lamina and maintain nucleus membrane structure (72). TMPO prevents the depolymerization of nuclear laminas and excessive activation of the mitosis pathway. Therefore, its downregulation would prevent an excessive mitotic cycle.

TMEM131 is a transmembrane protein that was downregulated in MvsN analyses in all datasets in Tables 1, 2. No documentation was found to connect this gene to a specific cancer. Therefore, this gene might be biomarker of CRC. Furthermore, Enrichment analysis using “Enrichr” online tool showed that this gene was also involved in interferon-gamma signaling (S5). A recent study has discovered that amino termini of human TMEM131 recruit monomers of collagens for assembly. Carboxy termini of this gene guide collagen cargo machinery from Endoplasmic Reticulum towards Golgi apparatus, contributing to collagen maturation and secretion. Moreover, TMEM131 deficiency diminishes collagen production, maturation, and secretion in Caenorhabditis Elegans (73). This gene is also important for ER processing of cuticle collagen cargos and apical ECM (aECM) formation in Drosophila melanogaster. These findings highlight the conserved role of this gene in collogen biosynthesis (74). The methylation rate of this gene is reduced in T-Cells and peripheral blood cells in Down syndrome patients (Trisomy 21). This gene also marks lymphocyte precursor cells for lineage specification (75).

TOP2A gene was upregulated in PvsN analyses entirely endorsed by the validation results. In breast cancer (BC) HER‐2 and TOP2A are the molecular targets for several anticancer medicines that are bolstered together (76). Moreover, Copy Number Variations (CNVs) in TOP2A gene have been identified as biomarkers of colorectal cancer (77). This enzyme controls DNA topological structure, and its upregulation is a hallmark of aberrant cell growth in tumors (78). TOP2A mRNA expression is an independent prognostic factor in patients with (Estrogen Receptor) ER-positive breast cancer and could be useful in the assessment of breast cancer risk (79). Therefore, in addition to being a possible target for CRC therapy, this gene could be either a possible prognostic or diagnostic marker of CRC.

Replication Factor C subunit 3 (RFC3) plays a role in DNA replication, DNA damage repair, and cell cycle checkpoint control. Hepatocellular carcinoma (HCC) and cell proliferation of ovarian tumors are suppressed by shRNA-mediated silencing of RFC3 gene (80, 81). This gene was upregulated in PvsN analyses and is upregulated in Triple-negative breast cancer (TNBC) as well (82). Validation datasets more supported its upregulation. Since expression inhibition of this gene at both mRNA and protein levels suppresses the migratory and invasive ability of MCF-7 cell lines (83), this gene would be a therapeutic target for colorectal cancer treatment. Moreover, TOP2A and RFC3 were shown to be engaged in the Gastric Cancer Network2 pathway in the enrichment analysis by “Enrichr” (S5), indicating the importance of these two genes in cancer progression.

Mitotic Arrest Deficient 2 Like1 (MAD2L1) is a mitotic spindle assembly checkpoint molecule upregulated in PvsN in both Test and Validation analyses. It is responsible for preventing anaphase initiation until precise and complete metaphase alignment of all chromosomes takes place. An increase in the level of MAD2L1 transcripts is detected in a large number of samples with ductal breast carcinoma (84). Its upregulation in our analysis would provide evidence that cancerous cells were dealing with mitotic deficiencies. The GINS complex is a DNA replication machinery component in the eukaryotes and is an essential tool for initiating and progressing DNA replication forks (85). GINS1 (PSF1) mRNA level is positively correlated with tumor size in CRC patients and is a prognostic marker of CRC (86). This gene has been recently introduced as a targeted oncogenic agent for inhibition of synovial sarcoma (87). It was totally upregulated in PvsN analyses in Tables 1, 2. Therefore, its expression inhibition would be a potential target for inhibition of tumor growth by disturbing DNA replication machinery.

CDC6, one of the Core genes, plays a critical role in regulation of the eukaryotic DNA replication onset, and its downregulation has been demonstrated in prostate cancer (88). It is a regulator of cell cycle in S phase, and its expression is regulated by E2F Transcription factor and androgen receptors (AR) in PCa cells (89). Transfection of CDC6 siRNA leads to not only decreased level of ovarian cancer cell proliferation but also increased apoptosis rates (90). Cdc6 and Cdt1 are highly expressed in aggressive BC and therefore is considered a potent therapeutic target in BC patients (91). Results for this gene in MvsP analyses were contradictory to the BC results, but it is similar to prostate cancer. The majority of Validation datasets depicted downregulation of this gene in CRC. No study directly measured the expression level of this gene in CRC samples; therefore, it is worth investigating to see whether it could be a CRC biomarker or a curative target.

CKS2 protein interacts with the catalytic subunit of the cyclin-dependent kinases, and its downregulation contributes to suppression of p-Akt and p-mTOR. Therefore, one of CSK2 oncogenic roles is played by Akt/mTOR oncogenic pathway (92). CKS2 is expressed at a high level in CRC tissues, and it has revealed that increased CKS2 expression is highly correlated with enhanced metastatic stage (93). Importantly, CKS2 is considered a potential biomarker and therapeutic target for the BC treatment due to the fact that its inhibition suppresses cell proliferation and invasion in vitro and in vivo (94). In the PvN analyses, this gene was upregulated, which would be a therapeutic target for CRC treatment because validation results completely supported this upregulation.

PSMA7 gene encodes a protein that is one of the essential subunits of 20S proteasome complex (95). Overexpression of PSMA7 both at the mRNA and protein levels has been reported in gastric cancer (96). Depletion of PSMA7 by shRNA-transfected RKO CRC cell lines mediates inhibition of cell growth and migration. Consequently, inhibition of PSMA7 could be a beneficial therapeutic strategy for colorectal cancer patients (97). This gene was upregulated in PvsN analyses in test and Validation datasets.

DARS encodes the cytosolic aspartyl-tRNA synthetase found to be upregulated in MvsN and PvsN analyses in all Test and Validation datasets (a total of 16 analyses). This gene encodes a member of a multi-enzyme complex that its role has been proved in mediating attachment of amino acids to their cognate tRNAs. Some studies have reported that DARS-AS1 gene (encoding a long noncoding RNA) act as an oncogene (98) and is positively associated with the pathological stages in thyroid and ovarian cancer by targeting mir-129 and mir-532-3p, respectively (99, 100). Moreover, this gene is directly upregulated by HIF1 gene, which stabilizes RBM39 protein in Myeloma (101). Mutations in this gene have been previously reported in neuroinflammatory diseases and Leukodystrophies (102, 103). However, there is not enough evidence in the literature that associates DARS1 (DARS) gene to different cancers. Moreover, patients having a lower expression of this gene have a higher survival rate in Figure 8.

EIF-2 consists of alpha, beta, and gamma subunits. EIF2B or EIF2S2 acts in the early steps of protein synthesis. GTP-bound EIF-2 transfers Met-tRNAi to the 40S ribosomal subunit to start protein synthesis. The hydrolysis of GTP to GDP takes place at the end of the initiation process that leads to release of the inactive eIF2·GDP from ribosome. Exchange of GDP for GTP is performed by beta subunit so that active EIF-2 is ready for another round of initiation (104). In one study, EIF2B was proposed as a potential therapeutic target in lung cancer (76). Moreover, elimination of natural killer cell cytotoxicity via promoted expression of natural killer (NK) cell ligands is done by pSer535-eIF2B following the expression of pSer9-GSK-3β (inactive GSK3β) and generation of ROS, which promotes breast cancer growth and metastasis (105). Since Tyr216-GSK-3β (Active GSK3β) has inhibitory effects on the EMT process by interfering with TNF-alpha signaling (106), induction of active GSK-3β together with suppression of EIF2B would be a therapeutic approach to prevent EMT (107). EIF2B stepped up in PvsN analyses which was supported by validation results.

TWF1 gene encodes Twinfilin, an actin monomer-binding protein that promotes EMT in pancreatic cancer tissues (108). TWF1 siRNA dramatically inhibits F-actin organization and focal adhesions formation, promoting the mesenchymal-to-epithelial transition (MET) in MDA-MB-231 cell lines. Besides, The responsiveness of these cell lines to anti-cancer drugs such as doxorubicin and paclitaxel is augmented by siRNA inhibition of TWF1 expression (109). Furthermore, expression levels of EMT markers, VIM and SNAI2, are reduced due to miR-30c action on TWF1 mRNA (109). However, in MvsN analyses, this gene witnessed a decreased expression in both Test and Validation datasets. As a result, Its upregulation in CRC has to be further explored.

SGK1, a member of component 2, and AKT are two families of AGC protein superfamily. SGK1 is a serine/threonine kinase that activates particular potassium, sodium, and chloride channels (110). SGK1 is a downstream effector of PI3K, which runs pathways independent of pathways shared with AKT. The two kinases are phosphorylated and activated by PDK1 and mTORC2 complex (111, 112). In general, PI3K-dependent survival signals can be mediated by either Akt or SGK1 that inactivates the pro-apoptotic proteins Bad and FKHRL1 (113). A study on A498 kidney cancer cells found that survival signals promoted by IL-2 are mediated by SGK1 activation (114). Moreover, the promoter of SGK1 is under tight control of the p53 protein (115). SGK1 has been shown to mediate cell survival and drug resistance to platinoid and taxane compounds in breast cancer patients (116). On the contrary, this gene was totally downregulated in PvsN analyses in all Validation and Test datasets. These overall downregulations might be specific to CRC, so it could be a diagnostic hallmark of CRC and should go under more interrogation.

Component 3 contains collagen (COL1A2, COL5A2, and COL4A1) and P4HA1 (a collagen hydroxylase) genes interconnected in the process of ECM remodeling based on the enrichment results. All members witnessed an ascending trend in expression from normal samples to metastatic samples in Figure 5 panels. In Test datasets, collagen genes presented an upregulation trend in MvsN and PvsN analyses, while their expression followed a mixed trend in Validation datasets. P4HA1 one of the Core genes upregulated in MvsP in all Test and Validation datasets. Expression of COL1A2 followed a homogeneous upregulating trend in both Test and Validation datasets which is a marker of EMT (117). P4HA1 is engaged in breast and pancreatic metastasis (118, 119). Under hypoxic tumor conditions, HIF-1 induces expression of genes that encodes collagen prolyl (P4HA1 and P4HA2) and lysyl (PLOD2) hydroxylases. P4HA1 and P4HA2 are required for collagen deposition, whereas PLOD2 is required for ECM stiffening and collagen fiber alignment (120). These changes in ECM triggered by HIF-1 are necessary for motility and invasion because, in focal adhesion junctions, actin cytoskeleton is connected to ECM through attachment of integrins to collagens (121). Besides, there is a positive feedback between P4HA1 and HIF-1 in modulation of ECM. As a result, targeting P4HA1 and P4HA2 expressions would inhibit the progression of cell migration via HIF1-Collagen pathway.

PTP4A1 a member of component 4, is a protein phosphatase engaged in p21-activated kinase (PAK) signaling pathway. Inhibition of PTP4A1 gene in MDA-MB-231 breast cancer cell lines by an increase in miR-944 expression impairs cell invasion (122). However, this gene was downregulated in MvsN and PvsN in all Test datasets and most Validation datasets. This downregulation would be a biomarker for CRC, and its molecular role in CRC needs to be interrogated. BCL-2 is a target of ATF5, one of the Core genes (123). ATF5 was upregulated in MvsP analyses in Test and Validation datasets. There are pieces of evidence that link the role of ATF5 in mitochondrial dysfunction in cancer progression (124). In malignant glioma, metastatic cells take advantage of survival signals triggered by ATF5 gene, which is essential to ignore anchorage-dependent and niche-dependent cell death signals (125). Thus, expression inhibition of ATF5 would hinder the survival signals in CRC cells. TRIB3 is a prognosis hallmark of colorectal cancer, activated under hypoxic conditions (126). TRIB3 silencing suppresses VEGF−A expression in gastric cancer cells inhibiting endothelial cell migration and vessel formation. This gene was upregulated in MvsN analyses in all Test and Validation datasets. Therefore, it would be a promising target for anti−angiogenic therapy (127).

Genes in component 5 are mitochondrial which their role in cancer progression has not been sufficiently investigated so far. All three genes were downregulated in our analysis in both Validation and Test datasets. They also exhibited a reducing trend from normal to primary and from primary to metastatic in Figure 5 panels. These genes are highly expressed in normal colon tissue compared to other tissues due to the presence of anaerobic bacteria in the digestive tract (128). These findings are supported by the RNA-seq expression information in the Gene database of NCBI (129). ETHE1 (persulfide dioxygenase) and SQOR are antioxidants that convert hydrogen sulfide (H2S) to persulfide, then to sulfite. Hence, they protect cells against toxic concentrations of sulfide. ETHE1 gene was downregulated in the three analyses while SQOR was downregulated in MvsN and PvsN analyses. All these expressions were totally verified by the Validation datasets. Their downregulation is essential for cancer cells proliferation and survival. Under the hypoxic environment of CRC tumor, sulfide is a supplementary tool that provides electron for mitochondrial electron transport chain (ETC) to generate ATP (130). These mechanisms, along with Warburg effect help tumor cells to survive from the hypoxic environment. As a result, helping expression induction or activation of ETHE1 and SQOR proteins will increase sulfide scavenging and this would hinder CRC tumor growth. TST thiosulfate sulfurtransferase encodes a protein that is localized to the mitochondria and catalyzes the conversion of thiosulfate and cyanide to thiocyanate and sulfite respectively. Therefore, like the previous two mitochondrial enzymes, it acts in Hydrogen sulfide metabolism (131).

SORD (Sorbitol dehydrogenase) is another element of component 6 upregulated in MvsN, and PvsN analyses. Little is known about the connection between SORD and cancer. This enzyme hydrogenates Fructose to Sorbitol in Fructose catabolism pathway. Subsequently, sorbitol is dehydrogenated to glucose via AKR1B1 enzyme providing fuel for cells (132). In addition, excess glucose promotes EMT through autocrine TGFβ stimulation (133). Expression suppression of either enzyme reduces EMT in human lung cancer cells and EMT-driven colon cancer mouse model (133). Two studies demonstrated that SORD is an androgen-regulated gene in prostate cancer (134, 135). siRNA inhibition of this gene leads to proliferation and migration inhibition of A549 lung cancer cells (136). Since SORD exhibited an ascending trend in all Validation and Test datasets in Figure 5, it might be a potential target and biomarker to prevent EMT and cell growth in CRC. LGALS4 is implicated in regulating cell-cell and cell-matrix interactions, so its induction might have positive curative impacts on CRC cells. This gene is primarily expressed in small intestine, colon, and rectum, which is suppressed in CRC (137). It was downregulated in MvsN and PvsN analyses in Validation and Test datasets. It is also a blood marker of CRC (138).

In summary, we illustrated some therapeutic targets and biomarkers for CRC. A combination of these targets would beneficially disturb progression of colorectal cancer. Generally, the discovered antioxidants were downregulated in different stages of CRC, namely ETHE1, SQOR, TST, and GPX3. We proposed that these downregulations under hypoxic conditions would help cancer cells to produce more energy for cell proliferation. In addition, the hypoxic environment alters ECM suitable for cell migration by induction of P4HA1 gene through HIF-1 signaling pathway and induction of COL1A2. Boxplots (expression profiling) in Figure 7 supported our results for all these genes. In addition, survival plot in Figure 8 demonstrated that there is a higher death probability for CRC patients expressing a high level of COL1A2 than patients having a low level of this gene. Consequently, colorectal cancer cells would take advantages of explained mechanisms along with Warburg effect to not only survive from the hypoxic environment of tumors but also proliferate faster and migrate better. Therefore, induction of mentioned antioxidants and suppression of P4HA1 and COL1A2 genes would be a choice of CRC treatment.

Induction of active GSK-3β together with suppression of EIF2B would prevent EMT in CRC. Induction of OAS1 to increase the anti-cancer effects of interferon gamma, suppression of CTSH to hinder formation of focal adhesions, expression inhibition of ATF5 gene to make cancer cells sensitive to anchorage-dependent death signals, and induction of LGALS4 gene (supported by survival analysis) to recover cell-cell junctions would be the combination of genetic targets that prevent EMT and cell migration. In addition, expression inhibition of TMPO, TOP2A, RFC3, GINS1, and CKS2 genes could prevent tumor growth and TRIB3 expression suppression would be a favorable target for anti−angiogenic therapy. PSMA7 gene was a previously reported target for CRC treatment that was also found in our study. Results for expression of all these genes were supported by expression profiling.

MT2A and TRIM31 which were engaged in IFN-γ signaling, CDC6, SGK1 and PTP4A1 genes, presented a homogeneous expression pattern in both test and Validation datasets, although our results were contradictory to other studies in different cancers. Nevertheless, we used 10 different datasets from different technologies to ensure the accuracy of the results. Besides, expression profiling supported expression of these genes. However, they have to be further interrogated in colorectal cancer progression.

TMEM131 and DARS genes had specific uniform expression trends as analyses went from normal to metastatic. DARS expression inhibition would increase the survival rate in CRC patients based on Figure 8. Therefore, this gene might be a CRC prognostic marker or a curative target. Downregulation of TMEM131 might be associated with the amount of collagen secretion in ECM to make the environment suitable for migration (Stiffness of ECM). SORD is a poorly studied gene in cancer that its expression reduction might prevent cell proliferation and EMT in CRC. The relation of these three genes to colorectal cancer progression has been reported for the first time in this study. More investigation is required to find their molecular mechanism causing colorectal cancer promotion.
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Colorectal cancer (CRC) is the third leading cause of cancer-related deaths among both men and women in the United States. Early detection and surgical removal of high-risk lesions in the colon can prevent disease from developing and spreading. Despite implementation of programs aimed at early detection, screening colonoscopies fail to detect a fraction of potentially aggressive colorectal lesions because of their location or nonobvious morphology. Optical colonoscopies, while highly effective, rely on direct visualization to detect changes on the surface mucosa that are consistent with dysplasia. Recent advances in endoscopy techniques and molecular imaging permit microscale visualization of the colonic mucosa. These technologies can be combined with various molecular probes that recognize and target heterogenous lesion surfaces to achieve early, real-time, and potentially non-invasive, detection of pre-cancerous lesions. The primary goal of this review is to contextualize existing and emergent CRC surface biomarkers and assess each’s potential as a candidate marker for early marker-based detection of CRC lesions. CRC markers that we include were stratified by the level of support gleaned from peer-reviewed publications, abstracts, and databases of both CRC and other cancers. The selected biomarkers, accessible on the cell surface and preferably on the luminal surface of the colon tissue, are organized into three categories: (1) established biomarkers (those with considerable data and high confidence), (2) emerging biomarkers (those with increasing research interest but with less supporting data), and (3) novel candidates (those with very recent data, and/or supportive evidence from other tissue systems). We also present an overview of recent advances in imaging techniques useful for visual detection of surface biomarkers, and discuss the ease with which these methods can be combined with microscopic visualization.
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Introduction

Colorectal cancer (CRC) remains the third leading cause of cancer-related deaths among both men and women in the United States, primarily because asymptomatic early disease often has progressed to an aggressive disease before it is diagnosed (1). Current American Medical Association (AMA) guidelines for early detection of CRC, adopted in 2018, recommend screening by fecal occult blood testing, sigmoidoscopy, or optical colonoscopy. In some health centers, CT colonography (“virtual colonoscopy”) also is available. Screening recommendations include starting at age 50, 45 for African Americans, and continuing until age 75 (2). As illustrated by the recent shocking death of actor Chadwick Boseman from colon cancer at age 43, early onset CRC increasingly is being diagnosed in younger patients who present with stage III/IV cancers (3). When diagnosed early, the 5-year survival rate of CRC is 90%, but the survival rate drops drastically with a later-stage diagnosis. According to the American Cancer Society (ACS), the 5-year survival rate of CRC for patients diagnosed at stage III and IV are 71% and 14%, respectively (1).

Several modalities are in current clinical practice for the screening of adenomatous polyps and CRC. Optical colonoscopy is the most widely used CRC screening technique, and the most commonly performed endoscopic procedure in the United States (4). Despite recent efforts to implement screening programs, full adherence to colonoscopy screening has proved elusive (5). It is estimated that 35% of adults in the United States who are eligible for colonoscopy screening remain unscreened (6). A survey of over 425 ethnically and racially diverse adults ≥ 50 years of age reported fear of embarrassment, fear of getting AIDS, fear of procedural pain, and older age as reasons to avoid colonoscopy (7). In addition, aversion to bowel preparation and fear of invasive procedures are among other barriers to undergoing a colonoscopy (8).

Alternative minimally invasive screening methods, such as fecal and blood tests, rely on changes in the tumor microenvironment to suggest the presence of CRC lesions, but these methods seldom detect early lesions in time to change the course of disease (9). While the new-generation immunochemical fecal occult blood tests (iFOBT) demonstrate a significantly higher diagnostic performance when compared with the earlier guaiac-based gFOBTs, a positive result still requires the use of a follow up colonoscopy (9).

CRC is a heterogeneous disease, arising from accumulations of various stochastic genetic and epigenetic alterations, which first lead to polyp growth and then, in some cases, to dysplasia and carcinogenesis. Polyps with similar morphological features typically follow different molecular paths to overgrowth. This observation is true even for lesions in hereditary forms of CRC such as those that occur in Lynch Syndrome (10). Because optical colonoscopies depend on the direct visualization of dysplastic tissue, lesions must reach a certain size and have an atypical appearance to be detected during the endoscopy procedure.

Sessile serrated adenomas/polyps (SSA/P), for instance, are usually flat, depressed, or similar in color to the surrounding healthy mucosa. These polyps can be under-recognized or mistaken for inverted colonic diverticulum (ICD) because of their shiny, smooth-surfaced appearance and a central indentation (11). It is estimated that among those who undergo optical colonoscopy, 3.5 per 1000 persons develop CRC adenomas that were missed during the baseline colonoscopy (12).

Missed adenomas during colonoscopies are relatively common: a meta-analysis of 43 publications and over 15,000 tandem colonoscopies estimated the miss rate to be 26%, 9%, 27%, and 34% for adenomas, advanced adenomas, serrated polyps, and flat adenomas, respectively (4). Although invasive carcinomas are present in only 5.4% of flat elevated lesions, 73.2% of flat depressed lesions between 10-20mm grow rapidly and become invasive carcinomas at an early stage (13). Given that the standard recommended screening interval is 10 years, a missed flat lesion could develop readily into advanced disease in the interval between serial colonoscopies (14). Given the high prevalence of CRC and the limitations of optical colonoscopy, the development of more sensitive, specific, and less invasive diagnostic techniques is warranted to identify “difficult to see” lesions and improve clinical outcomes for CRC patients.


Biomarkers in Detection of Colorectal Lesions

Recent advances in molecular technologies have led to the discovery of multiple biomarkers that might facilitate early detection of colorectal lesions (15). The screening tests based on diagnostic biomarkers may be classified broadly as eliminating metabolites and circulating. Eliminating metabolite tests offer the opportunity to detect hemoglobin (through a peroxidase reaction), DNA or RNA, proteins such as M2 pyruvate kinase (M2-PK), and microbiome such as Streptococcus bovis, Fusobacterium nucleatum and Helicobacter pylori in stool (16). The circulating tests, used primarily as patient monitoring tools, are designed to identify CRC-specific biomarkers such as Carcinoembryonic Antigen (CEA) and carbohydrate antigen (CA19-9) in blood circulation (17).

Reasons for slow adoption of biomarker-based screening tests include the need for high throughput genotyping and phenotyping techniques, and challenges in achieving regulatory requirements for routine clinical use (18). The current biomarker screening tests require laboratory testing that is time-consuming and inconvenient. As histological analysis of biopsies remains the gold standard for a definitive CRC diagnosis (19), all abnormalities identified through biomarker tests next must be verified by colonoscopy during which removal of visible lesions may occur. To minimize the number of invasive procedures, it is typical for all suspicious lesions to be removed during the colonoscopy procedure. The fixation of the biopsy specimen, histological staining, and evaluation of the results complete the screening workflow.

The ideal biomarker(s) for early detection of pre-cancerous colorectal lesions should be highly sensitive and specific, expressed reliably on pre-cancerous or early stage lesions, and allow seamless integration into existing clinical protocols to eliminate unnecessary steps in the screening workflow (20). Because most colorectal lesions originate from the epithelial cells lining the luminal surface of the colon or their stem/progenitor cell precursors, biomarkers expressed on the polyp or lesion surface present an opportunity for early, real-time, in vivo detection of pre-cancerous lesions with high contrast against nearby healthy tissue (Figure 1). In an ideal world, a single perfect biomarker would instantly identify all lesions, regardless of phenotype. Unfortunately, the high degree of heterogeneity of colorectal polyps/lesions, both in stage and mutations, makes this notion unlikely. It is possible, however, to envision a minimum suite of biomarkers that would collectively identify the majority, if not all, of the lesions with a high risk of becoming cancerous. The necessary chemistries for tethering antibodies, aptamers, or other high-affinity recognition molecules to a contrast agent would still apply, regardless of the selected biomarker(s). With this motivation, we surveyed the literature to identify new potential early surface markers that could be combined with the established surface markers to create a future “visualization panel” that could be combined with colonoscopy or emerging methodologies to revolutionize CRC screening.




Figure 1 | Overview of targeted imaging approaches to identifying flat colorectal lesions. For lesions that are not easily identified by traditional white light colonoscopy, a modified endoscope can both deliver high-contrast particles across tissue surfaces, and identify their retention through fluorescence barcoding, or via other sensitive visualization methods. Such “nanobeacons” could reveal otherwise undetectable early lesions.





Literature Review for Early Surface Biomarkers of CRC

We collected 2,749 abstracts relating to proteins or other cell-surface CRC biomarkers from a variety of databases using evolving search terms and their synonyms: “colorectal cancer”, “biomarker” “cell-surface protein”, “adenocarcinoma”, “EMT”, and “cancer stem cell”. These terms were searched in AACR abstracts, ASCO Meeting Library, Cancer Epidemiology, Biomarkers, Prevention, Cochrane Library, EBSCO Databases, Embase, and PubMed (Figure 2). With an intention of focusing on relatively new discoveries, we limited results to exclude studies published before the year 2000 but did not exclude based on method of evaluating protein expression, such that a diversity of methods and results could be considered for each biomarker. Furthermore, studies that illuminated new implications in oncogenic pathways or other systems of interest were reviewed. 342 biomarkers were selected and evaluated further. From these 342 biomarkers, 44 were identified based on biomarker expression and excluded those with focus on prognosis or on other cancers. These candidate biomarkers were further refined to 10 CRC biomarkers after excluding non-surface cellular biomarkers and those with unconfirmed high expression levels or lack of diagnostic applications.




Figure 2 | PRISMA diagram of selection criteria for biomarkers explored in this review.






Surface Biomarkers

Recent studies on CRC biomarker discovery have provided excellent overview of diagnostic, predictive, and prognostic biomarkers identified through proteomics research (21), as well as those with therapy applications (22). Epidermal growth factor receptor (EGFR) (23), vascular endothelial growth factor (VEGF) (24), and mesenchymal-epithelial transition (c-MET or MET) (25) are among the well-established pathways that play an important role in the biology of CRC. A number of therapy agents targeting molecular biomarkers in these pathways, including cetuximab, panitumumab, and bevacizumab, have been developed and approved by the Food and Drug Administration (FDA) (26). However, these biomarkers are not currently being targeted clinically for early detection of CRC.

The selected biomarkers in this review are organized into three categories (1): established biomarkers, which have high supporting evidence in the literature and/or are currently in use in clinical practice (2), emerging biomarkers, which have had an increasing research focus and/or some evidence of utility in the pre-clinical literature, and (3) novel candidates, which have been recently implicated in CRC pathways or for CRC diagnosis, but for which there is limited pre-clinical or clinical evidence. It is important to note that the biomarkers listed in our review are not a comprehensive list but are representative of biomarkers identified by our selection criteria. We focused specifically on extracellular markers with sufficient surface accessibility in the colon to allow their identification by a functionalized probe. All biomarkers are listed in Table 1, with supporting literature evidence, and illustrated in Figure 3 as a comparison of prominent molecular features and relative size.


Table 1 | Surface biomarkers discussed in this review and the major features of included studies.






Figure 3 | Summary of new candidate biomarkers, highlighted in this review. Although substantially variable in size, from the < 1kDa TF Antigen to the >1 MDa MUC1 glycoprotein, these surface biomarkers offer a potential to reveal early CRC lesion development, particularly when used as a library of markers that could identify lesions with heterogeneous subpopulations.




Established Biomarkers


CEA

Carcinoembryonic antigen (CEA) is a glycoprotein that has been implicated as a CRC biomarker since 1965. It is a member of the CEACAM family, which contains 12 independent genes. CEA, or CEACAM5, is associated with the cell membrane through a glycosylphosphatidylinositol (GPI) anchor (51). CEA is involved in mediating homophilic and heterophilic interactions, and has an understood role in cell-cell adhesion, inter and intracellular signaling, vascularization, and a variety of other physiological functions (51, 52).

CEA is expressed in healthy fetal and adult tissue in various organ systems, including the digestive tract (53). A 1993 study found that both mRNA and tissue-level expression of CEA in paired healthy and cancerous resected colon samples had a similar expression gradient in colonic crypts. The maximum amount of CEA expression was in the upper third of the colonic crypt, with a gradient of decreasing amount towards the base (27). While CEA is expressed in healthy tissue, overexpression of CEA in a variety of cancers, including breast, gastrointestinal, and respiratory, has had a role in diagnosis and prognosis since its discovery (52).

Immunohistochemical studies have highlighted the role that CEA can play as a diagnostic biomarker in CRC. Matched FFPE samples of normal colorectal mucosa and primary carcinoma stained for various biomarkers found the greatest difference in degree of expression for CEA (28). This study determined that the sensitivity and specificity of CEA used for CRC imaging would be 93.7% and 96.1% respectively. Because of this, CEA-detecting diagnostic methods have been developed and used on mouse models with human breast and pancreatic cancer and have been successful in detecting primary tumors and micrometastases (54).

The utility of serum CEA levels as a prognostic marker was demonstrated multiple times in the past 20 years (55, 56). Elevated CEA levels in serum was linked to poor prognosis in CRC patients, and was shown to independently predict higher overall mortality in both metastatic and nonmetastatic CRC patients, and across all cancer stages (57). Notably, elevated CEA is also observed in IBD and other inflammatory diseases, reducing its utility as a single marker for early CRC. Its use in combination with other candidates in this review may enhance its specificity.



CD133

CD133, also known as Prominin-1 or AC133, is a pentaspan transmembrane glycoprotein protein that often is recognized as a stem cell marker for normal and caner tissue (58). Encoded by gene PROM1, CD133 has some cell-cycle dependence, and its expression may be promoted in hypoxic environments, a key characteristic of the tumor microenvironment and of the colon (59, 60). CD133 is linked to tumor-forming and tumor-growing related processes, and is associated with an increase in tumor volume and tumorigenicity (61).

Although CD133 often is cited as a cancer stem cell marker (59), its role as a stem cell biomarker was disputed in one study. Yeung and Mortensen found that only one in 262 CD133+ cells can initiate tumors (62). Others question the efficacy of CD133 as an EMT marker as well, as it was found to localize to the nucleus during EMT, and return to the cell membrane when MET is induced (63). These findings indicate that cell-surface expression of CD133 is more likely in the early stages of CRC, which makes it a more useful tool for CRC screening.

Tissue expression of CD133 in CRC, though not without controversy, makes a strong case for its use as a CRC biomarker. Immunohistochemistry (IHC) staining of colon cancer tissue removed from a cohort of 137 patients showed high CD133 expression in 64% of stage I, 28% of stage II, and 54% of stage III tumors (29). More modest IHC results set the CD133 positive staining at 24.5% (30). However, CD133 presence in the healthy colon epithelium is controversial: Shmelkov et al. found that while CD133 is expressed ubiquitously in the majority of the human colon cancer cells, the healthy human colon also expresses CD133 robustly (58). It is worth noting that because of the glycosylation pattern of CD133, the choice of antibodies may impact the detection of this biomarker in colorectal tissue and cell line (64). Nonetheless, a metanalysis by Abbasian et al. showed higher levels of CD133 in cells derived from primary tumors than cells originated from cell lines (61).

While the relationship between CD133 expression and colorectal tumor volume or stage varies among studies (30, 31, 65), a meta-analysis of 27 tumorgenicity studies found a twofold increase in tumor volume in cells that expressed CD133 or CD44. Interestingly, co-expression of CD133 and CD44 was associated with sevenfold higher tumorgenicity (61), further implicating their combined application as surface biomarkers for in vivo screening of CRC.



MUC1

The non-neoplastic (normal) surface of the colon is lined with various types of mucins, secreted by specialized epithelial cells that protect the lining of the epithelium against invading bacteria and pathogens (66). In developing neoplasms, however, the mucin layer is decreased, presenting an opportunity for detection of surface accessible biomarkers (67). MUC1 is a large, highly accessible, transmembrane mucin that is expressed on the apical surface of many luminal epithelial cells of the respiratory, urinary, gastrointestinal, and reproductive tract (68). The mature glycosylated form of MUC1 has an estimated weight of 250-500kDa. In most epithelial cancers, including CRC, MUC1 is overexpressed and displays aberrant glycosylation (69). Thus, the glycosylated ectodomain of MUC1 can serve as a potential surface biomarker for in-vivo screening of CRC.

In one study, the immunohistochemical analysis of CRC tissues from 45 patients revealed positive expression of MUC1 in 55.6% of CRC tissue and in 0% of nontumor tissue adjacent to carcinoma (32). In another histopathological study of tissues removed from 381 CRC patients, it was discovered that MUC1 is expressed in 64% of the CRC tissue (33). The high expression of mature MUC1 mucin correlates with TNM stage, depth of invasion, lymph node metastasis, and poor overall survival (OS) outcome in CRC patients (70). These findings suggest that MUC1 is a promising prognostic and diagnostic surface biomarker of CRC.




Emerging Biomarkers


CD44 Variant Isoforms

CD44 is a 85-200 kDa transmembrane glycoprotein that has various functions in cell division, migration, adhesion, and signaling (71–75). The broad variation in molecular weights is partially attributable to multiple aberrant splice variants, which may include several exons, and multiple variations in glycosylation state (76). The standard form of CD44 (CD44s) is made of common exons 1-5 and 16-20 that when spliced together form a transcript that encodes the isoform with the smallest molecular weight (85-90 kDa). The other 10 variable exons (6–15), also known as v1-v10, are excluded either completely from CD44s or are spliced and inserted between exons 5 and 16. Both the standard form and the higher-molecular weight isoforms (CD44v) of CD44 are expressed on the cell membrane, strengthening their status as potential surface biomarkers for early visual detection of CRC.

CD44s, the most abundant form of CD44, plays an important role in cellular adhesion and three dimensional organ and tissue maintenance (77). Because of its important role in cell-to-cell adhesion, CD44s dysregulation is implicated in multiple cancers, including breast, prostate, pancreatic, and colon cancer (78). Colorectal tissue expression levels of CD44s vary notably among studies. Several studies have reported increased expression of CD44s in CRC tissue compared to adjacent normal tissue (35, 79), with CD44s expression localized at the base of colonic crypts in a healthy colon and on the luminal side of crypt in CRC tissue (34, 35). Others have shown loss or down-regulation of CD44s during transformation from normal mucosa to colon carcinoma (80). The inconsistent expression levels of CD44s in colorectal adenomas, combined with weak to moderate expression in normal colon epithelium, undermine the efficacy of CD44s as a diagnostic biomarker for CRC.

CD44v6, another splice variant of CD44 containing exon v6, has a higher affinity for hyaluronic acid than CD44s, further implicating this CD44 variant in tumor pathology (81). The immunohistochemical staining of normal (n=25) and hyperplastic colon tissue (n=45) has shown that the expression of CD44v6 in the healthy colon is rare and limited to the base of colonic crypts (39). This is consistent with the finding that CD44v6 is found in only one out of 23 benign serous effusions from adenocarcinomas (39). In normal and hyperplastic colon tissue, CD44v6 expression was absent or sporadic in the crypts or lumen epithelium, but showed as strong/diffuse staining in the dysplastic surface epithelium of tubular adenomas (86%, 49/57), tubulovillous adenomas (84%, 21/25), and villous adenomas (100%, 9/9) (39). The low expression of CD44v6 in the healthy colon and its increased expression in the dysplastic surface epithelium in adenomas makes this biomarker a strong candidate for visual CRC screening technologies.

CD44v3 is the heparan sulfate proteoglycan domain of CD44 containing the sequence encoded by variant exon 3 (82). This isoform is thought to contribute to malignant behavior in human colon through reduced binding affinity for heparan sulfate, a molecule that enhances the invasive capacity of colon cancer cells (38). Immunohistochemical staining of normal colon mucosa and primary colon adenocarcinoma samples has shown significantly higher levels of CD44v3 in the cytoplasmic membrane of cancer cells compared to normal mucosal cells (38). CD44v3,8-10, an isoform variant containing both exons v3 and v8-10, is another high molecular-weight (~260 kDa) isoform of CD44 that could be relevant for diagnosis of CRC (83). The reverse transcriptase polymerase chain reaction (RT-PCR) analysis of transcripts present in mucosal samples, removed from 53 patients, detected CD44v3,8-10 transcript in 2/23 (6%) of normal, 19/20 (95%) of adenoma, and 29/31 (93.5%) of carcinoma (84).

The limited expression of CD44v3, CD44v6, and CD44v3,v8-10 splice variants in healthy colon tissue and their apparent upregulation in CRC tissue strengthens the potential use of these biomarkers for future CRC screening.



Galectin 3

Galectin 3, or LGALS3, is a member of the galectin family, a group of carbohydrate-binding lectins characterized by their binding affinity for beta-galactosides (85). LGALS3 is expressed at the cell surface, where it interacts with the extracellular matrix, especially with glycoproteins, and has the ability to affect intracellular signaling pathways (42). LGALS3-expressing cells also possess higher ALDH1 activity, which often correlates with a dedifferentiated cancer stem cell phenotype, than do their LGALS3-negative counterparts (86).

The correlation of LGALS3 expression in CRC with clinical pathological characteristics has been explored in several immunohistochemical and RT-PCR studies. In one study, the IHC staining of CRC tissue (n=61) and normal adjacent tissue (n=23) samples showed significantly higher LGALS3 expression in cancer tissue (62.5%) versus normal cancer-adjacent tissue (13.0%) (41). In another study, 75% of CRC tissue samples stain high for LGALS3, and ten CRC cell lines were shown to have increased LGALS3 protein levels compared to HeLa cells (42).

LGALS3 expression varies according to cancer staging and the degree of differentiation of the adenocarcinoma. LGALS3 mRNA levels were higher in early stage colorectal cancers (58% in stage I) compared to advanced cancers (50% in stage IV) (43). Protein analysis found higher LGALS3 levels in primary adenocarcinomas than in metastatic adenocarcinomas, and stronger LGALS3 staining in well-differentiated tumor areas compared to poorly differentiated tumor areas (43). Conversely, colorectal adenocarcinomas may display higher levels of LGALS3 than do colorectal adenomas; one study sets the rate of colorectal adenocarcinoma expression of LGALS3 at 95% while only 73% of adenomas were positive for LGALS3 (43). The higher expression of LGALS3 in CRC tissue compared to normal adjacent tissue, and high expressions in early stage CRC, make this biomarker a potential candidate for early diagnostic applications.



IFITM1

Interferon-inducible transmembrane protein 1 (IFITM1) is a member of the IFN-inducible transmembrane protein family that mediates the antiproliferative effects of cytokines. A 2008 meta-analysis of CRC gene expression profiles identified IFITM1 as consistently upregulated in cancer conditions vs normal tissue (87), building on prior evidence from in situ hybridization studies (88). Later staining by IHC of IFITM1 protein in tissue specimens confirmed elevated IFITM1 levels in CRC, compared to paired adjacent normal tissues (44). Oligonucleotide microarray comparisons between healthy tissue and tumor tissue also showed a 1.5-fold plus increase in IFITM1 levels in CRC (89). High levels of IFITM1 are positively correlated with distant metastasis, advanced stage, and poor OS (44).

Transfection of LoVo and HT-29 colorectal cancer cells with small interfering RNA (siRNA) targeting IFITM1 reduced migration and invasion capacities of these cells in a wound-healing assay, whereas overexpression of IFITM1 enhanced these capacities (44). In a separate study, IFITM1 overexpression in SW480 cells also promoted invasiveness (90). Conversely, IFITM1 reduction by >85% using short hairpin RNA (shRNA) reduced cell proliferation by 10-35% (91). Immunoblot analysis shows that non-metastatic SW480 had low levels of IFITM1, but metastatic cell lines such as HT29, HCT116, and SW620 exhibited higher levels of IFITM1 (91). Western blot conducted by another team found similar results: high IFITM1 levels in HCT116, LoVo, and HT-29 cell lines (44).

Whether in native tissue or in cell lines, this recent data all supports the notion that high levels of IFITM1 correlates with increased migration, invasion, and behaviors associated with metastasis in CRC.



Thomsen-Friedenreich Antigen

The Thomsen-Friedenreich (TF) antigen (also known as T antigen or CD176) is a disaccharide with the structure galactose β1,3-N-acetyl-d-galactosamine (Gal-GalNAc). Over many decades, TF antigen has been appreciated increasingly for its appearance on aberrantly glycosylated proteins, particularly cell surface proteins on transformed epithelia (92). More recent literature identified TF antigen in numerous cancer types, including CRC, as well as an interesting potential interaction of this uncommon disaccharide with the galectins (93). Because this antigen also is displayed on gut bacteria, anti-TF antibodies are found in humans, and are postulated to be agents for immunosurveillance of developing tumors (94).

The immunodiagnostic potential of TF antigen in patients with CRC has been investigated in several studies using IHC. In most normal mucosa, the TF structure is not present and is instead modified (45). In two separate immunohistochemical studies, the TF antigen was undetectable in normal colon mucosal tissue (46, 95), but was reported in 60% of adenomas and adenocarcinomas (46). These findings explain the rationale for exploiting the specificity and sensitivity of using the TF antigen as a nanobeacon target in CRC imaging techniques, such as shown in Figure 1.

The TF antigen has been the subject of a study of its potential use as a molecular target of targeted nanobeacons for fluorescent light (FL) colonoscopy (96). This study showed that in a xenograft CRC mouse model the fluorescent specimens had a 35-fold stronger signal than controls, which grew to 60-fold at a later stage of tumor development. The strong signal-to-noise ratio achieved when using the TF antigen as a target in imaging techniques is congruent with protein expression levels identified in other studies.

The TF antigen can also be detected using peanut agglutinin and other lectins, which can be more cost-effective than antibodies for functionalizing micro- or nano-particles (96, 97). The TF antigen is an exciting target to consider for future CRC imaging techniques as it has already been applied in this setting with promising results. This antigen can potentially reduce the costs associated with purchasing antibodies for functionalization.




Novel Candidates


GPRC5A

GPRC5A is a retinoic acid induced G protein-coupled receptor (GPCR), class C, group 5, also known as retinoic acid-induced gene 3 (RAI3) or retinoic acid-induced gene 1 (RAIG1). The GPCRs are a broad family of transmembrane receptors, with a broad array of functions. GPRC5A is one of a group of four proteins within group 5, which is identified by the sequence similarity of its members (GPRC5A, -B, -C. and -D), and characterized by a short extracellular N-terminal domain, and its ability to be induced for transcription by retinoic acid (for all members except GPRC5D) (98). In normal tissues, GPRC5A is primarily expressed in lung, albeit followed next by the gastrointestinal system, including colon (99). Despite this, baseline GPRC5A transcripts are relatively low in normal adult colon tissue (100), and protein staining by IHC in normal colon tissue remains undetectable or limited to a few neuroendocrine cells within the colonic crypts (47).

Over the last 10-15 years, dysregulation of GPRC5A was identified in many cancers, including breast, prostate, and CRC (47, 98, 99). In one immunohistochemical study, staining of 367 CRC tumor samples displayed GPRC5A localization to the luminal membrane of 193 (62%) samples (47). In another study, the transcript levels were 2.2-fold higher in cancerous tissue than in healthy tissue of 57 paired patients (101).

The relationship between GPRC5A expression and prognosis are unclear. GPRC5A expression may be a negative prognosis factor, as an analysis of Gene Expression Omnibus databases found (101). GPRC5A expression may also be related to hypoxia, a key characteristic of many tumor microenvironments. Hypoxia-induced increases in the levels of GPRC5A was found in a stable isotope labeling by amino acids in cell culture (SILAC)-based proteomics analysis of SW640 cells grown in normoxia and hypoxia. GPRC5A deletion increased apoptosis in hypoxic conditions by 12.2-fold (102). These findings highlight the role of GPRC5A presence in CRC pathology, and strengthen its potential as a CRC biomarker.



EphB4

Ephrin type-B receptor 4 (EphB4) is a tyrosine kinase-type receptor that recognizes membrane-bound ephrin ligands on adjacent cells. One important role of ephrins and their receptors is to direct cell-cell positioning, through their bidirectional signaling and activation (103). These proteins are integral partners in the development of neural and vascular structures, and in the maintenance of tissue boundaries. Conversely, release of boundaries enables de-differentiated stem/progenitor cell phenotypes, and their dysregulation in cancer further permits the disruption of stable tissue boundaries, and ultimately favors a migratory and metastatic phenotype.

EphB4 expression in the healthy colon was reported as minimal to none (104, 105). However, EphB4 is overexpressed in multiple CRC cell lines, including SW480, LIM2405 B4, and CT26 cells, highlighting its potential as a CRC biomarker (106). Differences in IHC staining for EphB4 in tumor tissue and normal tissue was very pronounced according to one team (48). IHC staining of 50 normal colon tissue samples showed EphB4 levels high in only 8% of healthy samples (49), while others showed EphB4 expression in 73% and 85.3% of clinical CRC samples (104). EphB4 shows potential as a candidate biomarker because of the strong differences in its expression levels between healthy and cancerous tissue, and its implication in multiple processes related to cancer progression.



FGFR4

Fibroblast growth factor receptor four (FGFR4), one of the four transmembrane tyrosine kinase receptors, plays a role in cell proliferation, differentiation, and survival (107). Recent IHC studies found positive FGFR4 stains in 90.7% of biopsies removed from patients with locally advanced CRC (50). Protein levels of FGFR4 were higher in colorectal adenoma tissue as well (108).

FGFR4 levels may be related to metastasis and EMT. FGFR4 knockdown facilitated the expression of E-cadherin and decreased levels of TWIST and other EMT inducers (109). This data aligns with findings that metastatic CRC cell lines have higher FGFR4 levels than non-metastatic cell lines, but contrasts with the finding that FGFR4 is cancer-specific in early Duke’s stages (110). FGFR4 is a target of FOXC1, which when elevated is associated with worse prognosis, as is FGFR4 (111).

Although measures of FGFR4 levels in CRC through IHC remains limited, its elevation in other cancers and early evaluation of its protein levels at the cell surface suggests that FGFR4 should continue to be assessed as a CRC biomarker. The relationship between FGFR4 expression and cellular adhesion, invasion, and metastasis pathways highlights its potential as a CRC marker.




Other Biomarkers With Specificity for Flat Lesions

Non-polypoid colorectal neoplasm (NP-CRN) represent a heterogeneous group of lesions that appear to be slightly elevated, completely flat, or slightly depressed compared to normal adjacent mucosa (112). SSA/P and hyperplastic polyps, both classified as NP-CRN, share some of the same histological and molecular features. Histologically, SSA/P and hyperplastic polyps both have crypts with serrated luminal outline and epithelial cells that are rich in mucin (113). Molecularly, both polyp subtypes have the BRAF mutation, a downstream target in the EGFR signaling pathway (114). The SSA/P, differ from hyperplastic polyps in their higher degree of abnormal proliferation and potential to develop invasive adenocarcinomas (115). Because histopathological classification of polyps is critical for determining the malignant potential of colorectal lesions, surface biomarkers that can differentiate between SSA/P and hyperplastic polyps would be highly valuable in accurate characterization of lesions.


Annexin A10

Although not highlighted in our larger group of biomarkers in Figure 3, Annexin A10 was found in our broader category of 44 candidate biomarkers (Figure 2), and has particular relevance here in relation to SSA/P lesions. Annexins (ANX) are a large family of eukaryotic calcium-dependent membrane proteins that play important roles in cell life cycle, exocytosis, and apoptosis (116). Some annexins (A1, A2, A4, A10, and A11) are expressed at higher levels in CRC than in normal colon (117, 118). Several studies showed that A10 (ANXA10) is correlated with serrated pathway of colorectal carcinoma (113, 119–121). A microarray analysis of distal hyperplastic polyps (n=6) and proximal SSA/Ps (n=6) showed that ANXA10 has a 73% sensitivity and 73% specificity in the diagnosis of SSA/Ps (113). In another immunohistochemical study with larger samples (n=131), immunoreactivity for ANXA10 predicted serrated histology with sensitivity of 55% and specificity of 97% (120).



CD133

CD133 was already noted in 2.1.2. as a relevant biomarker for early CRC. While not without controversy as a diagnostic and prognostic biomarker, the stem cell biomarker CD133 has been shown additionally to be implicated in the serrated pathway. In one immunohistochemical study, CD133 was expressed more prominently in SSA/P than in hyperplastic polyps (122). This finding further strengthens the status of CD133 as a potential biomarker for early detection of CRC.





Imaging of Surface Biomarkers

The key value to identifying a battery of cell surface biomarkers is that antibodies or other targeting agents for each biomarker can be tethered to various molecular contrast agents, with the aim to improve early identification of CRC that may be difficult to visualize by other means. In addition to visual detection of surface biomarkers, contrast agents can act as carriers for selective release of drugs in cancer cells (123). Existing imaging technologies such as magnetic resonance imaging (MRI), positron emission tomography (PET), confocal laser endomicroscopy (CLE), and Raman spectroscopy offer potential improvements to conventional colonoscopy methods (Figure 4).




Figure 4 | Proposed workflow for future concepts in particle-based targeted imaging. (A) Surface functionalization scheme, using a library of antibodies against selected surface biomarker targets. Antibodies are covalently coupled to a PEG-functionalized particle, with either a fluorescent barcode, or hyperpolarization (used in (D) below). Particle libraries may have multiple targeting antibodies on a single particle (box, left) or single-target particles, mixed to illuminate multiple biomarkers on a heterogeneous lesion (box, right). (B) Illustrated identification of lesions, via a library of particles. (C) Imaging workflow for fluorescence-based or Raman-based image capture. (D) Hyperpolarized Si particles preserve signal over a sufficient lifetime to enable magnetic resonance-based imaging. The MRI image of the abdomen adopted from the depiction of volvulus on Wikipedia under the Creative Commons license: https://en.wikipedia.org/wiki/Volvulus).




Confocal Laser Endomicroscopy

Confocal laser endomicroscopy (CLE) is an endoscopic modality that was developed for real-time histological assessment of the mucosal layer of the gastrointestinal (GI) tract (124) through the excitation and imaging of fluorescent probes that highlight specific tissue features. CLE has been used in the diagnosis and management of various diseases including squamous cell cancer of the esophagus, gastric cancer, gastritis, celiac disease, and to visualize colonic neoplasia and normal colonic mucosa (125–128). In the lower GI tract studies with CLE, systemic fluorescein combined with topical acriflavine have been used to distinguish high grade and low grade adenomas (129). These studies indicate that CLE can provide real-time histological information and aid in characterization and in vivo diagnosis of colonic lesions. Additionally, CLE can be combined with exogenous probes conjugated with fluorescein to detect tumor-specific biomarkers in CRC patients. In one study, fluorescein-conjugated peptides administered topically to dysplastic colon were detected using CLE with 81% sensitivity and 82% specificity (20).



Raman Spectroscopy and SERS

Raman spectroscopy (RS) is another modality that has shown potential for endoscopic diagnosis of diseases of the epithelium, including those of the esophagus, stomach, and colon (130–132). RS can be combined with exogenous contrast agents, such as surface-enhanced Raman-scattering (SERS) nanoparticles (NPs), for sensitive and multiplexed molecular imaging of epithelial biomarkers. Several studies have reported the detection of targeted and non-targeted SERPS NPs in small animals and on human tissue (133–136). SERS NPs can be conjugated to antibodies, peptides, lectins or other moieties that target a diverse panel of tumor-enhanced biomarkers. Although SERS NPs have low toxicity, their application in clinical studies requires further regulatory approval. Nonetheless, Zavaleta et al. have developed and tested the utility of a Raman endoscope for detection of functionalized-SERS NPs in human patients. This Raman endoscope was inserted through the accessory channel of a conventional endoscope and acquired images from the colon wall of a human patient (137).



Hyperpolarized MRI

In recent years, the implementation of virtual colonoscopy (CT and MRI) has emerged as potential alternatives to colonoscopy. However, these modalities historically suffer from significant drawbacks including poor detection accuracy for small (<10mm) lesions (138, 139), reliance on non-tumor specific contrast agents, and inaccurate diagnosis due to false-positives or false-negatives (140). One novel approach to increase the sensitivity of MRI is through dynamic nuclear polarization (DNP), whereby the nuclear spin alignment of underlying material is enhanced by 3-4 orders of magnitude, resulting in higher signal to noise ratio (SNR) (141). Hyperpolarized silicon (29Si) particles (HP SiPs), detectable via MRI, could serve as nanobeacons to discern cancerous tissue from healthy tissue in a variety of cancers including prostate, ovarian, and colorectal cancer (142–144).

Silicon particles can be functionalized with antibodies or other targeting moieties to detect specific cell surface biomarkers common to CRC, but largely absent from healthy tissue. The feasibility of imaging surface biomarkers in vivo with antibody functionalized HP SiPs has been demonstrated in a CRC mouse model expressing MUC1. 2μm HP SiPs functionalized with an IgG1 antibody to MUC1 (214D4), administered to human-MUC1 expressing mice (MUC1+) via the rectum, were detected at the location of the tumor. The 29Si MRI signal was absent in a control study where the same particles were administered to MUC1 negative mice (MUC1-), or in another control where PEGylated only particles (without the 214D4 antibody) were administered to human MUC1 expressing mice (MUC1+) (144).



PET

[18F]Fluorodeoxyglucose PET has been clinically used for the evaluation of patients with a wide variety of cancers since most malignancies, including colorectal cancer, typically show increased glucose metabolism (145, 146). However the versatility of this receptor imaging technique can be harnessed (147–150), much like hyperpolarized Silicon-based MRI to functionalized appropriate biomarker antibodies/peptides/aptamers/affibodies for colorectal cancer with a radioactive nuclei (18F, 68Ga, 124I, 89Zr) to achieve targeted molecular imaging in colorectal cancer systems.




Conclusions and the Future of Biomarkers in Cancer Screening

Although optical colonoscopy is the gold standard in CRC screening, its effectiveness in detecting early lesions critically depends upon the experience of the endoscopist and the ability to visually distinguish the lesion from normal tissue. To be visible through conventional endoscopes, colorectal lesions must reach a certain size and have an atypical appearance. This lack of specificity can lead to under-detection of potentially aggressive early lesions such as sessile serrated adenomas/polyps.

Because CRC almost always originates from the epithelial cells lining the luminal surface of the colon, surface accessible biomarkers present an opportunity for early detection of CRC. This means that instead of relying on direct visual detection of dysplastic tissue, one can use sophisticated imaging methods to search for cellular signatures that identify malignant or pre-malignant cells and growths. In this review, we surveyed the literature to identify potential surface biomarkers that might facilitate early detection of colorectal lesions. These biomarkers may be combined with colonoscopy or emerging methodologies to enhance the detection of heterogeneous tumors in diverse patient populations. The objective of future research will be to explore a cost-effective and non-invasive approach for early and real-time detection of pre-cancerous lesions with high contrast against nearby healthy tissue. Other goals are to create unique spectral signatures for different subtypes of polyps based on the binding pattern of antibodies or other high affinity recognition molecules.
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Background and Aims

Colorectal cancer (CRC) lacks obvious symptoms in the early stage of the disease, making it is easy to be misdiagnosed and remain undetected. Here, we explored the role of CD4+ memory stem T cells (TSCM) in peripheral blood in the early screening and auxiliary diagnosis of CRC.



Materials and Methods

Patients diagnosed with a “colorectal mass” by colonoscopy, at the Dongyang People’s Hospital (Zhejiang, China), between November 2020 and June 2021, were included in this prospective study. Using histopathological results as the gold standard for diagnosis, patients were divided into “CRC group” and “benign tumor group”. Healthy volunteers were recruited as “healthy controls.” Ten-color flow cytometry was used to detect CD4+ T cell subsets, and the results were analyzed using the Kaluza software. Carcinoembryonic antigen (CEA) and carbohydrate antigen 199 (CA199) were detected by the Roche Cobas e 602 electrochemiluminescence immunoassay analyzer.



Results

This study involved 33 patients with CRC, 41 patients with colorectal benign tumors, and 49 healthy volunteers. The absolute value and frequency of CD4+ TSCM can clearly distinguish colorectal cancer, benign tumors, and healthy controls. According to the area under the receiver operating characteristic curve (AUC), the absolute value of CD4+ TSCM used to assist in the diagnosis of CRC was 0.758 (sensitivity: 0.612; specificity: 0.788), which is higher than the values for CEA (AUC: 0.707) and CA199 (AUC: 0.552). In early screening, the sensitivity of the absolute value of CD4+ TSCM (sensitivity: 0.612) was significantly higher than that of CEA (sensitivity: 0.333) and CA199 (sensitivity: 0.259).



Conclusion

CD4+ TSCM in peripheral blood may be a promising immune index for the early screening and auxiliary diagnosis of CRC.
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Introduction

Colorectal cancer (CRC) is the fourth most common type of cancer in China (1). In 2020, China was estimated to have the largest number of CRC cases worldwide, and the incidence and mortality of CRC has increased in recent decades (2, 3). CRC is prone to misdiagnosis and missed diagnosis due to the lack of obvious symptoms in the early stage of the disease. Delay in treatment is considered an independent risk factor for poor prognosis of colorectal cancer (3). However, simply using a conventional tumor marker does not meet the needs of early screening and diagnosis (4). Therefore, exploring the peripheral blood markers for early screening and auxiliary diagnosis has become a topic of interest in CRC research. These advances will improve the early diagnosis rate and discovery of clinical treatment targets for CRC.

It is well known that immune cells have anti-tumor activity (5) and are activated in the early stage of cancer to participate in the body’s immune response. They are considered as promising diagnostic markers and therapeutic targets. However, not every type of immune cell has the prospect of a clinical application. Studies have focused on immune cells showing rapid proliferation and strong immune effects, because such cells can benefit patients with CRC (6).

T cells are the most common immune cells in the tumor microenvironment, and the immunity mediated by them is an important component of the human immune system (7). When an oncogenic pathogen invades the body, naive T cells (TNs) with multidirectional differentiation ability differentiate into functional subpopulations, including central memory T cells (TCMs) and effector memory T cells (TEMs), to achieve a rapid, durable, and effective immune response upon re-stimulation by oncogenic pathogens (8). The process of cell differentiation is continuous, with the naive cells having a better differentiation ability and the effector function of the cells getting stronger closer to the end of progression (9). Recently, memory stem T cells (TSCM) were discovered, as a new T-cell subpopulation, by Luca Gattinoni et al. (10). The differentiation stage of TSCM is between that of TN and TCM, and these cells not only have the ability of self-renewal, rapid proliferation, and differentiation like TNs but also have as strong an immune activity as TEMs (11). Klebanoff et al. (12) showed that TSCM have the strongest self-renewal capacity and anti-tumor activity among all T cell subsets in animals (13).

CD8+ T lymphocyte subsets have been extensively studied for their direct involvement in antitumor effects (13–15). Recent studies have found that CD4+ T lymphocytes play an integral role in the induction of tumor cell regression by immunotherapy (16). Here, we explored the correlation between CD4+ TSCM expression and CRC by analyzing peripheral blood, with the aim of providing new research directions for the early screening and auxiliary diagnosis of CRC.



Materials and Methods


Study Population

This prospective study included patients who visited the Dongyang People’s Hospital between November 2020 and June 2021 and were diagnosed with a “colorectal mass” via colonoscopy. The histopathology results of tissue specimens were used as the basis for the diagnosis of colorectal cancer. The exclusion criteria were as follows: ① the patients refused to be further diagnosed by pathology; ② CRC was not the primary lesion or was combined with other tumors; ③ missing clinicopathological information; and ④ the patient had chronic persistent human immunodeficiency virus, hepatitis C virus, or human papilloma virus infection. The study was approved by the ethics committee of the Dongyang People’s Hospital, and all participating patients signed an informed consent form.



Sample Collection and Detection

Fasting venous blood (2 mL) was collected from participants in the study and control groups before surgery, and flow cytometry was performed within 24 h. Nucleated cells were stained with the following antibodies: CD3-Alexa Fluor 750 (clone UCHT1; Beckman Coulter, USA), CD4-FITC (clone 13B8.2; Beckman Coulter), CD8-Alexa Fluor 700 (clone B9.11; Beckman Coulter), CD28-PC5.5 (clone CD28.2; Beckman Coulter), CD27-PC7 (clone 1A4CD27; Beckman Coulter), CD45-Kro (clone J.33; Beckman Coulter), CD45RO-ECD (clone UCHL1; Beckman Coulter), CD95-PE (DX2; BD Biosciences, UK), and CCR7-APC (G043H7; BioLegend). The ten-color flow cytometer (Naivos; Beckman Coulter) was used for detection. The test results were analyzed using the Kaluza software (version 2.0, Beckman Coulter). The analysis scheme is illustrated in Figure 1.




Figure 1 | Analysis scheme of CD4+ T lymphocyte subsets in the peripheral blood of patients with colorectal cancer (A) Phenotype of CD4+ T lymphocyte subsets. TSCM, memory stem T cells; TN, naive T cells; TCM, central memory T cells; TTM, terminal memory T cells; TEM, effector memory T cells; TTE, terminal effector T cells. (B) Control scheme.



Carcinoembryonic antigen (CEA) and carbohydrate antigen 199 (CA199) were detected by an electrochemiluminescence immunoassay (ECLIA). The Roche Cobas e602 electrochemiluminescence immunoassay analyzer and its supporting reagents were used.



Statistical Analysis

The STATA software (version 14.0, StataCorp, College Station, TX, USA) was used for statistical analysis. Continuous variables in the CRC, benign tumor, and healthy control groups were represented by the mean and standard deviation or median and interquartile range in the results. Categorized data are expressed as numbers and percentages. The frequency of lymphocyte subsets is defined as the number of cells belonging to a lymphocyte subset contained in every thousand lymphocytes. The absolute value of lymphocyte subgroup is defined as the number of million cells belonging to lymphocyte subgroup per liter of peripheral blood. According to whether the patient had hepatitis B, subgroup analysis was performed, and the differences between the two groups were analyzed using Wilcox tests. The “ggpubr” package in the R software (version 3.6.1) was used to plot the differential expression of a single variable between the CRC group, colorectal benign tumor group, and healthy control group. Significant differences were defined at p < 0.05.

The diagnostic performance of markers for CRC was evaluated based on the receiver operating characteristic (ROC) curve, and compared based on the size of the area under the curve (AUC). Youden Index was used to calculate sensitivity and specificity.




Results

According to the inclusion and exclusion criteria, the study included 74 patients, comprising 33 patients with CRC and 41 patients with colorectal benign tumors. In addition, 49 healthy volunteers were simultaneously recruited as the healthy control group (Supplemental Figure 1). The basic characteristics of the subjects included in the study are shown in Table 1.


Table 1 | Basic characteristics of the colorectal cancer, benign tumor, and healthy control groups.




Absolute Value of CD4+ T Lymphocyte Subsets in CRC, Benign Tumor, and Healthy Control Groups

According to the absolute value of each lymphocyte subgroup (Table 2), the expression level of CD4+ TSCM in the CRC group was 4.01 (2.32–5.86), which significantly differed from that in the benign tumor group and healthy control group (Figure 2A). In addition, compared with the benign tumor group, the absolute values of CD4+ TN [113.40 (76.66–181.41) vs. 172.99 (119.10–272.97), p = 0.0024] and CD4+ TCM (232.94 ± 112.03 vs. 328.92 ± 152.39, p = 0.0056) were significantly reduced in the CRC group. Compared with that in the healthy control group, the absolute value of CD4+ TCM (232.94 ± 112.03 vs. 281.67 ± 99.66, p = 0.018) in the CRC group was also reduced. However, the absolute values of CD4+ T lymphocyte subsets between the benign tumor group and healthy group were not significantly different (Figure 2).


Table 2 | Expression levels of CD4+ T lymphocyte subsets in peripheral blood in the colorectal cancer, benign tumor, and healthy control groups.






Figure 2 | Differences in the absolute value of CD4+ lymphocyte subsets among subjects in the colorectal cancer, benign tumor, and healthy control groups. (A) CD4+ TSCM (105/L); (B) CD4+ TN (105/L); (C) CD4+ TCM (105/L); (D) CD4+ TTM (105/L); (E) CD4+ TEM (105/L); (F) CD4+ TTE (105/L).





Frequency of CD4+ T Lymphocyte Subsets in CRC, Benign Tumor, and Healthy Control Groups

As shown in Table 2 and Figure 3, the frequency of CD4+ TSCM in the CRC group significantly differed from the benign tumor group and healthy control group (p < 0.05). In addition, CD4+ TEM significantly differed between the benign tumor group and CRC group [15 (5.4–33.4) vs. 23.4 (13.1–41.5), p < 0.05]. The frequency of CD4+ TTM was higher in the CRC group than in the healthy control group (59.73 ± 30.19 vs. 42.75 ± 19.59, p < 0.05). The frequency of CD4+ TCM between the benign tumor group and healthy control group was significant (182.34 ± 61.88 vs. 155.69 ± 44.29, p < 0.05).




Figure 3 | Differences in the frequency of CD4+ lymphocyte subsets in subjects in the colorectal cancer, benign tumor, and healthy control groups (A) Colorectal cancer group vs. benign tumor group; (B) Colorectal cancer group vs. healthy control group; (C) Benign tumor group vs. healthy control group. *p < 0.05.





CD4+ TSCM in Early Screening and Auxiliary Diagnosis of Colorectal Cancer

The absolute value of CD4+ TSCM for the auxiliary diagnosis of CRC (pTNM stage I–IV), based on the AUC, was 0.758 (sensitivity: 0.612; specificity: 0.788), which was higher than that of CEA (AUC: 0.707) and CA199 (AUC: 0.552). High sensitivity is required for accurate early screening. The sensitivity of the absolute value of CD4+ TSCM did not decrease after removing patients with advanced CRC (pTNM stage IV) from the analysis, showing similar values as those before their removal (sensitivity: 0.612). The sensitivity of CEA and CA199 was reduced to a certain extent, and was significantly lower than the absolute value of CD4+ TSCM. Compared with CEA and CA199, the frequency of CD4+ TSCM in early screening and auxiliary diagnosis of colorectal cancer had no outstanding performance (Table 3 and Figure 4).


Table 3 | Receiver operating characteristic curve analysis to evaluate the use of CD4+ TSCM, CEA, and CA199 in early screening and auxiliary diagnosis of colorectal cancer.






Figure 4 | Receiver operating characteristic (ROC) curve of colorectal cancer for early screening and auxiliary diagnosis. (A) Colorectal cancer (pTNM stage I–IV) and healthy control groups; (B) Colorectal cancer (pTNM stage I–III) and healthy control groups.





Subgroup Analysis Based on Patients With or Without Hepatitis B

The patients were divided into two groups according to whether they had hepatitis B infection. There were 14 patients with hepatitis B and 109 patients without hepatitis B. As shown in Table 4, except for the absolute value of CD4+ TCM, which was significantly reduced in patients with hepatitis B [177.47 (117.20–272.21) vs. 272.73 (204.17–363.97) (p = 0.025)], the frequency and absolute value of other CD4+ lymphocyte subsets did not significantly differ between the two groups.


Table 4 | Differences in the frequency and absolute value of CD4+ lymphocyte subsets in patients with or without Hepatitis B.






Discussion

During acute immune response, T cells proliferate rapidly to ensure an effective immune response. However, during chronic viral infections and cancer, T cells are continuously stimulated by a large number of antigens. The production of T cells is less than the consumption, and eventually it will be depleted (17). Although cytotoxic (CD8+) T cells are a direct component of anti-tumor immunity, CD4+ T lymphocytes provide not only an auxiliary function of signal presentation, but also a core function by changing the tumor microenvironment (18, 19). Studies have shown that CRC cells can evade immune surveillance by damaging CD4+ T lymphocytes rather than CD8+ T lymphocytes (20). In the absence of CD4+ T cells, the depletion rate of cytotoxic (CD8+) T cells is greatly accelerated (21). In addition, some progress has been made in the use of CD4+ T cells, as the main body of adoptive immunotherapy, in the treatment of solid tumors (22). Therefore, in the diagnosis and treatment of malignant tumors, CD4+ T cells should be further examined. Nonetheless, CD4+ T lymphocyte subsets show heterogeneous functions (23). We analyzed the distribution characteristics of CD4+ T cells at various stages in patients with CRC and demonstrated the potential of using CD4+ TSCM as an indicator for the diagnosis and early screening of CRC (19–21, 24–26).

In previous studies, the conclusions regarding the frequency and absolute value of CD4+ TSCM cells in different tumor sample types were not uniform. Hong et al. (24) found that the frequency of CD4+ TSCM cells was higher in the lymph nodes and peripheral blood of lung cancer patients than in healthy controls, and their absolute value in lymph nodes was significantly higher than that in peripheral blood. Vahidi et al. (25) found that the frequency of CD4+ TSCM increased with tumor progression in the lymph nodes of breast cancer patients with lymph node metastasis. In a study of the peripheral blood of patients with gastric cancer, Wang et al. (26) concluded that the frequency of TSCM was significantly lower in gastric cancer patients than in healthy controls. This study used peripheral blood samples, which have the advantages of being countable, easy to obtain, and convenient for screening. The absolute value of CD4+ TSCM in the peripheral blood of patients with CRC was significantly reduced compared to that in the peripheral blood of the controls. This can be attributed to the anti-tumor effects of lymphocytes. When performing tumor immune function, T lymphocyte subsets can quickly migrate from peripheral blood to the tumor tissue (27). In addition, the frequency of peripheral blood CD4+ TSCM decreased significantly in patients with CRC, demonstrating that cancer can cause an imbalance in the proportion of circulating CD4+ T cell subsets.

CEA and CA199 in peripheral blood are widely recognized tumor markers for colorectal cancer (28). However, CEA and CA199 rarely have significantly increased levels in the early stage of cancer, making them unfavorable indicators for early colorectal cancer screening (29, 30). This study found that the absolute value of CD4+ TSCM, based on the area under the receiver operating characteristic curve, can better distinguish CRC from healthy controls, and the diagnostic sensitivity for non-advanced CRC is significantly higher than CEA and CA199 based analysis. The occurrence and development of cancer involves various stages, and systemic immune response is activated in the early stage of cancer. CD4+ TSCM cells, as one of the CD4+ T lymphocyte subsets, exhibit self-renewal ability and effector antigen specificity and are sensitive in the early stage of disease when they appear to be significantly reduced. Based on the above analysis results, we believe that the absolute value of CD4+ TSCM has potential application in the early screening and auxiliary diagnosis of CRC.

Chronic viral infections such as human immunodeficiency virus or hepatitis C virus infection may consume a large number of TSCM cells, complicating the analysis of CD4+ TSCM results. In the inclusion and exclusion criteria used in this study, patients with chronic persistent human immunodeficiency virus, hepatitis C virus, and human papilloma virus infections were excluded. Although it is not well-understood whether hepatitis B can cause CD4+ T cell depletion, the immune mechanism of patients with progressive damage due to chronic infection is clear (31, 32). However, as many patients have chronic hepatitis B infection, they are not suitable for direct exclusion; therefore, we conducted subgroup analysis. The frequency and number of TSCMs was affected by hepatitis B virus infection, possibly because of the relative balance between the consumption and production of CD4+ T cells in patients with hepatitis B infection included in this study.

To the best of our knowledge, this is the first study on CD4+ TSCM and colorectal cancer patients. In addition, although there are many results in this study that are not statistically significant, it does not mean that these results have no clinical significance. We believe that this article provides novel insights into the potential immune process of CRC, and also provides a reference for subsequent research. Moreover, the number of cases included in this study was small. Thus, a study with a larger sample size is necessary to verify our hypothesis.



Conclusions

CD4+ TSCM in the peripheral blood may be a promising immune index for the early screening and auxiliary diagnosis of CRC. However, the impact of CD4+ TSCM on the peripheral blood of CRC needs to be further explored in larger sample studies.
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RAS is the most common mutated gene in colorectal cancer (CRC), and its occurrence is associated with primary and acquired resistance to anti-epidermal growth factor receptor (EGFR) blockade. Cancer community ecology, such as the competitive exclusion principle, is a valuable focus and would contribute to the understanding of drug resistance. We have presented several articles on RAS mutant clonal evolution monitoring during anti-EGFR treatment in CRC. In these articles, the availability of serially collected samples provided a unique opportunity to model the tumor evolutionary process from the perspective of cancer community ecology in those patients upon treatment. In this perspective article, we presented a theoretical basis and evidence from several experimental or phase II clinical trials for the contemporary application of ecological mechanisms in CRC treatment. In general, a reduction in targetable RAS wild-type cells to a maximum tolerated extent, such as continuous treatment, might lead to the competitive release of inextirpable RAS mutant cells and cancer progression. A full understanding of subclonal competition might be beneficial in managing CRC. Several ecological strategies, including anti-EGFR treatment reintroduced at an appropriate point of time for RAS mutant patients, intermittent treatment instead of continuous treatment, the appropriate sequence of nonselective targeted therapy, and combination therapy, were proposed.
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Introduction

As a critical element of the mitogen activated protein kinase (MAPK) pathway, RAS is the most common mutated gene in colorectal cancer (CRC), and its occurrence is associated with a lack of response to anti-epidermal growth factor receptor (EGFR) blockade. Moreover, a large fraction of patients with KRAS wild-type metastatic CRC achieve an initial response to cetuximab or panitumumab and then progress after 3-12 months. The molecular alterations (in most instances, mutations of RAS) are causally responsible for acquired resistance to anti-EGFR treatment (1). We have read with great interest several articles on RAS mutant clonal evolution monitoring during anti-EGFR treatment. In these articles, the availability of serially collected samples provided a unique opportunity to model the tumor evolutionary process from the perspective of cancer community ecology in those patients upon treatment.



Competitors: Subclonal Competition Between Mutant RAS Cells and RAS Wild-Type Cells

We are familiar with the mutation heterogeneity across metastatic deposits or primary tumors. A previous study indicated that 11.3% of patients with mutant KRAS primary tumors had wild-type KRAS in the metastases (2). This represented the frequency of the loss of opportunity for receiving potentially beneficial anti-EGFR treatment. In turn, less is understood about the genetic heterogeneity in subclones within the primary tumor. Since patients whose CRCs were initially RAS wild-type developed detectable RAS mutations in their sera during EGFR therapies, it is still unclear whether the acquired resistance is due to the selection of pre-existing resistant clones under drug pressure or truly therapy-induced resistant clones. A mathematically proven hypothesis to explain the development of resistance to EGFR therapies is that rare cells (one in ~42) with RAS mutations pre-exist at low levels in tumors with ostensible wild-type RAS genes (3). Conversely, not all cells carried RAS mutations in the ostensibly RAS mutation population. Direct evidence supporting the pre-existence of mutant RAS clones in RAS wild-type tumors comes from an early clinical histological study. Remarkable intratumor heterogeneity before chemotherapy was confirmed, where different KRAS mutation statuses between the tumor center region and the margin were detected with a high percentage of 44% (4). Other indirect evidence is that the genetic landscape of secondary resistance to EGFR therapies partially overlaps with that of primary resistance (5). According to the competitive exclusion principle, when different cancer cell species, such as mutant RAS cells and RAS wild-type cells, coexist within the same tumor microenvironment, they form an ecological community and compete for the same set of resources (6). Although the clearance of RAS mutations is a rare event (7), it is conceivable that subclones with RAS mutations are less fit in the untreated tumor and acquire fitness as a consequence of adaptation to the microenvironment induced by EGFR therapies.

To better understand the landscape of intratumor heterogeneity, we utilized a collection of single-cell transcriptomes within CRC tumors from GSE81861 (8) and performed a trajectory analysis to order 561 CRC cells in developmental pseudotime using R version 3.6.2. R package Seurat package was used to process the single-cell sequencing data, then R package monocle was used to conduct pseudotime analysis. The cells were reduced dimensionality by the DDRTree method, sequenced and visualized in pseudotime. Cells following the development trajectory were classified as early, transient and late phases (Figure 1A). Then, the RNA expression of genes from the EGFR signaling axis (KRAS, NRAS, BRAF, EGFR, and MET), a tumor stem cell marker (PROM1), EGFR-resistance genes (TRAP1, AXL, PRSS1, and EPHA2) and EGFR-sensitive genes (ERBB3, ERBB2, EREG, AREG, NT5E, and PTEN, summarized in Table 1) were mapped across the pseudotime trajectory (Figure 1B). The intratumor expression pattern is heterogeneous across the pseudotime trajectory. For genes from the EGFR signaling axis, KRAS was widely distributed on the pseudotime trajectory, while NRAS, BRAF, and EGFR were mainly enriched in the early phase of the trajectory and were only expressed in a small subset of subclones. The cells with high PROM1 (CD133) expression were concentrated at the early phase of the cell trajectory, with a small subset in the late phase. Interestingly, the cell clones with high expression of EGFR-resistant genes accounted for a very small proportion of untreated CRC samples and were unevenly distributed across the pseudotime trajectory. The expression levels of AXL and PRSS1 were persistently low. EPHA2 expression was widely distributed, although at a low level, in the whole pseudotime, while TRAP1 was mainly concentrated at the early phase. Similar expression patterns were observed in EGFR-sensitive genes. The above results provide evidence of the molecular heterogeneity of resistant/sensitive clones in CRC along the pseudotime trajectory. Thus, narrow-spectrum targeted therapy will never eradicate all resistant clones.




Figure 1 | Trajectory analysis of single-cell transcriptomes within colorectal cancers from GSE81861. (A) Cells following the development trajectory were classified as early, transient and late phases. (B) RNA expression of genes across the pseudotime trajectory. Genes from the EGFR signaling axis (KRAS, NRAS, BRAF, EGFR, and MET) are shown in the green frame. EGFR-sensitive genes (ERBB3, ERBB2, EREG, AREG, NT5E, and PTEN) are shown in the blue frame. EGFR-resistance genes (TRAP1, AXL, PRSS1, and EPHA2) are shown in the red frame. (C) Gene set variation analysis of bulk samples between the tumor front and the center.




Table 1 | Anti-EGFR sensitive/resistant genes at expression level.



Clinical evidence of subclonal competition comes from an extreme clinical condition. A multicenter phase 2 single-arm trial assessed the activity of the rechallenge strategy with cetuximab as third-line treatment for patients with RAS wild-type metastatic CRC (n=28) who were initially sensitive to and then resistant to first-line cetuximab-based therapy. The results showed an overall response rate of 21% and a disease control rate of 54% (17). During the first-line treatment, cetuximab selectively reduces the sensitive (wild-type) clones, thus making the resistant (mutant) cells gradually predominant until tumor progression. During the second-line non-cetuximab-based treatment, RAS wild-type clones would be partially restored, thus making them reactive to anti-EGFR rechallenge. A similar phenomenon was observed in another group of 7 patients with initial RAS-mutant metastatic CRC converted to RAS wild-type status in plasma at the time of progressive disease from bevacizumab-containing treatments. All patients benefited from subsequent anti-EGFR treatment (18). Although the resistant clones were difficult to completely eradicate, the subclonal competition theory between sensitive and resistant clones may have implications in tumor control at the macro level, which provides opportunities for receiving potentially beneficial anti-EGFR treatment for a subset of initial or acquired RAS-mutant metastatic CRCs.



Food-Safety Tradeoffs: Implications for Designing Treatment Frequency and Sequence

Communities in nature constantly see the coexistence of a species that is a more effective competitor for resources but that is less defensive to predators and one that is better able to avoid predators at the cost of being efficient in obtaining resources (Food-Safety Tradeoffs) (6). Subclones with RAS mutations are impervious to anti-EGFR-targeted therapies and chemotherapeutic attack at a metabolic cost in regions with standard glucose conditions (19), which restricts their clonal expansion as a result of inhibition by RAS wild-type cells in an untreated tumor. Such a mechanism of coexistence may be beneficial in strategically designing the frequency and sequence of treatment.

In an interesting exploratory randomized phase 2 trial (COIN-B) (20), patients with KRAS wild-type advanced CRC were assigned to the intermittent cetuximab group (n=78) or continuous cetuximab group (n=91). Patients in both groups first received 12 weeks of FOLFOX and concurrent weekly cetuximab. Then, in the intermittent cetuximab group, chemotherapy and cetuximab were stopped until tumor progression. In the maintenance cetuximab group, patients continued with weekly cetuximab, and only on tumor progression was FOLFOX reintroduced. The primary outcome was failure-free survival at 10 months, which was met for both groups (50% for the intermittent cetuximab group and 52% for the continuous cetuximab group). From the perspective of cancer community ecology, this is in support of the hypothesis that intermittent treatment might inhibit RAS mutant clones through sensitive RAS wild-type clones and control tumor burden at least as effective as continuous treatment.

Another randomized phase II study (REVERCE) challenged the standard therapeutic sequence of cetuximab followed by regorafenib for metastatic CRC (21). Patients with KRAS exon 2 wild-type metastatic CRC after the failure of fluoropyrimidine, oxaliplatin, and irinotecan were randomized to receive sequential treatment with regorafenib followed by cetuximab (R-C arm, n=51) or the reverse sequence (C-R arm, n=50). The study was designed as a non-inferiority trial. For the primary endpoint, the median overall survival (OS) in the R-C arm was longer than that in the C-R arm (17.4 vs. 11.6 months, P = 0.0293). Key secondary endpoints included progression-free survival (PFS) with initial treatment (PFS1) and PFS with second treatment (PFS2). Interestingly, no significant difference was observed in PFS1 between the two arms, whereas PFS2 was superior in the R-C arm (median PFS2, R-C arm vs. C-R arm: 5.2 vs. 1.8 months, P<0.0001). After the failure of first-line therapy, emerging RAS mutations were observed in only 1 patient after regorafenib (R-C arm) compared to 11 patients after cetuximab (C-R arm). This study provides proof-of-principle that continuous first-line anti-EGFR treatment “selects” for RAS mutant clones to survive and results in resistance to further second-line treatment. This is reflected in the higher frequency of RAS mutations observed after cetuximab treatment and the worse PFS2 of the C-R arm than the R-C arm.



Diet Choice: Implications for Combination Therapy

The tradeoff necessary for coexistence is that to be more competitive in obtaining one type of food, a species sacrifices efficiency with another type of food (diet choice) (6). Interestingly, this diet choice is affected by the abundance of resources in the ecological environment. Thus, each species with a different diet choice adapts to its specific habitat, which contributes to habitat heterogeneities (habitat selection). RAS wild-type cells require EGF as an essential resource, whereas RAS mutant cells are independent of EGF. In low-glucose conditions, the RAS mutant cells increased glucose transporter 1 (GLUT1) expression to guarantee their survival, whereas very few cells with wild-type KRAS alleles survived when they were subjected to a low-glucose environment (19). Again, the increase in the ability to grab resources comes at the expense of drug resistance. For instance, RAS mutant cells were more vulnerable to oxidative stress than RAS wild-type cells, as RAS mutant cells were selectively killed when exposed to high levels of vitamin C (ascorbate) due to increased uptake of the oxidized form of vitamin C via the GLUT1 glucose transporter. It is known that the mechanisms of secondary resistance to anti-EGFR biochemically converge to constitutive activation downstream of the EGFR-RAS-MAPK pathway (5). To compare the activity of pathways between the tumor front and the center, we performed a gene set variation analysis (GSVA) based on 20 pairs of untreated CRC clinical bulk samples from GSE65480 (22) to compute the pathway enrichment scores using the R package GSVA with default parameters. Interestingly, the results showed that different MAPK signaling pathway activities and ascorbate and aldarate metabolism levels were identified between the tumor front and the center (Figure 1C), which supports the habitat selection theory in the untreated tumor. The above phenomena provide a mechanistic rationale for exploring the combined use of anti-EGFR and vitamin C therapies to directly target both the essential resources themselves (EGF) and the pivotal player involved in obtaining resources (glucose transporter) for CRC. Furthermore, this hypothesis has recently been tested in CRC patient-derived xenografts. Cetuximab in combination with vitamin C could restrain and delay the emergence of secondary resistance to EGFR blockade in CRC RAS/BRAF wild-type models (23).

A limitation of this study is that we only employed RAS mutational status as an example of how cancer community ecology theory can explain the anti-EGFR resistance. Other potential explanations for the mechanism of anti-EGFR resistance, such as human epithelial growth factor receptor-2 (HER2) amplification (24), were not discussed. In addition, a total of 3 phase II studies were presented to provide proof-of-principle evidence on the value of ecological strategies. It is worth noting that all these 3 studies only had small sample sizes and with single-stage design as a potential target of interest for future studies (see Supplement Table 1 for study designs).

We provide a theoretical basis and evidence from several experimental or phase II clinical trials for the contemporary application of ecological mechanisms in CRC treatment. In general, a total of 3 cancer community ecological mechanisms, including competitors or subclonal competition theory, food-safety tradeoffs and diet choice theory, were proposed and discussed. A reduction in targetable RAS wild-type cells to a maximum tolerated extent, such as continuous treatment, might lead to the competitive release of inextirpable RAS mutant cells and cancer progression. A full understanding of subclonal competition might be beneficial in managing CRC. Several ecological strategies, including anti-EGFR treatment reintroduced at an appropriate point of time for RAS mutant patients, intermittent treatment instead of continuous treatment, the appropriate sequence of nonselective targeted therapy, and combination therapy, warrant further confirmation.
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Background

High-risk features, such as T4 disease, bowel obstruction, poorly/undifferentiated histology, lymphovascular, perineural invasion, and <12 lymph nodes sampled, indicate poor prognosis and define high-risk stage II disease in proficient mismatch repair stage II colon cancer (CC). The prognostic role of high-risk features in dMMR/MSI-H stage II CC is unknown. Similarly, the role of adjuvant therapy in high-risk stage II CC with dMMR/MSI-H (≥1 high-risk feature) has not been studied in prospective trials. The aim of this analysis of the National Cancer Database is to evaluate the prognostic value of high-risk features in stage II dMMR/MSI-H CC.



Methods

Univariate (UVA) and multivariate (MVA) Cox proportional hazards (Cox-PH) models were built to assess the association between clinical and demographic characteristics and overall survival. Kaplan–Meier survival curves were generated with log-rank tests to evaluate the association between adjuvant chemotherapy in high-risk and low-risk cohorts separately.



Results

A total of 2,293 stage II CC patients have dMMR/MSI-H; of those, 29.5% (n = 676) had high-risk features. The high-risk dMMR/MSI-H patients had worse overall survival [5-year survival and 95%CI, 73.2% (67.3–78.1%) vs. 80.3% (76.7–83.5%), p = 0.0001]. In patients with stage II dMMR/MSI-H CC, the high-risk features were associated with shorter overall survival (OS) along with male sex, positive carcinoembryonic antigen, Charlson–Deyo score >1, and older age. Adjuvant chemotherapy administration was associated with better OS, regardless of the high-risk features in dMMR/MSI-H (log-rank test, p = 0.001) or not (p = 0.0006). When stratified by age, the benefit of chemotherapy was evident only in patients age ≥65 with high-risk features.



Conclusion

High-risk features are prognostic in the setting of dMMR/MSI-H stage II CC. Adjuvant chemotherapy may improve survival specifically in patients ≥65 years and with high-risk features.





Keywords: high risk, stage II, adjuvant chemotherapy, colon, cancer



Introduction

Colorectal cancer is the third most common cancer and the second leading cause of cancer-related mortality in the United States. It is estimated that 104,270 new cases of colon cancer (CC) will be diagnosed in 2021 in the US (1). Approximately 28% of patients with CC have stage II disease at presentation (2). The risk stratification of patients with stage II CC is dependent on molecular and clinicopathologic features. A prognostic role of high-risk features, such as T4 disease, bowel obstruction, poorly/undifferentiated histology, lymphovascular, perineural invasion, and <12 lymph nodes sampled, is well established, and high-risk features increase the risk of cancer recurrence and the benefit from adjuvant therapy in patients with microsatellite stable disease stage II CC (3–5). A subgroup of high-risk patients with stage II CC with T4 disease may have a statistically inferior survival compared to those with stage IIIa tumors (6). Adjuvant chemotherapy improves progression-free survival (PFS) and overall survival (OS) in stages II and III CC (7, 8). The benefit of adjuvant therapy in stage II CC is relatively small, and as such, it is not routinely administered (9). Patient preferences, treatment-related toxicities, and the risk characteristics of the tumor are considered in treatment decisions regarding adjuvant therapy.

Approximately 15% of colorectal cancers (CRCs) are dMMR/MSI-H, and patients with dMMR/MSI-H colon cancer are more likely to have a stage II disease (10). Mismatch repair (MMR) proteins are nuclear enzymes that bind to areas of abnormal DNA and repair base–base mismatch during cellular proliferation and division (11). Defects in DNA mismatch repair genes (MLH1, MSH2, MSH6, and PMS2) can lead to insertion or deletion of repeating nucleotide sequences in a process known as microsatellite instability (MSI). One third of these dMMR/MSI-H CC cases are inherited, known as Lynch syndrome carriers, and the rest are sporadic. MLH1 is considered the most commonly affected in the sporadic cases, which is more common in older patients and associated with BRAF V600E mutation (12). The microsatellite instability status of a tumor impacts the prognosis and benefit to adjuvant chemotherapy in patients with stage II CC (10–12). Multiple retrospective studies have shown that stage II patients with dMMR/MSI-H CC have a reduced metastatic potential and a more favorable prognosis compared to those with proficient mismatch repair (pMMR) tumors (13–16). In addition, previous retrospective studies of stages II and III colon cancer patients, analyzing data from randomized adjuvant therapy clinical trials, showed that stage II colon cancer patients with dMMR/MSI-H status did not benefit from adjuvant 5-FU-based chemotherapy (3, 10, 12, 17). Furthermore, Sargent et al. showed a decrease in overall survival (hazard ratio, 2.95; 95%CI, 1.02 to 8.54; p = 0.04) in dMMR/MSI-H stage II patients who were treated with single-agent 5FU compared to surgery alone (10). Whether high-risk features are prognostic in patients with dMMR/MSI-H stage II CC is not well established. The role of adjuvant chemotherapy in patients with high-risk dMMR/MSI-H stage II CC is not well defined. This study aimed to evaluate the prognostic value of high-risk features in dMMR/MSI-H stage II CC and their impact on adjuvant chemotherapy in high-risk stage II CC with dMMR/MSI-H.



Materials and Methods


Patient Selection

The National Cancer Database (NCDB) is a large cancer directory that represents approximately 70% of all newly diagnosed cancers in the US. The inclusion criteria for this study included the following: International Classification of Diseases for Oncology, third edition, morphological codes (8020, 8140, 8144, 8210, 8211, 8480, 8481, and 8490) and topography codes (C18.0-9), in participant user data files between the years 2010 and 2013. MSI status information was not available for patients diagnosed before 2010. The primary outcome was the overall survival of patients with dMMR/MSI-H stage II with high-risk features.



Eligibility Criteria

Patient information was independently reviewed by two of the authors for the eligibility criteria. The patients were deemed eligible if they have dMMR/MSI-H stage II CC. Patients with mixed adeno-squamous histology, rectosigmoid location, and rectal cancer were excluded. Patients who received radiation therapy before or after surgery were excluded. Patients who received chemotherapy prior to surgery were excluded, as this may impact the pathologic stage at resection. High-risk features were defined as the following: <12 lymph nodes examined, lymphovascular invasion (LVI), positive surgical margin, pT4 tumor. No data were available for obstruction or perforation at diagnosis. Poor or undifferentiated histology was not included as a high-risk feature, as it is a good prognostic factor in dMMR/MSI-H stage II CC (18). High-risk stage II CC was defined as having at least one high-risk feature. Institutional approval and informed consent were not required for this study since the patient information in the database is completely de-identified, and the database is legally accessible to the public.



Data Extraction and Statistical Analysis

The patient-specific covariates included were date of diagnosis, date of death, age, gender, race, tumor site, histology, insurance status, stage, presence of metastatic disease, co-morbid medical conditions, location of treatment, and treatment regimen (single or multi-agent chemotherapy). The treatment and clinical outcomes included overall survival rate. All data were checked for internal consistency.



Analysis

All patients in the analysis had dMMR/MSI-H stage II colon cancer. Univariate and multivariate analyses were conducted to identify the factors associated with patient outcome (OS). The clinical and demographic characteristics of the patients were summarized using descriptive statistics as appropriate for variable type and distribution (chi-square test for categorical variables and ANOVA for numerical variables). Univariate and multivariate Cox-PH models were built to assess the association between patient characteristics and survival. Backward selection with an alpha level of removal of.05 was used in the multivariate analysis. The Kaplan–Meier survival curves were generated with log-rank tests to evaluate the association between adjuvant chemotherapy in high-risk and low-risk cohorts separately. All analyses were performed with a significance level of 0.05 (two-sided) with SAS Statistical Package, v9.4 (SAS institute, Inc., Cary, North Carolina).




Results

Of the 249,571 patients with stage II colorectal cancer diagnosed between 2010 and 2013 in the NCDB database, 6,426 patients were determined to have dMMR/MSI-H status, and 2,293 met the inclusion criteria of the study (Figure 1). Females accounted for 58.2% of patients; 87.4% were Caucasian. The median age was 69 years (range, 21–90 years old). The most common tumor location was the ascending colon (32.5%), followed by the cecum (27.1%) and the transverse colon (13.1%). The sigmoid and the descending colon accounted for 9.7 and 5.0% of cases, respectively (Table 1).




Figure 1 | Consort diagram outlining the study selection.




Table 1 | Demographics and clinical characteristics of patients.



In the entire cohort, 29.5% (n = 676) of patients were deemed to have a high-risk stage II CC. Positive margins, LVI, and less than 12 lymph nodes examined were observed as 3.0, 14.3, and 3.9%, respectively. pT4 was present in 14.0% of patients (Table 1). Of the high-risk patients, 36.1% (n = 244) received adjuvant chemotherapy, of whom 72.1% (n = 176) received multiagent therapy and 23.4% (n = 57) received single-agent chemotherapy, and 4.5% (n = 11) received an unknown number of agents.

On univariate analysis, high-risk status, pT4A/B tumor (pT3 as reference), pathological stage IIB/C (pathological stage IIA as reference), <12 lymph nodes (≥12 lymph nodes as reference), positive margins (negative margins as reference), Charlson–Deyo score >1 (0 as reference), and elder age (continuous scale) at diagnosis were associated with worse overall survival (Table 2). On multivariate analysis, male sex, positive surgical margin (negative margin as reference), Charlson–Deyo score >1 (0 as reference), high-risk disease, and older age at diagnosis were associated with worse OS (Table 2).


Table 2 | Overall survival (OS) by mismatch repair and treatment status in univariate and multivariate analysis.



High-risk dMMR/MSI-H patients had worse OS compared to non-high-risk dMMR/MSI-H patients in the entire cohort when not stratified by status of adjuvant chemotherapy administration [5-year survival and 95%CI: 73.2% (67.3–78.1%) vs. 80.3% (76.7–83.5%), p = 0.0001, Figure 2A]. Median survival is not reachable in our cohort since none of the cohorts had more than 50% of patients who died at the end of follow-up; hence, 5-year survival was provided. In patients who received no adjuvant chemotherapy, the high-risk dMMR/MSI-H patients had worse OS [5-year survival and 95%CI: 69.8% (62.6–75.9%) vs. 78.4% (74.3–81.9%), p < 0.0001, Figure 2B].




Figure 2 | (A) Survival in high-risk (n = 676) versus no-high-risk (n = 1,617) patients in the entire cohort (n = 2,293) when not stratified by chemotherapy status. (B) Survival in patients who received no adjuvant chemotherapy (n = 1,862) in high-risk (n = 432) and no-high-risk (n = 1,430) patients. (C) Survival in high-risk patients (n = 676) who received adjuvant chemotherapy (n = 244) versus no adjuvant chemotherapy (n = 432). (D) Survival in patients with no high-risk features (n = 1,617) who received adjuvant chemotherapy (n = 187) versus no adjuvant chemotherapy (n = 1,430). (E) Survival in patients with high risk (n = 676) who received no adjuvant chemotherapy (n = 432), single-agent chemotherapy (n = 57), and multiagent chemotherapy (n = 176). (F) Survival in patients with no high-risk features who received no chemotherapy (n = 1,430), single-agent chemotherapy (n = 51), and multiagent chemotherapy (n = 116).



High-risk dMMR/MSI-H patients who received adjuvant chemotherapy had better OS compared to those who had no chemotherapy [5-year survival and 95%CI: 78.0% (66.4–86.0%) vs. 69.8% (62.6–75.9%), p = 0.0011, Figure 2C]. In patients with no high-risk features, patients who received adjuvant chemotherapy had better OS [5-year survival and 95%CI: 94.3% (87.6–99.4%) vs. 78.4% (74.3–81.9%), p = 0.0006, Figure 2D]. In the patient groups by single/multi-agent adjuvant chemotherapy, single-agent and multi-agent chemotherapy patients demonstrated similar OS, which were both better than those with no chemotherapy. This finding is consistent in high-risk-feature (p = 0.01, Figure 2E) and no-high-risk feature patients (p = 0.0024, Figure 2F).

When patients with no high-risk features were stratified by age, chemotherapy was no longer associated with better OS. The overall survival in patients with no high-risk features and aged <65 was not different with chemotherapy versus no chemotherapy [5-year OS and 95%CI: 96.7% (89.4–99.0%) vs. 90.0%: (83.9–93.9%), p = 0.1068, Figure 3A]. The overall survival in the same cohort aged ≥65 years was not different with chemotherapy versus with no chemotherapy [5-year survival and 95%CI: 96.1% (62.5–94.2%) and 70.9% (65.1–75.9%), p = 0.1070, Figure 3B].




Figure 3 | (A) Survival in patients with no high risk and <65 of age who received chemotherapy (n = 134) versus no chemotherapy (n = 532). (B) Survival in patients with no high risk and ≥65 of age who received chemotherapy (n = 53) versus no chemotherapy (n = 153). (C) Survival in patients with high risk and <65 of age who received chemotherapy (n = 161) versus no chemotherapy (n = 129). (D) Survival in patients with high risk and ≥65 of age who received chemotherapy (n = 83) versus no chemotherapy (n = 303).



The overall survival in patients with high-risk features was stratified by age. OS in patients aged <65 who received chemotherapy was not different than those of patients who did not receive chemotherapy [5-year OS and 95%CI: 81.7% (67.0–90.3%) vs. 81.8% (69.4–89.5%), p = 0.4209, Figure 3C]. The overall survival in the same cohort aged ≥65 years was superior with chemotherapy versus with no chemotherapy [5-year OS and 95%CI: 74.5% (56.2–86.1%) vs. 64.6% (55.5–72.3%), p = 0.0490, Figure 3D].



Discussion

Prior reports and guidelines established the prognostic value of high-risk features in molecularly unspecified stage II CRC (9, 19–21). However, the therapeutic and prognostic implications of dMMR/MSI-H with high-risk clinicopathologic features have not been adequately studied. This study demonstrates that high-risk features are also prognostic in patients with stage II dMMR/MSI-H. This is the largest published study to establish the prognostic impact of high-risk features in dMMR/MSI-H stage II CRC.

The prognostic role of high-risk features in stage II dMMR/MSI-H setting raises the question regarding the role of adjuvant therapy in this group of patients. In this study, we observed a significant overall survival benefit in patients with high-risk dMMR/MSI-H stage II CC who received adjuvant chemotherapy compared with those who received surgery only. The benefit was associated with both multiagent and single-agent adjuvant chemotherapy. This is a novel finding that has a potential impact on clinical practice in the absence of data from clinical trials. The survival benefit persisted in patients >65 years when stratified by age. Sporadic dMMR/MSI-H is known to be associated with older age at diagnosis compared to germline dMMR/MSI-H (17, 22). In this study, patients with no high-risk features and dMMR/MSI-H stage II colon cancer also benefited from chemotherapy; however, age was an important confounding factor. Survival benefit was not evident in the low-risk group when stratified by age. We speculate that patients in the older age group of high-risk dMMR/MSI-H stage II CC of this study may have had a sporadic dMMR/MSI-H disease and may have derived more benefit from adjuvant chemotherapy compared to the younger population, which possibly may have had a higher rate of germline dMMR/MSI-H. It should be noted that no data were available in NCDB for BRAF status, MLH1 methylation status, and germline testing of family history.

Several prior studies, including retrospective analysis and observational reports, have attempted to address the role of adjuvant chemotherapy in stage II CC with high-risk features; however, these studies did not include the dMMR//MSI-H status (3, 23). Data about the role of adjuvant chemotherapy in high-risk dMMR/MSI-H stage II CC is limited. Tougeron et al. reported the clinical outcomes of stage II and III dMMR/MSI-H CC patients treated between 2000 and 2011 in a multicenter retrospective French study (24). Sixty percent (n = 149) of the patients were deemed to have high-risk factors, and 22% (n = 33) of the high-risk patients were treated with adjuvant chemotherapy. The high-risk features included pT4, VELIPI criteria (vascular emboli, lymphatic invasion, or perineural invasion), poor/undifferentiated histology, less than eight lymph nodes examined, tumor perforation, and initial bowel obstruction. Patients who were treated with adjuvant FOLFOX and not the single agent 5-FU showed a trend for longer disease-free survival compared to surgery alone. Although it included specific chemotherapy regimen information, the number of patients in that study was much smaller than in the present study.

Control for variables that could have influenced the results, such as histopathologic features, tumor grade, age, and performance status, was performed. Significant limitations still exist in this analysis, and these include retrospective design, lack of randomization, and no individualized patient data regarding the specifics of chemotherapy or follow-up. The reasons why adjuvant chemotherapy was not administered is unknown. The precise chemotherapy agents administered were not available. The sporadic versus germline mutational status is unknown, and the prevalence of other genomic alterations is similarly unknown. The overall survival is not cancer specific in this study, as NCDB includes only all-cause overall survival. In addition, the high-risk features did not include obstruction or perforation, as there was no data available in the database. Tumor perforation was shown to be associated with interperitoneal tumor dissemination (25), which raises the concern of whether these patients actually have stage II disease. The reported incidence of perforation and obstruction in stage II CC is less than 10% (26–28), and the impact of tumor cell spillage on recurrence and survival increases the risks substantially and may contribute to an increase in the benefit of adjuvant therapy.



Conclusion

The prognostic value of high-risk features in dMMR/MSI-H stage II CC is confirmed. The prognostic value of high-risk features should be considered in adjuvant therapy discussions. Adjuvant chemotherapy may be associated with better OS in high-risk dMMR/MSI-H stage II CC patients, but significant limitations exist, including the retrospective nature of the data set. In the absence of randomized trials, the benefits and the risks of adjuvant therapy should be discussed with the patients with high-risk dMMR/MSI-H stage II CC. Further research needs to be done in the low-risk dMMR/MSI-H stage II CC to confirm the lack of benefit from adjuvant chemotherapy.
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Background

To evaluate the clinical risk factors that influence the overall survival in patients with duodenal adenocarcinoma (DA) after tumor resection.



Methods

This study retrospectively analyzed 188 patients who underwent tumor resection for DA between January 2005 and June 2020 at Xiangyang Central Hospital.



Results

The median survival of the patients who underwent resectional operation was 54 months, longer than of those who underwent palliative surgery (20.8 months) (2,916.17; 95% CI, 916.3−9,280.5; p < 0.001). Survival of non-ampullary duodenal carcinoma patients (50.3 months; 95% CI, 39.7−61.8) was similar to that of ampullary duodenal carcinoma patients (59.3 months; 95% CI, 38.6−66.7) but was significantly better than that of papillary adenocarcinoma patients (38.9 months; 95% CI, 29.8−54.8; p = 0.386). Those with intestinal-type ductal adenocarcinomas had a longer median overall survival than those with the gastric type (61.8 vs. 46.7 months; p < 0.01) or pancreatic type (32.2 months; p < 0.001). Clinical DA samples had significantly diverse expressions of ATG12, IRS2, and IGF2. Higher expressions of the ATG12 and IRS2 proteins were significantly correlated with worse survival. Multivariate Cox regression analysis revealed that lymph node metastasis (hazard ratio (HR), 6.44; 95% CI, 3.68−11.27; p < 0.0001), margin status (HR, 4.94; 95% CI, 2.85−8.54; p < 0.0001), and high expression of ATG12 (HR, 1.89; 95% CI, 1.17−3.06; p = 0.0099) were independent prognostic factors negatively associated with survival in patients undergoing curative resection. There was no survival difference between the groups with ampullary, non-ampullary, and papillary adenocarcinomas treated with adjuvant chemotherapy (p = 0.973).



Conclusion

Gastric/pancreatic type, high expression of ATG12, lymph node metastases, and margin status were negative prognosticators of survival in patients with DAs than in those with tumor anatomical location. Curative resection is the best treatment option for appropriate patients.





Keywords: duodenal adenocarcinoma, histopathological phenotype, lymph node metastases, ATG12, overall survival



Introduction

Duodenal adenocarcinoma (DA) is a rare tumor, accounting for more than 50% of small bowel adenocarcinomas (SBAs) but only 0.5% of all gastrointestinal tumors. In many studies, the results of SBAs have been grouped together (1–3). DA is usually compared with colorectal cancer since the duodenum is located in the gastrointestinal tract and has similar molecules and possible phenotypic carcinogenesis (4, 5). However, left colon cancer (LCC) and right colon cancer (RCC) have distinguishable genomic patterns and clinical behaviors due to differences in the primary site of colon cancer, and patients with RCC or LCC generally exhibit different prognoses. Therefore, tumor location and genomic patterns are known prognostic factors in CRC and SBAs (6–8). It is clear that the results of each DA treatment modality need to be reported as a distinct entity.

Surgical resection remains the main treatment strategy for DAs. Through a more rigorous site-specific classification, many tumors previously believed to be “DAs” have been shown to contain different specific types, such as those derived from the ampulla of Vater, and papilla and non-ampullary cancers (3). To date, it is also recognized that ampullary carcinomas originating from the duodenal papilla have distinct characteristics. Although duodenal ampullary carcinoma is a typically large ulcer or adenocarcinoma of the intestinal type and usually has a better survival rate (5-year survival rate, 50%), it is often found in the papilla of duodenal carcinoma, and sclerosing circumferential tumor formation is a typical type of pancreatic biliary carcinoma. Although a small volume (average, 2.1 cm; 5-year survival rate, 6%), it still shows aggressive behavior. Furthermore, in addition to differences in incidence, the pathological assessment of tumor site involvement influenced outcomes (9, 10) and treatment (11, 12). Therefore, studying the biological characteristics of tumor sites, including their sensitivity to anticancer drugs, is crucial for improving the prognosis of patients with duodenal cancer.

In this study, we retrospectively analyzed and identified the clinicopathological and genomic features of DA based on single-center data and provided improved biological insight into the relationship between the different primary tumor sites of DAs and adjacent pancreatic cancers. In-depth genomic analysis has also revealed many targets, providing a theoretical basis to guide the application of targeted therapy in clinical care.



Methods


Study Design

This study was approved by the Institutional Review Board of the Xiangyang Central Hospital. The medical records of all patients who underwent duodenal carcinoma resection between January 2005 and June 2020 at Xiangyang Central Hospital were used. Non-invasive tumors (adenoma only cases) and tumors arising in the setting of familial adenomatous polyposis and Crohn’s disease were carefully excluded. With the use of these criteria, 62 cases qualified as non-ampullary DAs. For comparison, 57 ampullary adenocarcinomas and 69 papillary adenocarcinomas of the ductal were retrieved from the database during the same period of time and assessed for long-term follow-up. Archival H&E-stained glass slides of all pathologic specimens were reviewed separately by pathologists (Xiang Chunxiang) to determine the duodenal carcinoma phenotype. The classification of intestinal type, gastric type, or pancreatobiliary type was based on previously established criteria (13, 14). In instances where there was no uniform consensus regarding HP phenotype, H&E-stained slides were re-reviewed by the pathologists in a conference to reach a consensus.

Patients were excluded from the study if the cancer anatomical location of origin could not be determined or if they had indeterminate or mixed-type tumors. Furthermore, given the high proportion of intestinal and gastric subtypes observed in pancreatic cancers arising within intraductal papillary mucinous neoplasms of the pancreas (15), patients with these lesions were also excluded from the study.

Hospital and clinic medical records were reviewed for patient demographics, date of diagnosis, type and date of operation, use of neoadjuvant and adjuvant therapy, and follow-up; and overall survival (OS) was measured from the date of diagnosis to the date of death or last follow-up. Since this study was a retrospective review without direct patient contact, informed consent was not required.



Patient Samples and Methods

Nine of the DA tissues were taken from the Xiangyang Central Hospital of patients for surgery from 2016 to 2019. The patients were aged 46−72 years, with an average age of 61 years. All nine patients underwent radical resection. There were two patients with stage II and seven patients with stage III. All pathological sections were reviewed by two senior pathologists to confirm the diagnosis. Three cases were well-differentiated, five cases had medium-to-low differentiation, seven cases had lymph node metastasis, and two cases had lymph node metastasis (Supplementary Table S1). All samples were stored at −80°C.



Sample Preparation and Fractionation for Data-Dependent Acquisition Library Generation

iRT-Kits (Biognosys) were added to correct the relative retention time differences between runs with a volume proportion of 1:3 for iRT standard peptides versus sample peptides (16).



Mass Spectrometry Data Analysis

MaxQuant (http://www.maxquant.org) is a widely used free software platform for protein identification and quantification developed by Max Planck Institutes for high-resolution MS data. The data-dependent acquisition (DDA) library was executed using this software for identification and served as a spectrum library for subsequent data-independent acquisition (DIA) analysis. The analysis used the raw data as input files, set the corresponding parameters and databases, and then performed identification and quantitative analysis. Identified peptides that satisfied false discovery rate (FDR) ≤1% were used to construct the final spectral library.

The DIA data were analyzed using iRT peptides for retention time calibration. Then, based on the target−decoy model applicable to SWATH-MS, false-positive control was performed with FDR 1%; therefore, significant quantitative results were obtained.

Proteins were defined as differentially expressed if the fold change between intestinal type, gastric type, and pancreatobiliary type group based on the fold change >1.5 and P-value < 0.05, as the criterion for the significant difference provided within the MS stats package. Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were adopted to clarify the significant biological functions of aberrantly expressed proteins. Protein–protein interaction (PPI) networks were created for these proteins using the STRING database (http://string-db.org/).



Immunohistochemical Analysis

Immunohistochemistry was performed using a polymer-based detection system (Envision+; Dako, Carpinteria, CA, USA) with mouse monoclonal antibodies according to the manufacturer’s instructions, as previously described [20]. Immunohistochemical (IHC) staining evaluation were determined based on the consensus of at least two reviewing study pathologists at multi-headed microscopes without knowledge of clinical information. The percentage of cells showing cytoplasmic (MUC2, MUC5AC, MUC6, CK7, and CK20), apical membranous or cytoplasmic (MUC1), and nuclear (CDX2) labeling was evaluated. Only cases with >25% or ≤25% immunoreactive cells were regarded as high or low for invasive protein status (IRS2, IGF2, and ATG12), the lack of nuclear staining in DA was interpreted as an abnormal result. The antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).



Statistical Analysis

A software program (SPSS, version 25.0; IBM) was used for statistical analysis and data management. The means of continuous variables with normal distributions were compared using a two-tailed t-test. Non-parametric continuous variables were compared using the Mann−Whitney test or Kruskal−Wallis test. Survival analysis was performed using the Kaplan−Meier method, and comparisons were made using the log-rank test. Multivariable Cox proportional hazards regression analyses were performed using statistically significant univariate parameters with p < 0.05 as the initial entry criterion. Continuous variables were split at the medians for these analyses. The significance of the protein abundance changes was calculated using the non-parametric Student’s t-test with Bonferroni multiple test correction. A two-tailed test with p < 0.05 was considered significant. Graphs were prepared using GraphPad Prism (version 7.0; GraphPad Software, San Diego, CA, USA). Statistical significance was defined as p ≤ 0.05.




Result


Patient Characteristics

A total of 201 patients with DA who underwent surgical treatment were retrospectively studied (Table 1). The median age was 60 years (range, 33–75 years). Twenty-four patients underwent pylorus-sparing pancreaticoduodenectomy (12.8%), 30 patients underwent segmental duodenectomy (16%), and 108 patients underwent classical pancreaticoduodenectomy (57.4%). Possible curative surgery was performed in 162 patients (86.2%), and palliative care (gastrojejunostomy or double bypass) was performed in 26 patients (13.8%). Preoperative biliary drainage was required in 23 patients due to severe jaundice. Thirteen patients were lost to follow-up (six in the active treatment group and seven in the palliative treatment group). Therefore, 188 of 201 patients could be included in the long-term survival analysis. After surgical treatment, 101 of the 188 patients (53.7%) received adjuvant chemoradiotherapy.


Table 1 | General characteristics of non-ampullary duodenal carcinomas compared with both ampullary carcinomas and duodenal papillary adenocarcinomas.



Table 1 summarizes the anatomical distribution of DA. The most common tumor site was the duodenal papilla (n = 69), followed by the ampullary (n = 57) and non-ampullary (n = 62). In terms of mean tumor size, non-ampullary duodenal carcinoma was similar to ampullary duodenal carcinoma and papillary adenocarcinoma (range: <3 vs. >3 cm, 56.1% vs. 43.9% for non-ampullary; 56.5% vs. 43.5% for ampullary, p = 1; and 58% vs. 42% for the papilla, p = 0.86). According to the 7th edition of the American Joint Committee on Cancer (AJCC)-TNM classification, 45.7% of the cases were mainly stage III and stage IV (45.6% for non-ampullary vs. 41.9% for ampullary, p = 0.71; and 49.2% for the papilla, p = 0.72). Most of the patients who were treated with palliative care had stage III and IV disease (stage I, 0%; stage II, 0%; stage III, 12%; and stage IV, 88%). The positive rate for lymph nodes was 27.7% (19.3% in the non-ampullary group and 27.4% in the ampullary group, p = 0.39; 34.8% in the papillary group, p = 0.07). The marginal positive rate of non-ampullary carcinoma (12.2%) was similar to that of ampullary carcinoma (12.9%) but lower than that of papillary adenocarcinoma (14.4%; p = 0.8). The frequency of perineural invasion was 21.8% (10.5% for non-ampullary, 45.2% for ampullary, p < 0.01, and 10.1% for the papilla, p = 1). In total, 101 patients with serum tumor markers were not elevated before surgery. Forty-eight patients (25.5%) and 42 patients (22.3%) had abnormal increases in carbohydrate antigen 199 (CA-199) and carcinoembryonic antigen (CEA), respectively (Table 1).

In this study, the Kaplan−Meier analysis showed that patients with pancreatic adenocarcinoma had the shortest survival time as compared with patients with DA at diverse anatomical sites (median OS, 27.9 months; p < 0.01) (data not shown). However, survival time also varied greatly between patients with cancers originating in different anatomical locations, with a median OS of 38.9 months (95% CI, 29.8−48.8 months) for the papilla group, 59.3 months (95% CI, 38.6−66.7 months) for the ampulla group, and 50.3 months (95% CI, 39.7−61.8 months) for the non-ampullary group (p = 0.386; Figure 1).




Figure 1 | Kaplan−Meier survival curves comparing the overall survival of patients after resection of duodenal adenocarcinomas grouped by tumor anatomical location of origin.





Immunoprofile in the Comparison of Non-Ampullary Duodenal Carcinomas With Both Ampullary Carcinomas and Papillary Carcinomas

Ang et al. (17) recently proposed IHC criteria for the classification of DA into intestinal, pancreatic, biliary, and gastric types. Figures 2A–C compares the clinicopathological factors associated with DA. IHC markers that are typically expressed consistently in intestinal types are relatively low in frequency in non-ampullary duodenal carcinomas (MUC2, CK20, and CDX2), whereas those of gastric and pancreatobiliary types appear to be fairly common (CK7, MUC1, MUC5AC, and MUC6) (Figure 2). In addition, 40.3% of the 62 cases in the ampullary group were non-intestinal type (22.6% pancreatic type and 17.7% gastric type). Of the 69 cases of papillary adenocarcinoma, 58% were classified as non-intestinal type (fit pancreaticobiliary, 42%; and gastric, 16%) (Table 2); in general, the histological characteristics of intestinal-type adenocarcinoma are not as aggressive as those of gastric and pancreatic-type adenocarcinomas. Intestinal-type adenocarcinoma had significantly less lymph node involvement, less perineural vascular involvement, and a lower histological grade. In contrast, gastric- and pancreatic-type adenocarcinomas are larger and more likely to show advanced stage III or IV disease (Table 3).


Table 2 | Expression of the immunohistochemical markers of non-ampullary duodenal carcinomas compared with both ampullary carcinomas and duodenal papillary adenocarcinomas.






Figure 2 | Immunohistochemical staining of duodenal carcinomas tissue. (A) Immunohistochemical stains of intestinal type: positive for CDX2 (left), CK20 (middle), and MUC2 (right) markers. (B) Immunohistochemical stains of gastric type: positive for MUC5AC (middle) and MUC6 (right) markers. (C) Immunohistochemical stains of pancreatic type: positive for MUC1 (middle) and CK7 (right) markers.




Table 3 | Clinicopathological factors by histopathological phenotype.



Pancreatic-type adenocarcinoma was more likely to have similar margins (eight patients [14.4%]) than intestinal-type cancers (15 patients [12.2%]; p = 1) and gastric-type cancers (eight patients [8.4%]; p = 0.15). Among the 188 patients with known details of adjuvant therapy, chemotherapy was the main treatment (101 patients [53.7%]), including 53 patients with intestinal type, 22 patients with gastric cancer (p = 0.698), and 26 patients with pancreatic type (p = 0.498). These results did not show significant differences in the proportion of patients undergoing chemotherapy among all groups (54.6% intestinal type, 59.5% gastric type, and 48.1% pancreatic type).

In the Kaplan−Meier analysis, we found that patients were grouped by histological differentiation rather than anatomical location and that survival in patients with pancreatic type was almost identical to that in patients with gastric-type adenocarcinoma (median OS, 32.2 vs. 46.7 months; p = 0.66); the survival time of patients in both groups was significantly shorter than that of patients with intestinal-type adenocarcinoma (median OS, 61.8 months; p < 0.001) (Figure 3A). Furthermore, in patients with gastric-type adenocarcinoma, we were able to determine the median OS, which was similar to that at different anatomical sites (37.2 months for ampullary, 52.7 months for non-ampullary, and 29.8 months for papillary; p = 0.44) (Figure 3B). There was also no significant difference in OS between intestinal-type adenocarcinoma at different anatomical locations (ampullary, 66.5 months; non-ampullary, 58.2 months; and papillary, 48.8 months; p = 0.716) (Figure 3C). The OS was at least twice as long in patients with intestinal-type adenocarcinoma as compared with those with pancreatic-type adenocarcinoma at different anatomical locations (ampullary, 39.7 months; non-ampullary, 25.9 months; and papillary, 28.7 months; p = 0.649) (Figure 3D). Considering the similarity of survival in patients with pancreatic and gastric tumors, we combined the two clinicopathological phenotypes for further multivariate analysis.




Figure 3 | (A) Kaplan−Meier survival curves comparing the overall survival of patients after resection of duodenal adenocarcinomas grouped by histopathological phenotype. (B–D) Kaplan−Meier survival curves comparing the overall survival of patients after resection of duodenal adenocarcinomas grouped by histopathological phenotype between the three tumor anatomical locations of origin.





Genetic and Molecular Biology Considerations

Due to the rarity of DA, little has been published on oncogenesis and clinicopathological features (18). To elucidate the biology behind proteomic changes in pathological types, we identified a cohort of tissues from three patients with DA with gastric, intestinal, and pancreatic types (Supplementary Table S1). To ensure validity and accuracy, we performed follow-up biological and statistical analyses. The correlation coefficient of the quality control (QC) sample indicates the stability of the entire experimental operation and the reliability of the test results (Supplementary Table S2 and Figure S1). In this study, we selected proteins at constant levels found in >50% of the samples for subsequent statistical and bioinformatic analyses, including 9,300 proteins and 85,309 peptides. Among the three groups for the gastric, pancreatic, and intestinal types, after the results` of expressed proteins were standardized, we identified 312 differentially expressed proteins (DEPs) in the gastric vs. pancreatic group, 221 DEPs in the gastric vs. intestinal group, and 162 DEPs in the pancreatic vs. intestinal group (Figures 4A, B). In these three datasets, there were 30 proteins, 68 proteins, and 78 proteins that overlapped in the gastric vs. pancreatic group and the pancreatic vs. intestinal group, in the gastric vs. intestinal group and the pancreatic vs. intestinal group, and in the gastric vs. pancreatic group and the gastric vs. intestinal group, respectively. Nine proteins overlapped in the three groups (Figure 4C).




Figure 4 | Identification of differentially expressed genes (DEGs) in duodenal adenocarcinomas. DEGs in duodenal adenocarcinoma for the group of gastric type vs. intestinal type, gastric type vs. pancreatic type, and pancreatic type vs. intestinal type. (A) Volcano plot. (B) Bar histogram. (C) Venn diagram.



Hierarchical cluster analysis was performed on 497 and 198 dysregulated proteins, and the results of the heat maps provided protein profiles for the gastric, pancreatic, and intestinal groups (Figure 5). Thirty-six DEPs were analyzed in the gastric vs. intestinal, gastric vs. pancreatic, and pancreatic vs. intestinal groups in combination with known protein functions, and the biological behaviors of 21 proteins were found to be correlated with tumor. Further screening for proteins related to tumor growth, invasion, and metastasis, and regarding IRS2, IGF2, and its role-related gene ATG12, it was found that IRS2 and IGF2 were highly expressed in the gastric group than in the intestinal and pancreatic groups, and ATG12 was highly expressed in the gastric and pancreatic groups compared with the intestinal group (Supplementary Table S3).




Figure 5 | Cluster analysis of differentially expressed proteins in the group of gastric type, pancreatic type, and intestinal type. The hierarchical clustering results are represented as a tree heat map, with the ordinate representing significantly differentially expressed proteins and the abscissa representing sample information. Significant differences in protein expression in the different numerical expression quantities (log2 expression) of the samples with different colors are shown on the heat map, where red or blue represents significantly upregulated or downregulated proteins, and gray represents no quantitative information for proteins. ATG12 represents the protein name of Q94817, IGF2 represents the protein name of p03814, and IRS2 represents the protein name of Q9Y4H2.



DAVID was used to carry out functional and pathway enrichment analyses to analyze the biological classification of DEPs. GO functional annotation was performed for all proteins screened in the project. Differences in biological process (BP), molecular function (MF), and cellular component (CC) protein expression were the greatest in the gastric and intestinal groups, pancreatic and intestinal groups, and gastric and pancreatic groups. The results focused on cellular processes, cellular parts, and binding (Figures 6A–F). IRS2, IGF2, and ATG12 are mainly enriched in the metabolic processes of BP and MF protein binding. The whole DEPs in the gastric vs. intestinal group, pancreatic vs. intestinal group, and gastric vs. pancreatic group were mainly concentrated in signal transduction, translation, global and overview maps, and cancer; the overview is shown by the KEGG pathway analysis (Figures 7A–C). The IRS2, IGF2, and ATG12 proteins were present mainly in cancer metabolic pathways, including the MAPK, FOXO, and RAS signaling pathways. The PPI network was also presented to show the correlations among common DEPs (Figures 8A–D).




Figure 6 | Gene ontology functional enrichment analysis of gastric vs. intestinal, gastric vs. pancreatic, and pancreatic vs. intestinal differentially expressed proteins. (A–C) Represent biological processes analysis, cellular components analysis, and molecular function analysis. (D–F) The number of differentially expressed proteins enriched in each entry.






Figure 7 | Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of gastric vs. intestinal (A), gastric vs. pancreatic (B), and pancreatic vs. intestinal (C), differentially expressed protein signaling pathways. IRS2, IGF2, and ATG12 proteins are present mainly in cancer metabolic pathways (containing MAPK, FoxO, and RAS signaling pathways).






Figure 8 | Differentially expressed protein interaction networks in the group of gastric type vs. intestinal type (A), gastric type vs. pancreatic type (B), and pancreatic type vs. intestinal type (C). (D) ATG12, IGF2, and IRS2 involved interacting proteins.



To confirm the above findings, we assessed the expression of IRS2, IGF2, and ATG12 by IHC in tumor tissues from 188 patients (Figure 9). In our study, OS analysis of hub proteins was performed using the Kaplan–Meier curves. DA patients with high expression of IRS2 and ATG12 showed worse OS (p < 0.05, Figures 10A, B). The OS was numerically but not statistically significant in high or low expression levels of IGF2 (p > 0.05, Figure 10C). Together, these results suggest that the inactivation pathway of IRS2 or ATG12 is associated with OS in patients with DA.




Figure 9 | Immunohistochemical staining of duodenal carcinoma tissue stained with (A) ATG12, (B) IRS2, and (C) IGF2 antibodies. For all antibodies, proteins are detected in both the cytoplasm and the nuclei of tumor cells.






Figure 10 | Kaplan−Meier survival curves of the overall survival of patients with duodenal adenocarcinoma with high expression of ATG12 (A), IRS2 (B), and IGF2 (C) compared with those patients with low expression of ATG12, IRS2, and IGF2.





Multivariable Cox Regression Analysis of Survival

In the univariate analysis, surgery palliative care, histopathological phenotype (gastric and pancreatic type), presence of lymph node metastases, higher TNM stage, tumor metastasis, and high expression of ATG12 and IRS2 were all associated with poor prognosis (Table 4). However, age, sex, tumor size, tumor location, differentiation, perineural invasion, and adjuvant chemoradiotherapy were not associated with survival. However, in multivariate analysis, only histologic grade, radical surgical resection, nodal status, HP phenotype, and high expression of ATG12 but not IRS2 (Table 4) were significant prognostic indicators. In multivariate analysis, tumor anatomical location was no longer associated with survival.


Table 4 | Results of the Cox regression to identify independent potential variables influencing overall survival of patients undergoing resection for duodenal adenocarcinoma.






Discussion

DA is a rare cancer with an incidence of fewer than 0.5/100,000 people (19). Due to the low incidence and prevalence of DA, few studies have been published, and relevant survival factors remain controversial (20). In the present study, we retrospectively analyzed tumor location, clinicopathological features, proteomic characterization, treatment, and outcomes of metastasis in patients with surgically resected DA at our institution. Univariate analysis and subsequent multivariate Cox regression analysis showed that patients with DA resection who underwent palliative surgical excision, had worse tumor grade, and had TNM stage had shorter OS; and clinicopathological characteristics and regional LN metastasis were also associated with prognosis (21). However, larger and multicenter studies are needed to investigate the mechanistic associations between prognostic factors such as lymph node status, surgical resection type, adjuvant therapy, and survival.

Interestingly, our results show that patients with ampullary, non-ampullary, and papillary adenocarcinomas differed in survival and response to adjuvant therapy at each tumor anatomical site after tumor resection. Compared with ampullary adenocarcinoma, non-ampullary adenocarcinoma and papillary adenocarcinoma are not very similar, and the survival rates of ampullary adenocarcinoma, non-ampullary adenocarcinoma, and papillary adenocarcinoma may be different, but the difference is not statistically significant. In contrast, there were significant differences in the anatomical location of intestinal-, gastric-, and pancreatic-type adenocarcinomas for patient survival, suggesting that they may represent different diseases (21, 22). The prognosis of the pancreatic/gastric type is worse than that of the intestinal type, and the clinicopathological subtype may be an independent prognostic factor (23). Importantly, the proportion of patients with AJCC stage III/IV tumors with gastric/pancreatic-type tumors was significantly higher. Therefore, the current study emphasizes that in DA classified according to the AJCC staging system, the anatomical extent of the disease strongly influences the prognosis (24). More importantly, duodenal carcinoma of the pure or almost exclusively gastric/pancreatic-type adenocarcinoma is similar to pancreatic ductal adenocarcinoma in that it is aggressive and has worse OS because pancreatic adenocarcinoma is more likely to present as a migration status. As mentioned earlier, determining the exact anatomical site is often arduous and imprecise. Pathological analysis, usually performed under the naked eye or microscope, determines the central location of the tumor, suggesting that grouping cancers in the field by clinicopathological phenotype rather than anatomical location can better estimate survival and may guide clinical decision-making. In addition to behavioral differences, cancers in different regions of this relatively small region may have different reasons and molecular mechanisms in the future, each of which may require different treatments.

Radical resection and the Whipple procedure (pancreaticoduodenectomy) provided the best opportunity for the successful treatment of DA patients. Palliative surgery is reserved for cases in which the disease is diagnosed in an advanced stage, and radical surgery does not confer any survival benefit. Lymph node metastasis and distant metastasis in surgery were strongly associated with negative outcomes. Therefore, adequate lymph node dissection is important for survival prediction and treatment. At the same time, our results may also influence the surgical treatment of these patients.

Several additional limitations need to be emphasized, particularly those inherent in retrospective database analysis. As with all observational studies, coding errors and data omissions are possible. The role of postoperative adjuvant chemotherapy and/or radio/chemotherapy in DA is unclear (25, 26). Early studies have shown that neoadjuvant chemoradiotherapy can improve local control before surgery, but without benefit for OS (27). The Phase II prospective trial at the M.D. Anderson Cancer Center supported the results, with response rates approaching 50% when oxaliplatin and capecitabine were used in combination (28). In our retrospective study, adjuvant chemotherapy was not associated with improved OS. However, some authors suggest that gem-based therapies are not often effective for carcinomas of intestinal origin, but it may be reasonable to apply current guidelines for the treatment of pancreatic cancer to pancreatic-type adenocarcinoma (21). Therefore, there is a tendency to change the treatment of patients with DA based on whether the tumor shows a histological phenotype in the pancreatic, gastric, or intestinal types (29), and the results suggested when considering treating patients with different types of tumors with chemotherapy, it may be best to consider different pathological-based regimens because these drugs are generally not effective for cancer of different origins (30). The adjuvant or neoadjuvant effect of systemic chemotherapy warrants further study.

Using laser capture microdissection combined with an optimized high-sensitivity proteomic pipeline, we quantified up to 5,000 unique protein groups per sample from as little as 5,000 cancer cells. This approach enabled compartment-resolved proteomic analysis of gastric, intestinal, and pancreatic types and revealed biological signatures. Our results highlight the molecular heterogeneity of DA and reveal that the tumor proteome is relatively stable in individual patients, as recently observed in breast cancer (27). There were a total of 673 DEPs, including 172 upregulated and 501 downregulated proteins in DA samples, of which 36 were differentially co-expressed in the three groups. After analyzing the biological behavior of the 36 proteins, we found that the ATG12 and IRS2 proteins were highly expressed in the pancreatic and gastric types, and the IGF2 proteins were highly expressed in the intestinal and gastric types. In the OS analysis, it was concluded that the prognosis for patients with DA was poor if ATG12 and IRS2 were highly expressed but not IGF2. However, the high expression level of ATG12 but not IRS2 was correlated with OS in terms of key patient symptoms such as clinicopathological characteristics, the presence of lymph node metastasis, and degree of tumor differentiation, or whether the patient had distant metastasis. Therefore, ATG12 is most likely to play a role in the malignant biological behavior of DA, which is consistent with our proteomics conclusions, which fully aroused our interest in ATG12. Interestingly, Mafficini et al. recently established a subtype of patients with DA that probably benefited from therapies targeting the ERBB, PI3K, or WNT signaling pathways (31). Perhaps, as our understanding of the molecular and genetic origins of DA improves, more targeted treatment strategies will contribute to better outcomes.

As a unique proteome entity, DA, unlike CRC and GC, should prompt further research into the optimal clinical treatment of this rare carcinoma. The identification of multiple clinically relevant proteomic alterations and mutation profiles in populations with limited treatment options and poor prognoses is encouraging.
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Background

Serum carcinoembryonic antigen (CEA) is an important biomarker for diagnosis, prognosis, recurrence, metastasis monitoring, and the evaluation of the effect of chemotherapy in colorectal cancer (CRC). However, few studies have focused on the role of early postoperative CEA in the prognosis of stage II CRC.



Methods

Patients with stage II CRC diagnosed between January 2007 and December 2015 were included. Receiver operating characteristic (ROC) curves were used to obtain the cutoff value of early postoperative CEA, CEA ratio and CEA absolute value. The areas under curves (AUCs) were used to estimate the predictive abilities of the CEA and T stage. The stepwise regression method was used to screen the factors included in the Cox regression analysis. Before and after propensity score (PS) - adjusted Cox regression and sensitivity analysis were used to identify the relationship between early postoperative CEA and prognosis. Meta-analysis was performed to verify the results. Kaplan-Meier survival curves were used to estimate the effects of CEA on prognosis.



Results

We included 1081 eligible patients. ROC curves suggested that the cutoff value of early postoperative CEA was 3.66 ng/ml (P <0.001) and the AUC showed early postoperative CEA was the most significant prognostic marker in stage II CRC (P = 0.0189). The Cox regression and sensitivity analysis before and after adjusting for PS both revealed elevated early postoperative CEA was the strongest independent prognostic factor of OS, DFS, and CSS (P < 0.001). Survival analysis revealed that patients with elevated early postoperative CEA had lower OS (53.62% VS 84.16%), DFS (50.03% VS 86.75%), and CSS (61.77% VS 90.30%) than patients with normal early postoperative CEA (P < 0.001). When the postoperative CEA was positive, the preoperative CEA level showed no significant effect on the patient’s prognosis (all P-values were > 0.05). Patients with a CEA ratio ≤0.55 or CEA absolute value ≤-0.98 had a worse prognosis (all P-values were < 0.001). Survival analysis suggested that adjuvant chemotherapy for stage II CRC patients with elevated early postoperative CEA may improve the CSS (P = 0.040).



Conclusions

Early postoperative CEA was a better biomarker for prognosis of stage II CRC patients than T stage and preoperative CEA, and has the potential to become a high-risk factor to guide the prognosis and treatment of stage II CRC patients.





Keywords: Postoperative serum carcinoembryonic antigen, stage II colorectal cancer, prognosis, high-risk factor, adjuvant chemotherapy



Introduction

As the third most common malignant tumor in the world, colorectal cancer (CRC) poses a serious threat to human health due to its high morbidity and mortality (1). Radical resection is the primary treatment for non-metastatic CRC. Adjuvant chemotherapy is proven to show higher survival benefits in stage III patients, and the survival of stage II colon cancer patients with high-risk factors (HRFs) may be improved through adjuvant chemotherapy (2, 3). Due to the existence of HRFs, the prognosis of patients with stage II CRC is heterogeneous. Therefore, it is necessary to clarify which factors can be defined as HRFs for the guidance of the prognosis and treatment for stage II CRC.

Carcinoembryonic antigen (CEA) is a tumor-associated antigen, which was first extracted from colon cancer and embryonic tissues by Gold and Freedman in 1965. It is related to the progression of various solid tumors (4). Serum CEA is an important biomarker for diagnosis, prognosis, recurrence, metastasis monitoring, and the evaluation of the effect of chemotherapy in CRC (5–8). Recently, a few studies showed that postoperative CEA is an important prognostic factor for CRC (9–13). However, there are no studies evaluating the guided and predictive values of postoperative CEA on the prognosis of stage II CRC, and its potential to be a new HRF for stage II CRC patients remains unclear. Therefore, we conducted a single-center retrospective study to explore the effects of early postoperative CEA on the prognosis and its guiding value for adjuvant chemotherapy in stage II CRC patients.



Methods


Data Collection

The current study was a single-center retrospective clinical study, and all patients met the following conditions: (1) they received radical surgical treatment for colorectal cancer at the Harbin Medical University Cancer Hospital between January 2007 and December 2015, and they were pathologically diagnosed as stage II CRC; (2) serum CEA was tested before and within 3 months after surgery; (3) the patients had complete follow-up records as recommended by the CSCO guidelines; (4) they agreed to provide informed consent. The exclusion criteria were as follows: (1) unclear diagnosis of the pathological type; (2) CEA values not available; (3) received neoadjuvant therapy; (4) recurrence or metastasis within 3 months after surgery; (5) no follow-up information; (6) concomitant other cancers at initial diagnosis. Eventually, 1081 patients were included in this study.

The following information was obtained from the electronic medical record system (EMRS) and the telephone follow-up database of the Harbin Medical University Cancer Hospital: (1) gender, age, height, weight, smoking history, drinking history, and other individual characteristics; (2) disease information, such as concomitant diseases, tumor sites, surgery time and approaches, postoperative pathological reports, and available CEA values; (3) follow-up information. Postoperative pathological reports included T and N stages, pathological type, differentiation degree, upper and lower resection margins, lymphatic infiltration, vascular infiltration, and the number of lymph node dissections. The pathological stage was defined according to the criteria in the 8th American Joint Committee on Cancer (AJCC) manual for CRC.



Statistical Analysis

All data in the current study were analyzed using the IBM SPSS STATISTICS 23.0 software, and MedCalc 18.2.1 was used for processing the images. The study endpoints were overall survival (OS), disease-free survival (DFS), and cancer-specific survival (CSS).

Receiver operating characteristic curve (ROC)’s area under curves (AUCs) were used to evaluate the predictive efficacy of early postoperative CEA in the prognosis of CRC. When AUC >0.9, the predictive efficacy was considered superior, when it was between 0.7 and 0.9, the predictive efficacy was considered good, and when it was between 0.5 and 0.7, the predictive efficacy is considered satisfactory (14). The optimal cutoff value of early postoperative CEA, CEA ratio, and CEA absolute values suggested by the ROC curve were 3.66 ng/ml, 0.55, and -0.98. And the Kaplan-Meier survival curves were used to estimate the survival in the different groups. A P <0.05 was considered statistically significant.

When performing Cox regression analysis, a stepwise regression method was used to obtain the final multivariate model, and the variables with P <0.05 were retained in the final model. Early postoperative CEA was considered as a primary covariate and other factors were adjusted according to the propensity score (PS). The PS score was considered as another covariate, which was included in the model along with the early postoperative CEA to construct Cox proportional hazards regression models with different outcomes. These factors included preoperative CEA, gender, age, BMI, tumor sites, histological type, differentiation degree, T stage, and adjuvant chemotherapy. Subsequently, the PS-adjusted regression results were verified using PS stratification and inverse probability weighting (IPTW).

A meta-analysis was performed using Comprehensive Meta-Analysis (CMA) 3.3.070. The keywords “postoperative serum CEA, colorectal cancer, prognosis” and “serum CEA, colorectal cancer, prognosis” were used as index words to search for target publications in PubMed. The meta-analysis was performed by statisticians.




Results


Patient Characteristics

A total of 1081 stage II CRC patients were considered in the study (Figure 1). The mean age of the patients was 57 y (11 y – 87 y). A total of 436 patients (40.3%) had stage T3 CRC and 645 patients (59.7%) had stage T4. An early postoperative CEA of ≤3.66 ng/ml was observed in 862 patients (79.7%), and that >3.66 ng/ml in 219 patients (20.3%). A total of 207 patients (19.1%) received 3-month chemotherapy and 475 patients (43.94%) received 6-month chemotherapy. During the final follow-up, it was found that 235 patients (21.74%) showed recurrence and metastasis. A total of 228 (21.09%) patients eventually died of neoplastic causes and 71 patients (6.57%) died of non-neoplastic causes. The median follow-up time was 2125 days. The 5-year OS was 78.11%, the 5-year DFS was 79.65%, and the 5-year CSS was 84.80%. The demographic and clinical characteristics of the patients are summarized in Table 1.




Figure 1 | Study design.




Table 1 | Patient demographic and clinicopathologic data.





ROC Curves Suggested That Early Postoperative CEA Is a More Significant Predictor of Prognosis of Stage II CRC Than T Stage and Preoperative CEA

ROC curve was used to evaluate the predictive effects of early postoperative CEA, T stage, and preoperative CEA on the prognosis of stage II CRC. In the case of CSS, according to the ROC curve, the best cutoff value of early postoperative CEA was 3.66 ng/ml, with a sensitivity and specificity of 46.5% and 85.84%, respectively (Figure 2). Subsequently, we used the ROC curves to compare the predictive effects of early postoperative CEA, T stage, and preoperative CEA. AUCs showed that the early postoperative CEA better predicted the prognosis of stage II CRC (AUC > 0.686; 95% CI, 0.657-0.714) and it was significantly better than that using T stage (AUC > 0.621; 95% CI, 0, 592-0.650) and preoperative CEA (AUC > 0.686; 95% CI, 0.657 - 0.714) (Figure 3).




Figure 2 | The receiver operating characteristics (ROC) curves of postoperative CEA with respect to CSS.






Figure 3 | The receiver operating characteristics (ROC) curves and the area under the curves (AUCs) of postoperative CEA, preoperative CEA, and T stage.





Univariate and Multivariate Analyses Revealed That Elevated Early Postoperative CEA Was the Most Significant Independent Prognostic Factor for Stage II CRC Patients

To identify the relationships between early postoperative CEA and prognosis in stage II CRC, we performed univariate and multivariate Cox regression analyses before and after adjusting for PS, followed by sensitivity analysis. The results after adjusting for PS were verified using PS stratification and IPTW.

Before adjusting for PS, univariate Cox regression analyses results showed that age, tumor sites, histological type, differentiation degree, T4 stage, adjuvant chemotherapy, elevated early postoperative CEA, and elevated preoperative CEA were prognostic factors for OS, DFS, and CSS (all P-values were < 0.05, Table 2). Multivariable Cox regression analysis results indicated that elevated early postoperative CEA was the most significant independent prognostic factor for OS (HR = 2.59; 95% CI, 2.006-3.343, P = 0.000), more significant than the T4 stage and elevated preoperative CEA. Sensitivity analysis showed that the standardized regression coefficient of early postoperative CEA was 0.068, which was significantly greater than that of the other factors, supporting the conclusion that early postoperative CEA is the most significant independent prognostic factor for OS. Similarly, elevated early postoperative CEA was also the most significant independent prognostic factor for DFS (HR = 4.505; 95% CI, 3.375-6.015, P = 0.000, standardized regression coefficient = 0.122) and CSS (HR = 3.943; 95% CI, 2.901-5.357, P = 0.000, sensitivity standardized regression coefficient = 0.118) (Table 3).


Table 2 | Univariate Cox regression analysis before PS for overall survival (OS), disease-free survival (DFS) and cancer specific survival (CSS).




Table 3 | Multivariate Cox regression analysis before PS and sensitivity analyses for overall survival (OS), disease-free survival (DFS) and cancer specific survival (CSS).



Subsequently, according to the cutoff value of early postoperative CEA, patients were classified into normal and elevated groups. After other factors were adjusted using the propensity score (PS), the PS score was considered as another covariate, which was included in the regression analysis along with early postoperative CEA. The results showed that after adjusting for PS, early postoperative CEA was still an independent prognostic factor for OS (HR = 2.830; 95% CI, 2.202-3.637, P = 0.000), DFS (HR = 4.552, 95% CI, 3.427-6.046, P = 0.000), and CSS (HR = 4.186; 95% CI, 3.102-5.648, P = 0.000). The same results were obtained after verification using PS stratification and IPTW (Table 4).


Table 4 | Cox regression analysis after PS-adjusted.





Meta-Analysis Verified That Postoperative CEA Was an Independent Prognostic Factor for CRC

A total of 5 articles were included in the meta-analysis to verify the conclusions obtained using the univariate and multivariable Cox regression analyses. Information regarding these 5 articles is presented in Table 5. In the case of OS, the heterogeneity test results showed that there were significant differences among studies (I2 = 90.12%; P < 0.001); therefore, the random-effects model was adopted. The HR (2.516) and 95% CI (1.684, 3.759) (P < 0.001) suggested that postoperative CEA was an independent prognostic factor for OS. In the case of DFS, the heterogeneity test results showed that there were significant differences among studies (I2 = 69.35%; P = 0.006); therefore, the random-effects model was adopted. The HR (3.621) and 95% CI (2.636, 4.974) (P < 0.001) suggested that postoperative CEA was an independent prognostic factor for DFS (Figure 4).


Table 5 | Baseline characteristics of meta-analysis articles.






Figure 4 | Meta-Analysis estimate postoperative carcinoembryonic antigen (CEA) levels serves as an independent prognostic factor in CRC patients.





Survival Analysis Revealed That the Patients With Elevated Early Postoperative CEA Had a Worse Prognosis

To assess the effects of elevated early postoperative CEA on the survival time in stage II CRC patients, we performed Kaplan-Meier (K-M) survival analysis using the follow-up information. The patients showed poor prognosis when early postoperative CEA was > 3.66 ng/ml. The 5-year OS, DFS, and CSS of the patients with elevated early postoperative CEA were 53.62%, 50.03%, and 61.77%, respectively, which were significantly lower than those of patients with normal early postoperative CEA (the 5-year OS, DFS, and CSS were 84.16%, 86.75%, and 90.30%, respectively). All P-values were < 0.001 (Figures 5A–D).




Figure 5 | Overall survival (OS), disease-free survival time (DFS), and cancer-specific survival (CSS) with respect to postoperative carcinoembryonic antigen (CEA) levels. (A) K-M curves of OS based on postoperative CEA levels. (B) K-M curves of DFS based on postoperative CEA levels. (C) K-M curves of CSS based on postoperative CEA levels. (D) 5-year OS, DFS, and CSS of normal and elevated groups.



Subsequently, we conducted further analysis on 219 patients with positive early postoperative CEA. Among these patients, 140 patients had a positive preoperative CEA and 79 had a negative preoperative CEA. Kaplan-Meier (K-M) survival analysis showed that 5-year OS, DFS, and CSS of patients with positive early postoperative CEA and positive preoperative CEA were 48.90%, 51.23%, and 59.18%, respectively, and of patients with positive early postoperative CEA and negative preoperative CEA patients were 61.54%, 47.80%, and 66.02%, respectively. K-M curves showed that there was no significant difference between the two subgroups (All P-values were >0.05 and the K-M curves are shown in Supplementary Figure 1).



Patients With CEA Ratio ≤0.55 or CEA Absolute Value ≤-0.98 Had a Worse Prognosis

We further studied the survival conditions of patients who had different CEA ratio (preoperative serum CEA divided by early postoperative serum CEA) and CEA absolute value (early postoperative serum CEA subtracted from preoperative serum CEA). We used ROC curves to find the optimal cutoff value of the CEA ratio and CEA absolute value. When the event was OS, according to the ROC curve, the optimal cutoff value of CEA ratio and CEA absolute values were 0.55 and -0.98, with the sensitivity of 22.56% and 24.92%, respectively, and the specificity of 95.15% and 95.15%, respectively (Supplementary Figure 2). When 0.55 was used as the optimal cutoff value of CEA ratio, Kaplan-Meier (K-M) survival analysis showed that the 5-year OS, DFS, and CSS of the patients with CEA ratio ≤0.55 were 50.30%, 35.83%, and 51.84%, respectively, and of patients with CEA ratio >0.55 were 81.28%, 84.62%, and 88.68%, respectively. When -0.98 was used as the optimal cutoff value of CEA absolute value, the 5-year OS, DFS, and CSS of the patients with CEA absolute value ≤0.98 were 47.58%, 33.11%, and 50.39%, respectively, and of patients with CEA absolute value >-0.98 were 81.79%, 85.10%, and 88.98%, respectively. K-M curves illustrated that patients with CEA ratio ≤0.55 or CEA absolute value ≤-0.98 had a worse OS, DFS, and CSS than CEA ratio >0.55 or CEA absolute value >-0.98 (p < 0.001) (Supplementary Figure 3).



Adjuvant Chemotherapy for Stage II CRC Patients With Elevated Early Postoperative CEA Improved CSS

We performed K-M survival analyses to explore the significance of early postoperative CEA on adjuvant chemotherapy. The K-M analysis suggested that in patients with early postoperative CEA >3.66 ng/ml, compared to patients without adjuvant chemotherapy, patients with adjuvant chemotherapy showed an improved CSS (P = 0.040; HR = 0.6501; 95% CI, 0.4339 - 0.9741). However, the differences in OS (P = 0.0623; HR = 0.7081; 95% CI, 0.4935-1.0160) and DFS (P = 0.2745; HR = 0.8107, 95%CI, 0.5572 -1.1795) were not significantly different (Figures 6A–C). In patients with early postoperative CEA ≤3.66 ng/ml, the differences in OS (P = 0.2543; HR = 0.8345; 95% CI, 0.6055-1.1526), DFS(P = 0.1280, HR = 1.3836, 95% CI, 0.9353-2.0467), and CSS (P = 0.2546, HR = 1.2955, 95% CI, 0.8500-1.9746) were not significantly different (Figures 6D–F). When the patients were classified as those on no adjuvant chemotherapy, 3-month chemotherapy, and 6-month chemotherapy, irrespective of the levels of early postoperative CEA, the differences in OS, DFS, and CSS were not significant (all P-values were >0.05) (Figures 7A–F).




Figure 6 | Patients’ overall survival (OS), disease-free survival time (DFS), and cancer-specific survival (CSS) based on whether receive adjuvant chemotherapy. (A) K-M curves of OS based on whether receive adjuvant chemotherapy in postoperative CEA-positive patients. (B) K-M curves of DFS based on whether receive adjuvant chemotherapy in postoperative CEA -positive patients. (C) K-M curves of CSS based on whether receive adjuvant chemotherapy in postoperative CEA -positive patients. (D) K-M curves of OS based on whether receive adjuvant chemotherapy in postoperative CEA -negative patients. (E) K-M curves of DFS based on whether receive adjuvant chemotherapy in postoperative CEA -negative patients. (F) K-M curves of CSS based on whether receive adjuvant chemotherapy in postoperative CEA -negative patients. 0, without adjuvant chemotherapy; 1, with adjuvant chemotherapy.






Figure 7 | Patients’ overall survival (OS), disease-free survival time (DFS), and cancer-specific survival (CSS) based on different chemotherapy regimens. (A) K-M curves of OS based on different chemotherapy regimens in postoperative CEA-positive patients. (B) K-M curves of DFS based on different chemotherapy regimens in postoperative CEA-positive patients. (C) K-M curves of CSS based on different chemotherapy regimens in postoperative CEA-positive patients. (D) K-M curves of OS based on different chemotherapy regimens in postoperative CEA-negative patients. (E) K-M curves of DFS based on different chemotherapy regimens in postoperative CEA -negative patients. (F) K-M curves of CSS based on different chemotherapy regimens in postoperative CEA -negative patients. 0, without adjuvant chemotherapy; 1, with 3-month adjuvant chemotherapy; 2, with 6-month adjuvant chemotherapy.






Discussion

Patients with stage II CRC can be classified into IIA, IIB, and IIC according to the T stage, and the 5-year OS of stage II CRC can be about 80%. However, there was a significant difference in the prognosis between stages IIB/IIC and stage IIA, with 5-year OS of 72.2% and 83.4%, respectively (15). A study found that the recurrence risk in stage II CRC T4 patients is about twice that in T3 patients (16). Even the 5-year OS (71.5%) and DFS (70.0%) of IIB/IIC (T4N0) patients were lower than those of stage IIIA (T1-2N1) patients (87.7% and 84.0%, respectively) (17, 18). Therefore, the T stage is considered the most important prognostic factor in stage II CRC. Preoperative CEA was recognized as an independent prognostic factor for CRC (19, 20), while postoperative CEA was more important in the monitoring of recurrence and metastasis, and the postoperative CEA levels increased 2-6 months before the diagnosis of recurrence in 18%-75% of the recurrent CRC cases (10, 21, 22). It was more typical in intermediate diseases (stage II and III) (9, 10). In previous research, we found that postoperative CEA was an important prognostic factor for colon cancer that significantly improved the performance of the TNM model. The model combined postoperative CEA with T and N stages (TN-CEA) and was the best prognostic model for stage III colon cancer (11). Other studies have also supported the importance of postoperative CEA in tumor prognosis (9, 10, 12). Lin et al. suggested that patients with elevated postoperative CEA showed recurrence earlier. Park et al. suggested that preoperative and postoperative CEA were independent prognostic factors for tumor recurrence, and Wang et al. also suggested that postoperative CEA was an independent prognostic factor for DFS and OS in CRC, and a positive or elevated postoperative CEA indicated poor prognosis (9, 10, 12). However, these studies did not separately analyze patients with stage II CRC. The application value of postoperative CEA in stage II CRC is extremely important but it has not received enough attention. And considering the heterogeneity in the prognosis of stage II CRC, we thought it was necessary to conduct a separate study on the effects of postoperative CEA on the prognosis of stage II CRC.

We performed a single-center retrospective clinical analysis and found that elevated early postoperative CEA was the strongest independent prognostic factor for stage II CRC and was more significant than T stage and preoperative CEA. Patients with elevated early postoperative CEA had a worse prognosis. When we combined preoperative CEA and early postoperative CEA to get CEA ratio and CEA absolute value, the patients with CEA ratio ≤0.55 or CEA absolute value ≤-0.98 also showed a worse prognosis. The above results confirmed the prognostic guiding value of early postoperative CEA in stage II CRC, which is of great significance for the application of early postoperative CEA and the prognostic evaluation of stage 2 CRC. To the best of our knowledge, the current study is the first to evaluate the application value of early postoperative CEA in stage II CRC, which is important to guide prognosis evaluation and monitor stage II CRC patients.

It is worth noting that in this study, we set the CEA test time as before surgery and within 3 months after the surgery because of the half-life of CEA in the blood and the time whether to continue to receive adjuvant chemotherapy. The decision was also supported by another study (9). Patients who showed metastasis and recurrence during this period were excluded because these patients were considered to have synchronous metastases (23, 24).

There is no standard cutoff value of CEA at present and some reports suggested that 5 ng/ml was not the best cutoff value. Emile Tan et al. conducted a quantitative meta-analysis of 20 studies and found that when the CEA cutoff value was 2.2 ng/ml, it provided the best sensitivity and specificity for the monitoring of postoperative recurrence or metastasis (25). When using CSS as the endpoint to perform ROC, the early postoperative CEA cutoff value was 3.66 ng/ml and it predicted the prognosis of stage II CRC patients more accurately.

To remove the effect of other factors, we used PS-adjusted regression to adjust for the other factors, and the results were verified using PS stratification and IPTW. A previous study has shown that PS-adjusted regression is the most stable and accurate stratification method. This method is easy to use and can integrate multiple confounding factors through the PS score to reduce the interference of the confounding factors and ensure the accuracy of the results (26).

In previous studies, T4 stage and preoperative CEA were considered to have an important influence on the prognosis of stage II CRC (15, 19, 20, 27). Babcock et al. found that the T4 stage had the most negative impact on the survival of stage II colon cancer patients, and it was the most weighted HRF. When a single HRF was considered, only patients in stage T4 benefited from adjuvant chemotherapy, and patients with multiple HRFs benefited from adjuvant chemotherapy only when the HRFs included T4 (27). Researchers also proposed that the preoperative CEA and TNM stage had equal value and suggested that preoperative CEA should be included in the TNM stage to assess the prognosis of patients (21, 28–30). However, these views did not take into account postoperative CEA. Our study demonstrated that early postoperative CEA predicted and influenced the prognosis of stage II CRC stronger than T stage and preoperative CEA. This indicated that the value of early postoperative CEA is similar to T stage and preoperative CEA in the prognosis assessment and monitoring of stage II CRC and is worthy of further investigation. It also suggested that we should pay more attention to the changes in early postoperative CEA, which can provide a better idea for personalized diagnosis and treatment of the stage II CRC patients.

The role of adjuvant chemotherapy in stage II CRC patients has been the focus of researchers worldwide. A few previous studies have failed to evaluate significant survival benefits with respect to adjuvant chemotherapy in stage II CRC (31–33); however, others have suggested certain benefits of adjuvant chemotherapy for stage II CRC patients with HRFs (2, 3). At present, NCCN guidelines recommend adjuvant chemotherapy for stage II CRC patients with HRFs (6); however, postoperative CEA has not been included as an HRF. The guidelines recommend 6-month adjuvant chemotherapy for stage II CRC patients with HRFs (34, 35). Based on the results of the IDEA and TOSCA studies, 3-month adjuvant chemotherapy with CAPEOX may be considered for stage II CRC patients with HRFs except for T4 and low-risk stage III patients with T1-3N1 (36, 37). We applied early postoperative CEA to stratified patients. The results suggested that in patients which early postoperative CEA >3.66 ng/ml, compared to patients without adjuvant chemotherapy, patients with adjuvant chemotherapy showed an improved CSS (P = 0.040; HR = 0.6501; 95% CI, 0.4339 - 0.9741) after adjuvant chemotherapy. When the patients were classified based on the chemotherapy regimens, irrespective of the early postoperative CEA levels, the differences in OS, DFS, and CSS were not significantly different. Our results showed that there was insufficient evidence to support the suggestion that early postoperative CEA can be applied to the guidance of adjuvant chemotherapy for stage II CRC patients. The main reasons behind this conclusion were as follows: Firstly, the number of cases we considered was insufficient. Secondly, there were fewer deaths in the cases we considered. Finally, from 2007 to 2015, the inclusion criteria and chemotherapy regimens for adjuvant chemotherapy at our hospital lacked standardization. It is worth emphasizing that during the stratification of patients taking adjuvant chemotherapy for stage II CRC, early postoperative CEA showed possible trends and potential values, which are worthy of further investigation in a larger sample size.

There are certain shortcomings of this study. Firstly, we performed a retrospective study, and although it highlighted the importance of early postoperative CEA for patients with stage II CRC, the results may be less significant than a prospective study. Secondly, while considering the prognostic factors for stage II CRC, we did not consider the microsatellite stability, and MSI-H/DMMR is currently recognized as a low-risk factor for stage II CRC (38). Thirdly, other studies suggested that the number of tumor markers that increase after surgery had an impact on the prognosis of patients (39) but we considered CEA only. Fourthly, this is a single-center study, and data from other centers were not used for verification. Lastly, we did not make a clear distinction between the colon and rectal cancer.



Conclusion

Early postoperative CEA was a better biomarker for prognosis of stage II CRC patients than T stage and preoperative CEA, and has the potential to become a high-risk factor to guide the prognosis and treatment of stage II CRC patients.
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Background

Exosomes are extracellular vesicles secreted by most cells to deliver functional cargoes to recipient cells. MicroRNAs (miRNAs) constitute a significant part of exosomal contents. The ease of diffusion of exosomes renders them speedy and highly efficient vehicles to deliver functional molecules. Cancer cells secrete more exosomes than normal cells. Reports have showed that exosomal miRNAs of cancer cells facilitate cancer progression. Yet the complexity of cancer dictates that many more functional exosomal miRNAs remain to be discovered.



Methods

In this study, we analyzed miRNA expression profiles of tissue and plasma exosome samples collected from 10 colorectal cancer (CRC) patients and 10 healthy individuals. We focused on hsa-miR-101-3p (101-3p), a profoundly up-regulated miRNA enriched in plasma exosomes of patients bearing CRC. We performed target analysis of 101-3p and pursued functional studies of this microRNA in two colorectal cancer cell lines, namely HCT116 and SW480.



Results

Our results indicated that inhibiting 101-3p slowed cell growth and retarded cell migration in vivo in two colorectal cancer cell lines. Target analysis showed that Homeodomain-interacting protein kinase (HIPK3) is a target of miR-101-3p. HCT116 and SW480 cells stably overexpressing HIPK3 showed increased level of phosphorylated FADD, as well as retarded cell growth, migration, and increased sensitivity to 5-FU. In-depth analysis revealed increased mitochondrial membrane potential upon HIPK3 overexpression along with increased production of reactive oxygen species, number of mitochondria, and expression of respiratory complexes. Measurements of glycolytic parameters and enzymes revealed decreased level of glycolysis upon HIPK3 overexpression in these two cell lines. Xenograft model further confirmed a profoundly improved potency of the synergistic treatment combining both 5-FU and 101-3p inhibitor compared to 5-FU alone.



Conclusion

This study unraveled an oncogenic nature of the exosomal 101-3p and suggested a relationship between the 101-3p-HIPK3 axis and metabolic homeostasis in colorectal cancer. Expression level of 101-3p is positively correlated with glycolytic capacity in CRC and therefore 101-3p itself is an oncomiR. Combining 101-3p inhibitor with chemotherapeutic agents is an effective strategy against CRC.
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Introduction

Exosomes are membrane-bound extracellular vesicles harboring biological components such as lipids, proteins, and nucleic acids (1–3). Diffusion of exosomes in biological fluids and merging of exosomes with recipient cells via membrane fusion serves as a means to deliver functional biological molecules to target cells. MicroRNAs (miRNAs), which are a class of small non-coding RNAs, have been identified in the exosomes. miRNA expression profile of exosomes differ greatly from their derivative cells. Active sorting of miRNAs into exosomes reflects various purposes. Reports have shown that exosomes can alter gene expression landscape of target cells through miRNA to achieve various purposes, e.g. formation of pre-metastatic niche (4–6).

Cancer cells secrete larger amount of exosomes than normal cells (7, 8). Exosomes derived from cancer cells are able to reshape both local and distant microenvironments, favoring cancer progression and metastasis. One of the first moncomiRs, miR-21, is discovered in abundance in exosomes of many tumors (9–13). SW480-derived exosomes contain large amount of miR-21 which has the potential to inhibit PDCD4, an apoptosis mediator (14). Other studies have reported that several exosomal miRNAs, e.g. miR-21, miR-1246, and miR-23a, are of potential diagnostic value for colorectal cancer (15).

In this study we discovered a highly upregulated miRNA in plasma exosomes of CRC patients, hsa-miR-101-3p (101-3p). 101-3p was upregulated 8-fold in plasma exosomes of CRC patients compared to healthy individuals. Interestingly, analysis of 101-3p expression in tumor and paired paracancerous tissues of the same CRC patients showed no significant difference, which indicates selective packaging of 101-3p into exosomes. Functional study of 101-3p revealed its oncogenic potential. Bioinformatic analysis, qPCR screening and dual luciferase reporter assay revealed homeodomain-interacting protein kinase 3 (HIPK3) is a direct target of 101-3p. Overexpression of HIPK3 in HCT116 and SW480 cells mimics the effects of inhibiting 101-3p. Further experiments showed that stable HIPK3 overexpression sensitized these two cell lines (HIPK3+HCT116 and HIPK3+SW480) to 5-FU-induced apoptosis. JC-1 staining revealed an increase in mitochondrial membrane potential (MMP) in these cell lines compared to their NC counterparts, suggestive of enhanced mitochondrial functionality. However, cytochrome c staining at 12 h post 5-FU treatment showed elevated expression and release of the apoptosis marker. Further screening indicated that increase in VDAC1 expression, a pore-forming protein which facilitates cytochrome C release, accounted for the rise in cytochrome c release and therefore augmented sensitivity to 5-FU induced intrinsic apoptosis. Mitochondrial characterization showed an increase in the number of mitochondria as well as heightened expression of respiratory enzymes required for aerobic respiration in these two HIPK3-overexpressing cell lines. An increase in ROS production was also observed in these two engineered cell lines. Analysis on glycolysis showed that glycolytic parameters, e.g. lactate production and expression of key glycolytic enzymes, all dropped due to HIPK3 overexpression. Further reconstitution experiments confirmed that co-culturing of exosomes derived from wild type CRC with HIPK3-overexpressing cell lines partially restored their oncogenic potential. Xenograft experiments suggest that a combinatorial treatment of both 5-FU and 101-3p inhibitor is a more efficacious therapy than 5-FU alone in colorectal cancer. Our findings unraveled a relationship between 101-3p/HIPK3 axis with metabolic reprogramming in colorectal cancer. To elaborate, because 101-3p did not affect circHIPK3 expression, HIPK3 inhibition by 101-3p is positively correlated to glycolytic capacity in colorectal cancer. This relationship might be bridged by phosphorylated FADD (pFADD). Overexpression of HIPK3 traps a metabolically reprogrammed state in colorectal cancer where its metabolism shifts from glycolysis to oxidative phosphorylation. Clinically, this metabolic shift caused by HIPK3 overexpression weakens tumor and sensitizes it to chemotherapy.



Methods and Materials


Clinical Samples and miRNA Sequencing

Tumor and paracancerous tissue pairs were acquired from ten CRC patients at the Jiangsu Province Hospital of Chinese Medicine. Tissue samples were immediately frozen in liquid nitrogen at the time of surgery and stored at -80° C. All experiments were performed in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and approved guidelines of the Nanjing University of Chinese Medicine. The clinical features of the patients are listed in Additional File 1: Table S1. Peripheral blood samples (at least 2.4 mL each) were acquired from these ten patients and another ten healthy individuals as controls. All patients were aware of the use of their samples and have provided us with written consent. All procedures regarding sample preparations were approved by the Ethics Committee of Nanjing University of Chinese Medicine. Plasma exosome purification, RNA extraction of tissue and exosomes, and miRNA sequencing were performed by LC Sciences (Hangzhou, Zhejiang, China). Clinical information of ten CRC patients were provided in Supplementary Table S1.



Cell Lines

Colorectal carcinoma cell lines, HCT-116, SW480, LoVo, HT29, SW620, and a normal colon epithelial cell line FHC were purchased from American Type Culture Collection and cultured in DMEM medium (KeyGen Biotechn, Nanjing, China) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v) penicillin-streptomycin (Gibco).



Establishment of Stable HCT116 and SW480 Cell Lines Expressing 101-3p Inhibitor

Short hairpin sequence containing NC (TTCTCCGAACGTGTCACGT) and inhibitor sequence (TTCAGTTATCACAGTACTGTA) of 101-3p were cloned into LV2N (U6/Puro) (GenePharma, Shanghai,China) vector. Constructed LV2N, along with other packaging vectors pGag/Pol, pRev, and pVSV-G, were transfected into 293T cells for lentiviral production. Viruses were harvested by ultracentrifugation. HCT116 and SW480 cells were then treated by viruses either expressing NC or 101-3p inhibitor at a MOI of 10. Treated cells were screened by puromycin at a concentration of 1 μg/mL.



Establishment of Stable HCT116 and SW480 Cell Lines Overexpressing HIPK3

ORF (open reading frame) of HIPK3 were synthesized by Genescript (Nanjing, Jiangsu, China) and cloned into pLV-EF1a-puro. Constructed pLV-EF1a-puro, along with other packaging vectors pGag/Pol, pRev, and pVSV-G, were transfected into 293T cells for lentiviral production. Viruses were harvested by ultracentrifugation. HCT116 and SW480 cells were then treated by viruses either expressing blank (NC) or HIPK3 at a MOI of 10. Treated cells were screened by puromycin at a concentration of 1 μg/mL.



Target Analysis of 101-3p

To determine possible target genes of 101-3p, four online databases were employed, and each of which produced a list of possible target genes. These databases are Diana tools (microT-CDS), TargetScan 7.2, miRDB, and TarBase V.8. Our screening criteria is as follows: Diana tools (microT-CDS) with a miTG score greater than 0.90; TargetScan 7.2 with at least 2 conserved binding sites; miRDB with a rating greater than 90; Tarbase v.8 with a rating greater than 0.9. The final gene list consists of 15 genes and names of the genes can be found in Figure 2A.



Data Collection and Analysis From the TCGA Database

HIPK3 and 101-3p expression data in CRC patients were acquired from the TCGA database (https://cancergenome.nih.gov). HIPK3 transcript data were acquired from 488 CRC patients and 30 normal cases, while miRNA expression data were acquired from 539 CRC and 9 normal cases. Annotation information was downloaded from genecode (https://www.gencodegenes.org/) and miRBase (http://www.mirbase.org/).



Cell Proliferation Assay

Proliferation of cells was monitored using the CCK-8 kit (Beyotime, Nantong, China) according to the manufacturer’s instructions. Briefly, 5×103 cells were seeded into each well of 96-well plates. Samples were measured at 48 h post-seeding in triplicate at 450 nm by the Tecan Infinite 200 PRO plate reader (Tecan Group Ltd., Männedorf, Switzerland).



EdU Incorporation Assay

Cell proliferation was also monitored by EdU (5-ethynyl-20-deoxyruidine) assay using the EdU assay kit (KeyGen Biotech., Nanjing, China). Cells were seeded into each well of 24-well plates, followed by incubation at 37 °C and 5% CO2 for 48 h. Cells were then treated with 10 μM EdU for 2 h and then fixated by 4% paraformaldehyde. Cells were then stained with the Click-iT EdU mixture solution. Cell nuclei were then stained with DAPI. Proliferation was quantified as the percentage of cells actively incorporating EdU in a microscopic field according to the manufacturer’s instructions. Images were taken using a Zeiss Axio Vert. A1 microscope.



Colony Formation Assay

Under the culture condition described before, 1×103 cells were seeded in a six-well plate and cultured for 2 weeks. Then, colonies were washed with phosphate-buffered saline, fixed with methyl alcohol for 10 min, stained with crystal violet (0.5% wt/vol) for 20 min and finally counted under a microscope.



Wound Healing Assay

Cells were allowed to grow to a 90–95% confluence. A scratch wound was made using a 200 μL pipette tip on the cell layer. Scratches were photographed at 0 and 48 h and widths of scratches were measured digitally. Measurements were taken from assays in triplicates for each type of cells.



Transwell Assay

About 5x104 cells were allowed to grow in the inset chamber of a 24-well transwell plate (Corning). Cells in the chamber were cultured in 100 μL FBS-free culturing medium with the Matrigel membrane where the chamber itself was submerged into the wells of a plate containing 500 μL complete growth media. After 24 h, cells failed to invade to the lower surface of chamber were wiped by cotton scrubs whereas cells attached to the lower surface were fixated in 4% paraformaldehyde and stained by 0.1% crystal violet. Photographs of invaded cells were taken by a light microscope and number of number of invaded cells were recorded from assays in triplicates for each type of cells.



Apoptosis Treatment

Different types of cells were either treated by PBS or 5-FU (50 μM, the only concentration used in this study). Treatment periods vary and are indicated in figures.



Annexin V-Prodium Iodide (PI) Double Staining Using Flow Cytometry

Cells were treated by Annexin V-FITC in Ca2+-containing binding buffer at room temperature for 30 min. PI was added 5 min before flow cytometric measurement. Degree of apoptosis was determined by Annexin V (green) and PI (red) fluorescence probed by flow cytometry on a Beckton-Dickinson flow cytometer.



Exosomes Internalization Assay

PKH67 (Sigma, MINI67–1KT) was used to label exosomes (2 μg) from HCT116 and SW480 isolated by differential centrifugation according to manufacturer’s instructions. To visualize exosome transfer, PKH-67-labeled exosomes were cultured with FHC cells for 4h. 4’, 6-diamidino-2-phenylindole (DAPI) (abcam, ab104139) was used for nuclear staining, while the cytoskeleton of MGC803cells was selectively stained with TRITC Phalloidin (KeyGEN, KGMP0012). Internalization of exosomes was probed by a confocal laser scanning microscope (Leica TCS SP8, Leica Microsystems)



Dual-Luciferase Reporter Assay

Fragments (445 bp) of 3’-UTR of HIPK3 containing either the 101-3p binding site (position 1677-1683 of the 3’-UTR of HIPK3) or mutated 101-3p binding site were cloned into pSI-check2 plasmid (Hanbio, Shanghai, China). Plasmids were the transfected into 293T cells. 101-3p mimic or NC were added to transfected 293T cells. hRLuc (Renilla luciferase) and fLuc (Firefly luciferase) were detected by Promega Dual-Luciferase system kit (Promega, Beijing, China) on a Tecan Infinite 200 PRO plate reader.



Mitochondrial Membrane Potential Determination

The JC-1 mitochondrial membrane potential kit (KeyGen Biotech., Nanjing, China) was employed to measure mitochondrial membrane potential in both wild type and HIPK3 over-expressing cells subjected to different treatment. Briefly, 1 mL of 10 µg/mL JC-1 was added to DMEM medium in 6-well plates and the mixture was then incubated for 20 min at 37°C in an incubator supplemented with 5% CO2. Red (Ex=514 nm, Em=529 nm) and green fluorescence (Ex=585 nm, Em=590 nm) of treated Jurkat cells were measured on a flow cytometer (FACS Calibur; BD Biosciences). Proportion of cells in the Red-/Green+ quadrant was calculated. Other cells were grown on coverslips and fixated by 4% paraformaldehyde for 2 h to be observed by a Zeiss Axio Vert.A1microscope equipped with an Olympus X-cite 120 Q light source.



Determination of ROS Generation

The ROS detection kit (KeyGen Biotech., Nanjing, China) was used to measure ROS production of cells. Briefly, 2’,7’ - dichlorofluorescein diacetate (DCFH-DA) was diluted to a concentration of 10 μM using DMEM medium. 1x106 cells were collected and resuspended in medium containing DCFH-DA, followed by incubation at 37°C for 20 min. Green fluorescence of cells was detected by flow cytometry. Other cells were grown on coverslips and fixated by 4% paraformaldehyde before DCFH-DA treatment. Fluorescence images were taken by a Zeiss Axio Vert.A1microscope equipped with an Olympus X-cite 120 Q light source.



Western Blot Analysis

Cells were collected and washed twice with ice-cold PBS, followed by lysis using RIPA buffer (protein inhibitor included) for 40 min. Lysed cells were precipitated by centrifugation (12,000 rpm for 10 min at 4°C) and cell extracts in the supernatant were harvested. Proteins in the supernatant were separated using 12% SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, MA, USA). Membranes were then blocked in non-fat 5% milk at room temperature for 1 h and blotted with appropriate primary antibodies at a dilution ratio of 1:1000 at 4°C overnight. Following three washes in PBS (10 mM, pH 7.4) containing 0.1% Tween 20, membranes were blotted with secondary antibodies of either mouse or rabbit origin at a dilution ratio of 1:2000 for 1 h at room temperature. After three washes in PBS with 0.1% Tween 20, the blots were visualized using ECL detection reagents. Bands were quantified by the ImageJ software.



Exosomes Isolation From Culture Medium

Cells were cultured in the DMEM medium supplemented with 10% exosome-free FBS. Cell culture supernatant was centrifuged after 2 days of culturing and centrifuged at 300 g for 10 min twice before ultracentrifugation at 100,000 × g for 120 min to collect the exosomes.



RNA Isolation and Quantitative Real-Time

Total RNA of cells was extracted using the Trizol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. Reverse transcription was implemented using either a routine reverse transcription kit or a miRNA 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China). Quantitative real-time PCR was performed using the AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing, China). The PCR cycling conditions were as follows: an initial start at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1min. mRNA levels of various genes were expressed as a ratio to the internal control GAPDH or U6.



Cytochrome C Staining

Cells were washed three times with PBS buffer (pH7.4). For flow cytometry, cells were digested by 0.25% trypsin and resuspended. Cells were then fixated by 4% paraformaldehyde on ice for 2 h, followed by treatment by 0.1% Triton solution for membrane piercing for 30 min on ice with occasional shaking. Cells were again washed by PBS three times before blocking by 1% BSA solution for 30 min on ice. Cells were then washed by PBS and incubated with cytochome C-FITC antibody on ice in dark. DAPI was added 5 min before flow cytometric measurement or microscopic observation. Resuspended cells were probed by flow cytometry on a Beckton-Dickinson spectrometer while others were observed by fluorescence microscopy on Zeiss Axio Vert.A1microscope.



Mitochondrial DNA Quantification

Mitochondrial DNA (mtDNA) was quantified as previously described (ref.). Briefly, total genomic DNA of cells was extracted using the Genomic DNA mini preparation Kit (Beyotime, Beijing, China). Mitochondrial DNA level was determined based on the relative level of cytochrome oxidase 1 compared to β-globin (Primers in Supplementary Material).



Co-Culturing of Wild Type Exosomes With Stable HCT116 and SW480 Cell Lines Overexpressing HIPK3

For rescue experiments, HIPK3+HCT116 and HIPK3+SW480 cells were co-cultured with their respective wild type exosomes. Briefly, 2 x 106 cells mutant cells were co-cultured with excessive exosomes derived from 4 x106 wild type cells, at which exosomes were collected by ultracentrifugation.



Determination of Glucose Consumption, and ATP, Acetate, Pyruvate and Acetyl-CoA Production

Cells of different treatment groups were cultured in FBS-free medium overnight prior to measurement. Glucose consumption, lactate, ATP, pyruvate and Acetyl-CoA production assay kits were all purchased from Solarbio (Beijing, China) and used according to manufacturer’s instructions. All experiments were performed in triplicates.



Immunohistochemistry (IHC)

Formalin-fixed and paraffin-embedded tissues were processed into thin sections and deparaffinized before antigen retrieval using 10 mM citrate buffer (92°C for 30 min). Gene expression was evaluated according to stain intensity and the percentage of positive cells. The intensity of staining was graded as 1 = weak staining, 2 = moderate staining and 3 = strong staining. The percentage of stained cells was graded as 0 = 0-5%, 1 = 6-25%, 2 = 26–50%, 3 = 51-75% and 4 = 75-100%. The final score was obtained by multiplying the two scores.



Oxygen Consumption Rate

Mitochondrial oxygen consumption rates (OCRs) and extracellular acidification rates (ECAR) were measured using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells were seed at a density of 20,000 cells in XF24 cell culture microplates and were continuously incubated for 12 h in hypoxia. The culture medium was changed to XF base media as recommended by Seahorse Bioscience before measurement. The ATP synthase inhibitor Oligomycin A (2 μM), the ATP synthesis uncoupler carbonyl cyanide-4-trifluoromethoxyphenylhydrazone FCCP (1.5 μM), the complex I inhibitor rotenone (2 μM), and complex III inhibitor antimycin A (2 μM) were used to determine OCR parameters. OCR is shown in pmol/min/105 cells and ECAR is shown in mpH/min/105 cells. All experiments were performed in triplicate.



Xenograft Experiments

Tumor cells were first grown in vitro to multiply and then concentrated to an injection volume of 100 mL PBS containing about 2x106 cells. Injection by syringe was made to the mid-right flank of nude mice to allow xenograft tumor formation. For IHC analysis, injected NC HCT116 and HIPK3+HCT116 cells were allowed to grow in vivo without treatments for 30 days. Tumors volume were measured and recorded at regular time intervals, and tumors were excised at day 30 to be photographed.

For intervention experiments, namely 5-FU and lentiviral treatment, wild-type HCT116 cells were used for injection into nude mice and divided into three groups: a control group treated by NC viruses and two experimental groups which received treatment either by 5-FU and virus harboring scramble control, or 5-FU and virus harboring 101-3p inhibitor sequence. Each group contained 6 mice. For the control group, PBS was administered at day 10, 17, 24 intraperitoneally. For treatments that require 5-FU, 5-FU was administered intraperitoneally at day 10, 17 and 24 at a dosage of 20 mg/kg. For treatments that require virus, lentiviruses containing either scramble control or 101-3p inhibitor were administered intratumorally at day 10, 17 and 24 (50 μL containing about 5x107 virus). Tumor volumes were measured and recorded at regular time intervals, and tumors were excised at day 30 to be photographed.



Statistical Analysis

Data in this study are presented as mean ± SD. Student’s t-test was used for statistical analysis. All statistical analyses were conducted using Graphpad Prism 6. P-value less than 0.05, 0.01, 0.001, and 0.0001 is indicated by *, **, ***, and ****, respectively.




Results


hsa-miR-101-3p Is Upregulated in Plasma Exosomes in CRC Patients and Promotes Cell Growth and Migration in CRC Cell Lines

We collected tissue and blood samples from 10 CRC patients and 10 healthy individuals. For tissue samples, tumor and paired paracancerous tissues were collected from CRC patients. Likewise, plasma exosomes in peripheral blood from CRC patients and healthy individuals were collected. A total of 40 samples were analyzed by RNA-Seq (10 paired samples of tumor and paracancerous tissues, 10 samples of plasma exosomes of patients and 10 samples of plasma exosomes from healthy individuals). In this work, we are only publishing miRNA analysis. Figure 1A shows a transmission electron micrograph of plasma exosomes collected from one of the CRC patients. Figure 1B shows immunoblots of key proteins (i.e. CD63, TSG101 and Calnexin) of tumor and plasma exosomes collected from the same CRC patient.




Figure 1 | 101-3p is highly up-regulated in CRC plasma exosomes and promotes oncogenesis. (A) Transmission electron micrograph of exosomes isolated from CRC patients. (B) Immunoblots of key proteins of isolated exosomes. (C) Volcano plots of miRNA sequencing results: plasma exosomes from CRC patients vs. plasma exosomes from healthy individuals. (D) Innate expression level of 101-3p in five CRC cell lines. (E) Uptake of SW480-derived exosomes by FHC cell monitored by fluorescence microscopy. (F) 101-3p level of FHC cells following uptake of SW480-derived exosomes. (G) Edu incorporation of HCT116 and SW480 cells stably expressing NC sequence or 101-3p inhibitor sequence. (H) Growth curves of HCT116 and SW480 cells stably expressing NC sequence or 101-3p inhibitor sequence monitored by CCK-8. (I) Wound healing assay of HCT116 and SW480 cells stably expressing NC sequence or 101-3p inhibitor sequence. (J) Transwell assay of HCT116 and SW480 cells stably expressing NC sequence or 101-3p inhibitor sequence. **, *** correspond to a p-value less than 0.01 and 0.001, respectively.



miRNA data and statistics were compiled and analyzed. Tumor samples and plasma exosome samples of CRC patients exhibited vastly different expression profiles of miRNA. Figure 1C shows a volcano plot comparing miRNA expressions in CRC plasma exosomes and healthy plasma exosomes. We pinpointed a miRNA, namely hsa-miR-101-3p (indicated by an arrow in the graph), which was up-regulated about 8-fold in exosomes circulating in plasma of patients bearing colorectal tumors. Relevant analysis of bioinformatics is shown in Supplementary Figure 1. Original data can be found in supplementary excel files.

We then examined 101-3p expression in several CRC cell lines, i.e. SW480, HCT116, LoVo, SW620, and HT29 (Figure 1D). Our results showed a relatively high expression of 101-3p in HCT116 and SW480.

To show CRC cell-derived exosomes can transfer 101-3p, we co-cultured SW480-derived exosomes with FHC cells. We imaged intake of SW480-derived exosomes by FHC, a normal colon epithelial cell line by confocal microscopy (Figure 1E). SW480-derived exosomes were labeled by a green dye, PKH67. It is evident that FHC cells, where were shown by F-actin staining, engulfed the green exosomes. We also probed 101-3p expression in FHC co-cultured with SW480-derived exosomes (Figure 1F). Innate expression of 101-3p in FHC cells was very low. After co-culturing with SW480-derived exosomes, a sharp increase in 101-3p expression in FHC was observed. A similar increase of 101-3p was observed in FHC if co-cultured with SW480-derived exosomes pre-treated with RNase A alone, but not with exosomes pre-treated with RNase A and Triton X-100.

To unravel the function of 101-3p, we then treated HCT116 and SW480 cells with lentiviruses expressing 101-3p inhibitor to produce stably transfected cell lines. Stereotypic characterization of these cell lines followed. Figure 1G shows that, compared to cell lines treated with NC, inhibition of 101-3p in two engineered cell lines showed retarded cell growth as judged by decreased rate of EdU incorporation in two engineered cell lines. Similar inhibition was observed in CCK-8 experiments shown in Figure 1H. Wound healing assays were also performed. Inhibition of 101-3p decreased migration potential of both HCT116 and SW480 cells in vivo (Figure 1I). Invasion assay using the transwell apparatus showed similar inhibition of invasion potential of both cell lines upon 101-3p inhibition (Figure 1J). Our results indicate that inhibition of 101-3p is closely related to decreased of oncogenicity in CRC cell lines. Quantitative analysis of Figure G, I and J can be found in Supplementary Figures 3A–C, respectively.



101-3p Targets HIPK3 and Inhibits Its Expression

To pinpoint the target gene of 101-3p, we employed four miRNA databases and related softwares, i.e. Diana (microT-CDS), TargetScan release 7.2, miRDB, and TarBase v.8 to narrow down the range of possible target genes of 101-3p. The screening criteria is depicted in Bioinformatic Analysis in the Methods and Materials section. The final list consists of 15 genes.

To precisely determine the target gene of 101-3p, we performed a qPCR screening of these 15 genes following transfection of 101-3p mimic in HCT116 cells. Although miRNAs may exert inhibitory effects via translational repression, inhibition through mRNA degradation remains a major mechanism and is worth examining. Figure 2A shows that the HIPK3 gene experienced greatest inhibition at the mRNA level among all genes tested. To confirm this result, we transfected 101-3p mimic into HCT116 and SW480 cells and monitored HIPK3 protein level. As shown in Figure 2B, 101-3p substantially decreased HIPK3 protein level both in HCT116 and SW480. However, 101-3p mimic did not affect circHIPK3 level in these two cell lines (Supplementary Figure 3O).




Figure 2 | HIPK3 is the target gene of 101-3p. (A) Relative expression level of 15 final screened genes in HCT116 following transfection by 101-3p mimic. (B) Reduction of HIPK3 at the protein level by 101-3p in both HCT116 and SW480. (C) Protein level of HIPK3 in clinical tissue samples. (D) Fold change of 101-3p in clinical tissue samples (10 pairs, tumor vs. paracancerous tissue). (E) Pearson correlation plot of HIPK3 and 101-3p. (F) Protein level of phosphorylated FADD (pFADD) in clinical tissue samples. (G) Pearson correlation plot of HIPK3 and pFADD. (H) Textual representation of the fragment of HIPK3 3’-UTR containing 101-3p binding site. (I) Dual-reporter luciferase assay using wild type or mutated 101-3p binding site sequence. Please refer to the methods and materials section for details. (J) 101-3p and HIPK3 expressions of deposited data of clinical samples from CRC patients in the TCGA database. **** correspond to a p-value less than 0.0001. *** correspond to p-value less than 0.001.



We monitored HIPK3 protein level and 101-3p level in 10 paired CRC tissue sample (same samples used for miRNA sequencing) leftovers. Figure 2C shows immunoblots of HIPK3 in 10 paired CRC tissue samples. Figure 2D shows relative 101-3p levels in these samples. A Pearson’s correlation scatter plot is shown in Figure 2E. We observed an R value of -0.6465, which indicates a strong inverse correlation connecting 101-3p and HIPK3 in our clinical tissue samples.

A previous study reported that HIPK3 phosphorylates FADD at Serine194 (pFADD) (16). We then probed HIPK3 and pFADD protein level in 10 paired CRC tissue samples. Figure 2F shows immunoblots of pFADD. Figure 2G shows a Pearson’s correlation scatter plot connecting fold change values of these two proteins. An R value of 0.6670 indicates strong positive correlation between HIPK3 and pFADD.

To further confirm HIPK3 is a target gene of 101-3p, we performed a Dual-Luciferase reporter assay. Fragments of 3’-UTR of HIPK3 containing either the binding site or mutated binding site of 101-3p were cloned into appropriate plasmids and transfected in 293T cells. 101-3p mimics were added to transfected 293T cells. Figure 2H shows a textual representation of a fragment of 3’-UTR of HIPK3 containing the binding site of 101-3p. Figure 2I shows the degree of reduction based on hRLuc/fLuc ratio. It is evident that 101-3p mimic, not a NC sequence, triggered a substantial reduction of hRLuc in plasmid containing wild type 3’-UTR of HIPK3, but not mutated 3’-UTR of HIPK3. Therefore, HIPK3 is a target gene of HIPK3.

Figure 2J shows HIPK3 and 101-3p expressions in tumor and paracancerous samples in the TCGA database. Statistical analysis revealed that HIPK3 expression is lower in tumor samples with a p value less than 0.001, while that of 101-3p is higher in tumor samples with a p value once again less than 0.001.



Overexpression of HIPK3 Inhibits Tumor Growth and Migration

We then examined the tumor suppressive potential of HIPK3 in two colorectal cancer cell lines, HCT116 and SW480. Two stable cell lines overexpressing HIPK3, namely HIPK3+HCT116 and HIPK3+SW480, were constructed.

HIPK3 overexpression and pFADD up-regulation was confirmed by western blot (Figure 3A). circHIPK3 was monitored in these two engineered cell lines and no discernable increase or decrease was observed. circRNA-forming Alu repeats are in introns and therefore not found in ORF of HIPK3. EdU incorporation assays showed inhibited growth of the two HIPK3-overexpressing cell lines compared to their NC (cells treated by blank viruses) controls (Figure 3B). Inhibited proliferation was also confirmed by growth curves generated from CCK8 assay (Figure 3C). Wound healing assay showed dampened migration ability (Figure 3D), while transwell assay showed dampened invasion ability of two engineered lines (Figure 3E). Quantitative analysis of Figures 3B, D, E can be found in Supplementary Figures 3D–F, respectively. Results in this section suggest overexpression of HIPK3 decreases oncogenicity of both HCT116 and SW480, and therefore implicate HIPK3’s positive contribution towards tumor suppression.




Figure 3 | CRC cells stably over-expressing HIPK3 exhibited decreased oncogenic potential. (A) Immunoblots of HIPK3, pFADD in HCT116 and SW480 cells stably over-expressing HIPK3. (B) EdU incorporation assay of HCT116 and SW480 cells stably over-expressing HIPK3. (C) Growth curves of HCT116 and SW480 cells stably over-expressing HIPK3. (D) Wound healing assay of HCT116 and SW480 cells stably over-expressing HIPK3. (E) Transwell assay of HCT116 and SW480 cells stably over-expressing HIPK3. **, *** correspond to a p-value less than 0.01 and 0.001, respectively.





Overexpression of HIPK3 Sensitizes Colorectal Cancer Cells to 5-FU

Both NC and HIPK3-overexpressing cell lines were subjected to apoptosis treatment by 5-FU, a widely used chemotherapy agent which induces intrinsic apoptosis. Two engineered cell lines were more sensitive to 5-FU than their NC counterparts as both cleaved caspase 9 and caspase 3 expression were considerably higher in HIPK3-overexpressing cell lines (Figure 4A, lane 4 and 8). Western blot results were further quantitatively analyzed by the Image J software and graphical representations of caspase levels were shown in Supplementary Figure 3G.




Figure 4 | HCT116 and SW480 cells stably over-expressing HIPK3 are more susceptible to 5-FU. (A) Caspase 8, 9, and 3 expression of cells treated by 5-FU. (B) Flow cytometric analysis of apoptosis using PI/Annexin V dual staining.



Degree of apoptosis was probed by Annexin V/PI double staining and flow cytometry (Figure 4B). The first and third columns in Figure 4B, the untreated groups (not treated by any apoptosis inducers), show increased degree of apoptosis for the two HIPK3-overexpressing cell lines compared to their NC counterparts. Upon apoptotic treatment by 5-FU for 24h (second and fourth columns), two HIPK3-overexpressing cell lines showed even higher percentage of apoptosis compared to two NC cell lines. Quantitative analysis of Figure 4B is shown in Supplementary Figure 3H. Flow cytometry results agreed with immunoblotting results, thereby further consolidating the finding that overexpression of HIPK3 enhances intrinsic apoptosis in colorectal cancer cells.



HIPK3 Overexpression Increases Mitochondrial Membrane Potential

Intrinsic apoptosis is a mitochondrion-mediated process and release of cytochrome C of the mitochondria is a symbolic event in this process (17). Once cytochrome C is released, cells are committed to apoptosis beyond remedy (18). Mitochondrial membrane potential (MMP) is another important parameter positively related to mitochondrial membrane integrity and functionality (19). During the process of apoptosis, MMP drops as the mitochondrial permeability transition pores (mPTPs) open to release cytochrome C. Opening of mPTPs renders mitochondrial membrane depolarized, thus the decrease in MMP. We employed JC-1 staining to probe MMP in our cell lines to seek possible reasons for increased vulnerability to apoptosis in two HIPK3-overexpressing cell lines.

Flow cytometry (Figure 5A left column) results indicate that, if untreated, two HIPK3-overexpressing cell lines exhibited higher MMP compared to their respective controls (more population in the 4th quadrant), which was in contrast to our expectations. However, two HIPK3-overexpressing cell lines displayed lower MMP upon apoptotic treatment by 5-FU compared to their NC controls (Figure 5A right column). Fluorescence microscopic images showing JC-1 staining of cells (NOT treated by 5-FU) confirmed flow cytometry results (Figure 5B). Two HIPK3+-overexpressing cell lines showed more intense staining of the JC-1 dye under natural conditions. To further elaborate, under natural conditions, HIPK3+-overexpressing cells exhibited higher MMP compared to control cells, whereas apoptosis triggered a sharper drop in MMP for HIPK3+-overexpressing cells and therefore after 24 h of 5-FU treatment, HIPK3+-overexpressing cells displayed lower MMP compared to controls. We believe the sharp drop in MMP of the two engineered cell lines can be ascribed to their increased vulnerability to intrinsic apoptosis.




Figure 5 | HCT116 and SW480 cells stably over-expressing HIPK3 exhibited alterations in mitochondrial characteristics. (A) Mitochondrial membrane potential monitored by flow cytometry using the JC-1 dye. (B) Mitochondrial membrane potential probed by fluorescence microscopy. (C) Immunofluorescence of cytochrome (D) Histogram of cytochrome C generated by flow cytometry.



Cytochrome C expression and release is another factor pertinent to mitochondrial membrane integrity. Cells treated by 5-FU for 24 h were stained with fluorescent cytochrome C antibody and probed by both fluorescence microscopy and flow cytometry. As expected, both knockout cell lines showed stronger green fluorescence compared to their respective controls, evident both in the fluorescence images (Figure 5C) and flow cytometry histograms (Figure 5D). Quantitative analysis of Figures 5A, C is shown in Supplementary Figures 3I, J, respectively.



HIPK3 Overexpression Increases VDAC1 Expression

We observed mitochondrial morphology in two engineered cell lines using transmission electron microscopy. Figure 6A shows no obvious change in morphological features of mitochondria in two mutant cell lines. However, the number of mitochondria appeared to increase upon HIPK3 overexpression. This may explain the increased MMP in two mutant cell lines.




Figure 6 | Expression of key proteins related to apoptosis in mitochondria were altered in HCT116 and SW480 cells stably over-expressing HIPK3. (A) Transmission electron micrograph of mitochondria. (B) mRNA level of key proteins related mitochondria-mediated apoptosis. (C) Immunoblots of key enzymes in mitochondrial respiration. (D) ROS generation probed by DCFH-DA. (E) ROS quantification by flow cytometry (histogram). * correspond to a p-value less than 0.05.



We further performed a qPCR screen for proteins which may account for this mitochondrial alteration and vulnerability to intrinsic apoptosis (Figure 6B). Mitochondrial pore-forming proteins which are components of mPTPs, namely VDAC1,2,3 were included (20–22), so were two other pore-forming and pro-apoptotic proteins, Bak and Bax. Two pro-apoptotic proteins Bad and Bid, as well as two anti-apoptotic proteins Bcl2 and Bcl-XL were also included. qPCR results showed that number of VDAC1, Bax and Bad transcripts was significantly increased in two engineered cell lines while that of Bcl2 was decreased. Protein level detection for VDAC1, BAX and Bad confirmed qPCR results (Figure 6C). We also probed the level of a negative regulator of VDAC1, namely c-Raf, which is also a potential oncogene (23). As expected, c-Raf’s expression was decreased in HIPK3-overexpressing cells compared to NC cells. Quantitative analysis of Figures 6C is shown in Supplementary Figure 3K.

Opening of VDAC1 pores has been linked to heightened mitochondrial Reactive Oxygen Species (ROS) production previously (24). Opening of voltage dependent anion channels promotes reactive oxygen species generation (ROS), mitochondrial dysfunction and cell death in cancer cells. Intake of ADP and Pi through mPTPs and subsequent oxidation via mitochondrial oxidative phosphorylation generates ROS. ROS production was probed in all four cell lines. Two HIPK3-overexpressing cell lines exhibited higher ROS production compared to their wild type counterparts, which is evident in both fluorescence microscopic images and flow cytometry measurements (Figures 6D, E). Quantitative analysis of Figure 6E is shown in Supplementary Figure 3L.



HIPK3 Overexpression Enhances Aerobic Respiration and Weakens Glycolysis in Colorectal Cancer Cells

We then examined other mitochondrial parameters. First, we attempted to measure the relative amount of mitochondria in different cell lines using qPCR. Surprisingly, the relative mtDNA content was higher in two engineered cell lines which indicates HIPK3 overexpression increased the number of mitochondria (Figure 7A). ATP production assay showed that ATP production was in fact higher in wild type cells than HIPK3-overexpressing cells (Figure 7B). We further examined protein expression levels of key enzymes of the mitochondrial respiratory chain. Contrary to our expectations, all five respiratory complexes rose upon HIPK3 overexpression, along with another key enzyme in the TCA cycle, citrate synthase (Figure 7C). Increase in aerobic respiratory capacity agrees with the finding that ROS production was in fact higher in HIPK3-overexpressing cells. Enhanced mitochondrial oxidative phosphorylation gives rise to elevated ROS production. Quantitative analysis of Figure 7C is shown in Supplementary Figure 3M.




Figure 7 | HIPK3 over-expression reduced expressions of glycolytic enzymes while increased expression of mitochondrial enzymes in HCT116 and SW480 cells stably over-expressing HIPK3. (A) mtRNA quantification. (B) ATP production assay. (C) Immunoblots of key enzymes in the respiratory chain. (D) Glucose consumption, lactate, pyruvate, and ATP production assay. (E) Seahorse OCR and ECAR measurements. (F) Quantitative analysis of Figure 7F showing maximal respiration and glycolytic capacity. (G) mRNA level of key enzymes in glycolysis. (H) Immunoblots of key enzymes in glycolysis. **, ***, **** correspond to a p-value less than 0.01, 0.001, and 0.0001, respectively.



Aerobic glycolysis is the main source of energy for cancer cells. Although glycolysis it not as efficient as the mitochondrial respiratory chain in terms of ATP production, high intake of glucose, and lactate production which contributes to acidic tumor microenvironment, favor cancer progression. Therefore, measurements of various glycolytic parameters followed. As evident in Figure 7D, glucose consumption, lactate production, pyruvate production and Acetyl-CoA all decreased due to HIPK3 overexpression, which converge on a convincing conclusion: HIPK3 overexpression suppresses glycolysis in colorectal cancer. Another type of assay measuring oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) provided direct evidence supportive of a metabolic shift from aerobic glycolysis to aerobic respiration triggered by HIPK3 overexpression. OCRs within the time interval between addition of FCCP and Rotenone + Aptenin indicates maximal respiratory capacity, while ECARs within the time interval between addition of oligomycin and 2-DG indicates maximal glycolytic capacity (Figure 7E). As clearly demonstrated in these two graphs, both HIPK3-overexpressing cell lines showed higher maximal respiratory capacity but lower maximal glycolytic capacity than their wild type counterparts (Figure 7F).

Once again, we employed qPCR to screen for altered key enzymes engaged in glycolysis, including two isoforms of Hexokinase (HK), two subunits of lactate dehydrogenase (LDH) and two isozymes of pyruvate kinase (PK). Our results indicated that HK2, LDHB and PKM2 transcript levels were lowered in HIPK3-overexpressing cell lines (Figure 7G). qPCR results were further confirmed by immunoblotting (Figure 7H). Expression of all three glycolytic enzymes was inhibited by HIPK3 overexpression, implicating a regulatory role of HIPK3 in colorectal cancer’s metabolism. Quantitative analysis of Figure 7H is shown in Supplementary Figure 3N.



Co-Culturing of Wild-Type Exosomes With HIPK3-Overexpressing Cell Lines Partially Restores Oncogenicity and Glycolytic Ability in Colorectal Cancer Cells

We collected exosomes from both wild type HCT116 and SW480 cells and co-cultured them with their respective HIPK3-overexpressing mutant cells. Western blot results showed partial reduction of HIPK3 at the protein level in two HIPK3-overexpressing cell lines co-cultured with exosomes (Figure 8A). We also transfected two HIPK3-overexpressing cell lines with 101-3p mimic and observed reduction in HIPK3 protein level as well. Cell growth assay revealed partially restored proliferative potential in two engineered cell lines co-cultured with exosomes as well as those subjected to treatment by 101-3p mimic (Figure 8B). Measurements of other parameters, i.e. colony formation, wound healing ability, apoptotic percentage, relative mtDNA level and lactate production, all converge on the finding that wild type exosomes partially recovered oncogenicity and glycolytic capacity of the two HIPK3-overexpressing colorectal cell lines, further reinforcing the finding that exosomes containing 101-3p derived from HCT116 and SW480 can restore oncogenicity and therefore are oncogenic themselves (Figure 8C, original data of colony formation and wound healing can be found in Supplementary Figure 2). Immunoblots of key proteins in mitochondrial respiration and glycolysis, i.e. VDAC1, complex I and HK2, showed that wild type exosomes and 101-3p mimic altered the expressions of these proteins in HIPK3-overexpressing cells. The way these proteins were altered by wild type exosomes or 101-3p mimic favors oncogenicity (Figure 8D).




Figure 8 | Repression of over-expressed HIPK3 by either wild type exosomes or 101-3p mimic partially restored oncogenicity in HCT116 and SW480 cells. (A) Immunoblot of HIPK3 in HCT116 cells stably over-expressing HIPK3 treated either by wild type exosomes or 101-3p mimic. (B) Growth curves of HCT116 and SW480 cells stably over-expressing HIPK3 treated either by wild type exosomes or 101-3p mimic. (C) Wound healing assay, apoptosis assay, mtDNA, and lactate production assay of HCT116 and SW480 cells stably over-expressing HIPK3 treated either by wild type exosomes or 101-3p mimic. (D) Immunoblots of VDAC1, complex I, HK2 in HCT116 and SW480 cells stably over-expressing HIPK3 treated either by wild type exosomes or 101-3p mimic. *, **, ***, **** correspond to a p-value less than 0.05, 0.01, 0.001, and 0.0001, respectively.





Xenograft Model

We transplanted HIPK3-overexpressing and NC HCT116 cells into nude mice for subcutaneous tumor formation. Figure 9A shows the size of tumors excised at 30 days post transplantation. Tumors formed by HIPK3+HCT116 cells displayed substantially smaller dimensions compared to NC cells. Tumor growth curve is shown in Figure 9B. Tumors were further analyzed by IHC. HIPK3, VDAC1, and c-Raf were stained, and their expressions were observed at the tissue level. HIPK3 expression was strong in HIPK3-overexpressing tumors as expected (Figure 9C). c-Raf, which primarily localizes to the nucleus, showed higher expression in NC tumors than HIPK3-overexpressing tumors. Furthermore expression of VDAC1, the mitochondrial pore-forming protein, was elevated in HIPK3-overexpressing tumors. IHC scores of HIPK3, c-Raf, VDAC1 are shown in Figure 9D. To exploit the clinical value of 101-3p as a therapeutic target in tumor treatment, we applied a combinatorial treatment of 5-FU and lentiviruses expressing 101-3p inhibitor to xenograft tumors formed by wild type HCT116 (Figure 9E). Tumor sizes at 30 days post transplantation were compared among three groups, each with six repeats (Figure 9E). The group receiving 5-FU and NC lentiviruses showed smaller tumor size compared to the group treated just by NC viruses. On the other hand, the group receiving 5-FU and lentiviruses expressing 101-3p inhibitor showed even smaller tumor size, with a tumor size reduction of more than 50% compared to the other treatment group. Figure 9F shows a direct comparison among these three groups. The synergistic treatment combining 5-FU and 101-3p inhibitor showed significantly improved efficacy compared to 5-FU alone.




Figure 9 | A Combinatorial treatment of 5-FU and 101-3p mimic enhanced anti-tumor efficacy against CRC in nude mouse. (A) Tumor formation by HCT116 cells stably over-expressing HIPK3. (B) Tumor volume measurements. (C) IHC of HIPK3, c-Raf, and VDAC1 in tumors formed by HCT116 cells. (D) IHC scores. (E) Tumors formed by wild type HCT116 treated by either 5-FU alone, or 5-FU and 101-3p inhibitor. (F) Tumor volumes of those shown in Figure 9E at day 30. *, **, *** correspond to a p-value less than 0.05, 0.01 and 0.001, respectively.






Discussion

In this study, we performed comparative analysis of miRNA expression profiles of clinical samples collected from CRC patients and healthy individuals. hsa-miR-101-3p (101-3p) was conspicuously upregulated in plasma exosome samples in CRC patients compared to healthy individuals. Further studies revealed 101-3p is a oncogenic microRNA whose target is HIPK3, a kinase which phosphorylates the classical apoptotic adaptor protein, FADD. Overexpression of HIPK3 in HCT116 and SW480 suppressed oncogenicity by reducing glycolytic capacity. Therefore, HIPK3 inhibition by 101-3p strengthens oncogenicity in CRC by improving aerobic glycolysis.

Exosomes play critical roles in tumor growth and invasion, e.g. nurturing favorable tumor microenvironment and coordinating a network of cells for cancer progression. A variety of molecules have been identified in exosomes and among which miRNAs are a class of molecules routinely discovered. As gene regulators, delivery of miRNAs to target cell may exert profound effects on gene expressions and therefore modify stereotypic characteristics of target cells. For example, cancer-derived exosomal hsa-miR-25-3p can mediate the formation of pre-metastatic niche by inducing angiogenesis and vascular permeability through silencing KLF2 and KLF4, thereby promoting CRC metastasis (4). Exosomal has-miR-301-3p can induce HIF-1α accumulation and promote GC malignant behaviors and metastasis by targeting PHD3 (25). Many more examples exist to support functional roles of exosomal miRNAs in cancer progression and metastasis.

Cancer has long been treated as a disorder of uncontrolled growth. The six hallmarks of cancer, i.e. sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, and activating invasion, seem to be irrelevant to metabolism (26). However, growing evidence in the last decade has connected the unique metabolic pattern of cancer to all of its invasive features. Although Otto Warburg won the Nobel prize back in 1931, it was not until about 10 years ago did researchers truly begin to understand the importance of glycolysis in cancer. Dependence on the glycolytic bioenergetics is seemingly a sub-optimal strategy for cancer cells, yet it endows cancer with several other advantages, such as acidic microenvironment and avoidance of ROS (27–29). Lactate produced by glycolysis in cancer promotes acidosis and therefore acidification of the tumor microenvironment is now considered to be a direct consequence of the Warburg effect (20, 21). The acidic tumor microenvironment then alters a spectrum of gene expressions in favor cancer progression and malignancy (22, 30, 31).

Our aim was to pinpoint the role of certain exosomal miRNA in colorectal cancer. miRNA sequencing of clinical samples and relevant bioinformatic analysis led us to focus on 101-3p. Inhibiting 101-3p decreased oncogenic potential of HCT116 and SW480. Target analysis of 101-3p led us to further focus on HIPK3, a kinase whose function is to phosphorylate FADD at serine 194, a classical apoptotic adaptor. Besides, circHIPK3 has been implicated in oncogenesis and progression in several types of cancer as described in the Introduction section. However, 101-3p mimic decreased mRNA and protein levels of HIPK3 in both HCT116 and SW480 cells, but not circHIPK3 level. Therefore, according to our study, 101-3p likely to exert its oncogenic potential through inhibition of HIPK3 itself, but not inhibition of circHIPK3. And HIPK3 may exert its tumor suppressive potential through phosphorylation of FADD. Indeed, there are reports which directly linked decreased level of phosphorylated FADD to poor clinical outcomes in cancer (32–36), which support 101-3p’s role as an oncomiR.

Stable overexpression of HIPK3 in HCT116 and SW480 cells by lentivirus was confirmed along with a concomitant elevation in pFADD expression. Stereotypic characterizations of HIPK3-overexpressing cell lines showed HIPK3 is likely a tumor suppressor and sensitizes CRC cell lines to 5-FU.

Based on our results, HIPK3 overexpression is related to increased VDAC1 expression. VDAC1 form mPTPs through which cytochrome C are released upon apoptosis. Increased VDAC1 expression correspond to more mPTPs on the mitochondrial membrane, and therefore enhanced proton leak and increased flux of materials through the mitochondrial membrane. When apoptosis occurs, the ease of cytochrome c release due to increased number of mPTPs is the direct reason for increased sensitivity of HIPK3-overexpressing cells to 5-FU.

Elevation in ROS was also observed in HIPK3-overexpressing cells. Previous studies have reported that opening of mPTPs or increase in VDAC1 expression both lead to increased ROS production. ROS is a subtle companion of cancer as too much or too little ROS both hinder cancer progression. As a byproduct of ATP synthesis in the process of oxidative phosphorylation, ROS generation is necessary for energy production. However cancer cells devise a delicate balance between aerobic respiration and glycolysis to circumvent negative effects exerted by excessive ROS produced by oxidative phosphorylation. HIPK3 overexpression increased ROS generation by increasing VDAC1 expression, and maybe it alters the balance between aerobic respiration and glycolysis as well, which was merely a speculation at this point.

Changes in VDAC1 expression, and several other apoptosis-related factors is just one of many alterations brought by HIPK3 overexpression. The increase in MMP was accompanied by a rise in the number of mitochondria as well as the expression of aerobic respiration-related enzymes. Nevertheless, a faster release of cytochrome c was observed in HIPK3-overexpressing cells. An improved mitochondrial functionality is accompanied by vulnerability to intrinsic apoptosis. This can be explained by increased expression of the pore-forming protein,VDAC1. Heightened expression of VDAC1 leads to formation of more pores formed by VDAC1 oligomerization, and therefore larger efflux of cytochrome c.

HK2 functions in the first and rate-limiting step in glycolysis. Several studies have reported on complexes formed by HK2 and VDAC1 (37–39). HK2/VDAC1 complex provides mitochondrial ATP as a phosphate donor for phosphorylation of glucose to form the glucose-6-phospahte catalyzed by HK2. Although some studies report a concurrent rise and drop in expression of HK2 and VDAC1, our results showed HK2 expression was indeed decreased while that of VDAC1 was increased. Therefore VDAC1/HK2 complex must have been reduced in number, inhibiting the first and vital step in glycolysis. Expression of other key glycolytic enzymes, such as LDHB and PKM2, were also inhibited upon HIPK3 overexpression.

Figure 10 shows a demonstration of 101-3p-initiated oncogenic pathway. According to our results, HIPK3, a potential tumor suppressor, is a target of and therefore repressible by 101-3p. HIPK3 promotes FADD phosphorylation and metabolic reprogramming in colorectal cancer. It not yet clear if enhanced FADD phosphorylation is directly linked to metabolic reprogramming and is worthy investigating in the future.




Figure 10 | Graphical representation of the 101-3p-HIPK3 axis and its role in CRC oncogenesis.



Xenograft experiments showed markedly improved therapeutic potency of 5-FU combined with 101-3p inhibitor. Resistance to chemotherapy has always been a troubling hindrance in cancer treatment. Cocktail treatment has been widely used these days to overcome drug resistance. 101-3p inhibitor weakens colorectal tumors by reprogramming its metabolism, leaving them vulnerable to intrinsic apoptosis induced by chemotherapeutic agents. We believe inhibiting 101-3p or any other means to enhance HIPK3 expression is a feasible approach to sensitize colorectal cancer to chemotherapy.



Conclusion

This study unraveled an oncogenic nature of the exosomal 101-3p and suggested a relationship between the 101-3p-HIPK3 axis and metabolic homeostasis in colorectal cancer. Expression level of 101-3p is positively correlated with glycolytic capacity in CRC and therefore 101-3p itself is an oncomiR. Combining 101-3p inhibitor with chemotherapeutic agents is an effective strategy against CRC.
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Supplementary Figure 2 | (A) Colony formation assay of various cell groups. (B) Wound healing assay.
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Background

Postoperative colorectal anastomotic leakage (CAL) is a devastating complication following colorectal resection. However, the diagnosis of anastomotic leakage is often delayed because the current methods of identification are unable to achieve 100% clinical sensitivity and specificity. This meta-analysis aimed to evaluate the predictive value of peritoneal fluid cytokines in the detection of CAL following colorectal surgery.



Methods

A comprehensive search was conducted on PubMed, Embase, Cochrane Library, and Web of Science before June 2021 to retrieve studies regarding peritoneal fluid cytokines as early markers of CAL. Pooled analyses of interleukin (IL)-1β, IL-6, IL-10, and tumor necrosis factor (TNF) were performed. The means (MD) and standard deviations (SD) of the peritoneal fluid cytokines were extracted from the included studies. Review Manager Software 5.3 was used for data analysis.



Results

We included eight studies with 580 patients, among which 85 (14.7%) and 522 (44.5%) were evaluated as the CAL and non-CAL groups, respectively. Compared to the non-CAL group, the CAL group had significantly higher peritoneal IL-6 levels on postoperative day (POD) 1–3 (P = 0.0006, 0.0002, and 0.002, respectively) and slightly higher TNF levels on POD 4 (P = 0.0002). Peritoneal levels of IL-1β and IL-10 were not significantly different between the two groups in this study.



Conclusion

Peritoneal IL-6 levels can be a diagnostic marker for CAL following colorectal surgery, whereas the value of TNF needs further exploration in the future.
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Introduction

Postoperative colorectal anastomotic leakage (CAL) is a devastating complication occurring in 1%–20% of cases after colorectal surgery (1). It is associated with increased costs, in-patient time, and in-hospital mortality, and reoperation may also be needed (2). A recent meta-analysis (3) further demonstrated that anastomotic leakage was associated with poor oncologic prognosis, including increased local recurrence and decreased overall survival, cancer-specific survival, and disease-free survival. Currently, the detection of anastomotic leakage mainly relies on computer tomography (CT) and some nonspecific laboratory indicators such as increased leukocyte, C-reactive protein (CRP), and procalcitonin levels. Around 20% of anastomotic leakage cases are usually diagnosed at a mean of 6–15 days after discharge (4). Unfortunately, a retrospective study found that a 2.5-day delay in the detection of anastomotic leakage increased mortality rates from 24% to 39% (5), which means that many patients with early-stage CAL are left undetected until significant disease progression. Thus, the current diagnostic strategies have an obvious lag and have a difficulty in identifying CAL in the early stage. Therefore, the early detection of CAL is of clinical great importance.

As an inflammatory biomarker, cytokines in the drain fluid have been suggested as an effective method for the early identification of CAL. With respect to the value of peritoneal fluid cytokines, two meta-analyses by Cini et al. (6) and Sparreboom et al. (7) demonstrated that increased interleukin (IL)-6 and tumor necrosis factor (TNF)-α levels in the drain fluid were related to CAL and might contribute to its early detection. However, these meta-analyses were published before 2016 and were not registered on the International Prospective Register of Systematic Review (PROSPERO), and these simply used the random-effects model in their data analysis without further discussing the cause of higher heterogeneity in their study.

The controversial conclusions and lack of previous meta-analyses necessitate further exploration with a larger sample size and more rigorous statistical analysis. This meta-analysis aims to further explore the predictive value of peritoneal fluid cytokines in the detection of CAL following colorectal surgery. We present the following article/case in accordance with the PRISMA reporting checklist.



Materials and Methods

This study has been registered and published on PROSPERO (CRD42021274973), and it was conducted in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (8).


Data Sources

A comprehensive search of PubMed, Cochrane Library, Embase, and Web of Science was performed by three authors independently. Combinations of subject words and free words related to the cytokines of CAL were used for literature search. The following keywords were used: colorectal neoplasm, colorectal tumors, colorectal cancer, colorectal carcinoma, anastomotic leaks, anastomotic leakage, and cytokine. The related articles function was also used in this study.



Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) a full paper regarding peritoneal cytokines of CAL in English, (2) comparison between CAL and non-CAL patients in the same study, (3) the latest or higher quality literature in cases of duplicate published data, and (4) evaluation of at least one out of four outcomes of interest (i.e., peritoneal levels of IL-1β, IL-6, IL-10, and TNF). Nonhuman studies, congress abstracts, case reports, and letters were excluded.



Methodological Quality of Included Studies

Three authors independently used ROBINS-I to evaluate the included studies according to seven aspects, including bias due to confounding, bias in the selection of participants into the study, bias in the classification of interventions, bias due to deviations from intended interventions, bias due to missing data, bias in the measurement of outcomes, and bias in the selection of the reported results. Only the study of Oikonomakis et al. (9) was evaluated as high risk, and the other studies were assessed as moderate risk, as shown in Table 1.


Table 1 | Quality assessment of non-randomized using risk of bias in nonrandomized studies of interventions.





Data Extraction

Data were extracted independently by three authors. Any discrepancies were resolved by repeat evaluation until reaching an agreement. We recorded the following information: first author, year of publication, country, study type, inclusion period, sample size, and outcomes of interest. The outcomes of interest was CAL and the included parameters were peritoneal cytokines: IL-1β, IL-6, IL-10, and TNF. The means (MD) and standard deviations (SD) of the cytokine levels per POD were extracted. Although the articles of Yamamoto et al. (10) and Matthiessen et al. (11) did not report the MD and SD of the cytokine levels per POD, the meta-analysis of Sparreboom et al. (7) contained the detailed data of these two studies. All data on cytokines were switched to the same unit (ng/mL) in this study. For incomplete or missing data, the primary authors of each study were contacted for related data, but nothing was provided.



Definitions

The definitions of CAL were inconsistent among the included studies, as shown in Table 2. Matthiessen et al. (11), Fouda et al. (15), and Bilgin et al. (14) defined CAL according to the clinical signs, especially in terms of drain fluid. However, Herwig et al. (12) and Sparreboom et al. (16) determined CAL mostly based on imaging evaluation, such as abdominal CT scan. The study of Bertram et al. (13) was dependent on laparotomy, whereas the study of Yamamoto et al. (10) focused on both clinical signs and imaging evaluation. All included studies used ELISA or CLIA to measure cytokine levels, as shown in Table 3.


Table 2 | Definition of anastomotic leakage of included studies.




Table 3 | Methodology of cytokine level measurement of included studies.





Statistical Analysis

Statistical analyses were performed using Review Manager Software 5.3 (The Cochrane Collaboration, London, UK). Quantitative data were described as their MD with their 95% confidence intervals (95%CI). Quantitative data were presented as the median with range or quartile, and the mean and standard deviation were calculated based on previously described methods (17). Statistical heterogeneity was evaluated using chi-square test and I2 statistics, which reflects the percentage of variation in study estimates due to heterogeneity. A random-effects model was used when I2 > 50%, which indicated higher heterogeneity. Otherwise, the fixed-effect model was used for analysis. In cases wherein the outcomes of interest had high heterogeneity, a sensitivity analysis was performed to analyze the causes of heterogeneity. The quality of nonrandomized controlled trials was evaluated using the Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) (18).




Results


Description of Eligible Studies

A PRISMA flowchart showing the selection of studies for this meta-analysis is presented in Figure 1. In total, eight studies (9–16) published from 2002 to 2019 met the inclusion criteria, and their characteristics are shown in Table 4. The most recent study retrieved under the search strategy was published on October 19, 2019. These eight studies had a total of 580 patients (85 CAL and 495 non-CAL) and included one multicenter (16) and seven single-center (9–15) studies.




Figure 1 | Flow diagram of the meta-analysis literature search and study selection.




Table 4 | Characteristics of included studies.



Although the studies of Ugraset al. (19) and Alonso et al. (20) met the inclusion criteria, they were not included in the analysis because the peritoneal cytokine levels reported by Ugraset al. (19) were 10–1000 times higher than those in the included studies, and those reported by Alonso et al. (20) were 50–100 times lower. Normally, a meta-analysis should compare similar data to obtain more accurate results, but the data of these two studies are so heterogeneous compared to the other studies that they cannot be analyzed together. This was also reported in the meta-analysis of Sparreboom et al. (7).



Meta-Analysis of Peritoneal Cytokines

The mean levels of peritoneal cytokines on each POD were recorded by calculating the weighted mean of the included studies, as shown in Figure 2. IL-1β, IL-6, and TNF, but not IL-10, gradually increased in the CAL group versus the non-CAL group.




Figure 2 | Weighted means of peritoneal levels of IL-1β (A, ng/mL), IL-6 (B, ng/mL), IL-10 (C, ng/mL) and TNF (D, ng/mL) on patients with CAL and non-CAL patients each postoperative day. The P values of statistical significance are marked when relevant.




Interleukin-1β

Pooled data from three studies (10, 12, 16) revealed that IL-1β levels were not significantly different between CAL and non-CAL patients on POD 1 (MD: 0.04, 95%CI: −0.01–0.08, P = 0.1) (Figure 3A), POD 2 (MD: 0.02, 95%CI: −0.01–0.05, P = 0.11) (Figure 3B), and POD 3 (MD: 0.40, 95%CI: −0.34–1.13, P = 0.29) (Figure 3C), with a fixed-effect model during analysis.




Figure 3 | Forest plot of peritoneal levels of IL-1β (ng/mL) on patients with CAL and non-CAL patients each postoperative days (POD) 1 (A), 2 (B), and 3 (C).





Interleukin-6

Pooled data from seven studies (9–13, 15, 16) revealed that CAL patients had significantly higher IL-6 levels versus non-CAL patients on POD 1 (MD: 48.72, 95%CI: 13.71–83.72, P = 0.006) with high heterogeneity (P < 0.001, I2 = 94%) (Figure 4A). Pooled data from six studies (9–13, 16), and five studies (10, 12, 13, 15, 16) also revealed that CAL patients had significantly higher IL-6 levels versus non-CAL patients on POD 2 (MD: 29.90, 95%CI: 14.09–45.70, P = 0.0002) with high heterogeneity (P = 0.05, I2 = 54%) (Figure 4B) and POD 3 (MD: 42.74, 95%CI: 16.33–69.16, P = 0.002) with high heterogeneity (P < 0.001, I2 = 84%) (Figure 4C), respectively. No significant difference was found between CAL and non-CAL patients on POD 4 (MD: 34.07, 95%CI: −23.09–91.24, P = 0.24) (Figure 4D) and POD 5 (MD: 44.87, 95%CI: −113.01–202.75, P = 0.58) (Figure 4E).




Figure 4 | Forest plot of peritoneal levels of IL-6 (ng/mL) on patients with CAL and non-CAL patients each postoperative days (POD) 1 (A), 2 (B), 3 (C), 4 (D) and 5 (E).





Interleukin-10

Pooled data from two studies (9, 16) revealed that IL-10 levels were not significantly different between CAL and non-CAL patients on POD 1 (MD: 0.04, 95%CI: −0.07–0.16, P = 0.45) (Figure 5A) and POD 2 (MD: 0.08, 95%CI: −0.05–0.21, P = 0.21) (Figure 5B) with a fixed-effect model.




Figure 5 | Forest plot of peritoneal levels of IL-10 (ng/mL) on patients with CAL and non-CAL patients each postoperative days (POD) 1 (A) and 2 (B).





Tumor Necrosis Factor

TNF levels were reported by seven studies (10–16). Our meta-analysis found that CAL patients had higher peritoneal TNF levels than non-CAL patients on POD 4 (MD: 1.26, 95%CI: 0.60–1.91, P = 0.0002) (Figure 6D) with a fixed-effect model. TNF was not significantly different between CAL and non-CAL patients on POD 1 (MD: 0.01, 95%CI: −0.03–0.04, P = 0.74) (Figure 6A), POD 2 (MD: 0.12, 95%CI: −0.02–0.27, P = 0.10) (Figure 6B), POD 3 (MD: 0.04, 95 CI: −0.03–0.11, P = 0.23) (Figure 6C), and POD 5 (MD: 0.41, 95%CI: −0.29–1.12, P = 0.25) (Figure 6E) with a random-effects model.




Figure 6 | Forest plot of peritoneal levels of TNF (ng/mL) on patients with CAL and non-CAL patients each postoperative days (POD) 1 (A), 2 (B), 3 (C), 4 (D) and 5 (E).






Sensitivity Analysis

Because the results of studies involving IL-6 and TNF were highly heterogeneous, a sensitive analysis was conducted to analyze the causes of heterogeneity. The studies of Herwig et al. (12) and Oikonomakis et al. (9) were the main drivers of heterogeneity in terms of peritoneal TNF and IL-6, respectively. Removing these studies (9, 12) from their respective groups caused the heterogeneity to significantly decline, but the results of the meta-analysis remained unchanged, further confirming the reliability of the conclusion.




Discussion

CAL after colorectal surgery is a serious complication that can lead to severe infection, and thus, it is critical to identify this in its early stages. The potential clinical factors related to CAL have been widely reported. A high-quality meta-analysis (21) involving in 14 studies demonstrated that male gender, BMI≥25kg/m2, ASA score>2, tumor size >5 cm and preoperative chemotherapy were associated with the development of AL. A recent meta-analysis (22) in surgical related risk factor of AL successively reported that patients with no defunctioning stoma and intraoperative blood transfusion had a higher incidence of AL following surgery. Meanwhile, biomarkers for early diagnosis of CAL have attracted more and more attention. Cytokines such as IL-1, IL-6, IL-10, and TNF-α are polypeptides with known roles in the immune response (23). Wiik et al. (24) reported that the concentrations of all measured cytokines were enormously higher locally at the operative site than in the systemic circulation. Similarly, Jansson et al. (25) also demonstrated that compared with systemic cytokines, the measurement of peritoneal cytokines is more sensible for determining postoperative inflammatory reactions. Yamamoto et al. (10) found that peritoneal levels of TNF-α, IL-6, and IL-1β on postoperative day (POD) 3 may be an additional early diagnostic predictor of intra-abdominal complications following colorectal surgery. The recent study of Sparreboom et al. (16) involving the largest sample size so far identified only peritoneal TNF-α on POD 1 as part of the prediction model based on multivariate penalized logistic regression. Thus, our meta-analysis further investigated the previous studies focused on the early identification of CAL by measuring the peritoneal fluid cytokines. We found that the peritoneal levels of cytokines, such as IL-6, were higher among CAL patients versus non-CAL patients on POD 1–3, implying the potential of IL-6 level as an early diagnostic marker of CAL following colorectal surgery.

An experimental animal study found that systemic IL-6 administration has a direct detrimental effect on the healing of colonic anastomoses (26). In this meta-analysis, high peritoneal levels of IL-6 correlated with CAL on POD 1–3, which was consistent with the results of the previous two meta-analyses (6, 7). Several previous studies (27–29) found that elevated IL-1β, IL-6, and TNF-α levels were associated with surgical stress, including length of operation, hemorrhage, and high peritoneal bacterial counts. In response to surgical trauma, these cytokines are mainly secreted by macrophages and are released from the surgical site within the first few hours after surgery. Patients who recover uneventfully have low or even decreased levels of cytokines in the drainage fluid within 24 h after surgery. Moreover, several studies found that patients with increased peritoneal levels of IL-6 and TNF-α on POD 1 are prone to anastomotic leakage (11, 12, 19). On the other hand, the third largest study of Yamamoto et al. (10) with 100 patients who underwent left-side resection demonstrated no significant difference in IL-6 levels until POD 3, whereas Bertram et al. (13) even reported no significant difference in peritoneal IL-6 and TNF-α within 7 days after surgery. However, it is worth nothing that the lower incidence of anastomotic leakage (8%) in the study of Yamamoto et al. (10) and the small sample size (25 patients) in the study of Bertram et al. (13) made it inappropriate to statistically investigate the difference in their studies. Moreover, the inconsistent inclusion criteria and definitions of anastomotic leakage could potentially affect the results. Meanwhile, a recent case–control study (20) with 60 patients further explored the level of IL-6 in serum and drainage on POD 2 and 4 following surgery. That study reported increased peritoneal IL-6 levels on POD 2 and 4, and serum levels were only significantly different starting on the 4th day. This result further proved the value of peritoneal IL-6 level in the recognition of anastomotic leakage. Moreover, the peritoneal IL-6 level was measured at values 10 times higher compared to TNF-α. This might be due to the long half-life of IL-6, making it a better marker of CAL following surgery. Combined with clinical symptoms, signs and radiological findings, peritoneal levels of IL-6, as a supplement to inflammatory factors, it contributed to improve the early diagnosis of CAL. Moreover, Dulk et al. (5) reported that a 2.5-day delay in lacking anastomotic leakage-specific treatments might increase mortality from 24% to 39%. Although the 8 original studies included didn’t mention appropriate and timely treatments in detail, we believe that timely application of antibiotics and puncture drainage will help improve the patient’s prognosis when the CAL was diagnosed following surgery.

In this study, peritoneal TNF level barely had statistical significance on POD 4 after colorectal surgery. By contrast, the previous meta-analysis of Sparreboom (7) reported that CAL patients had significantly higher peritoneal TNF levels versus non-CAL patients on POD 3–5. Mowever, Yamamoto et al. (10) and Fouda et al. (15) successively reported that the peritoneal level of TNF-α was not statistically significant until POD 3. Both studies (13, 15) found that the TNF-α levels of non-CAL patients decreased from POD 1 to POD 3 following surgery. Upon careful review of these two studies, the timing of cytokine measurement was different between the two, which may cause some results to be missed. The study of Fouda et al. (15) mainly focused on POD 1, 3, and 5, whereas that of Yamamoto (10) focused on POD 1–3. In addition, the level of TNF-α, as the first cytokine to increase after sepsis or trauma, might vary greatly because of its short half-life in the peritoneal fluid, making it unreliable at certain times. Although its presence has been detected in the pelvic fluid after colorectal surgery, it only shows that it is a local reaction at the microscopic level after surgery. Bertram et al. (13) reported that TNF-α level didn’t increase significantly until the day of operative demonstration of anastomotic leakage. Despite the rise of TNF-α was found, this still did not reach a statistical difference. When the postoperative recovery is uneventful, the levels of TNF level gradually decrease in theory. However, patients without AL also showed an upward trend of TNF-α when comparing with those out, this situation may not be fully explained by experimental technical problems (13). Furthermore, with more original studies are included, the stability of the conclusions has changed in this study. Therefore, it is still debatable whether TNF-α can be used as a marker, and more studies with a larger sample size are needed to further explore its significance.

Consistent with a previous meta-analysis (7), IL-1β and IL-10 had no significant difference between CAL and non-CAL patients in this study. An animal study by Poll (30) demonstrated that endogenous IL-10 protects mice from death during septic peritonitis. Therefore, IL-10 as an anti-inflammatory factor plays an impotent role in weakening the inflammatory process (31). In our meta-analysis, peritoneal levels of IL-1β and IL-10 were only reported by 2–3 studies. More definitive results could have been achieved if more studies were included. The meta-analysis of Cini (6) concluded that the measurement of drain fluid cytokines had diagnostic potential for preclinical-stage CAL, but it also recognized that further research is needed, possibly using a combination of cytokines as markers. The second largest published study by Sammour (32) with 206 patients who underwent colorectal surgery demonstrated that the peritoneal levels of IL-6 and IL-10 on POD 1 were predictive of anastomotic leakage (area under receiver operating characteristic curve: 0.72 and 0.74; P = 0.006 and 0.004, respectively). Similar studies are needed for further discussion in the future. On the other hand, the recent largest multicenter study published by Sparreboom (16), with 292 patients undergoing rectal cancer resection, found that the combination of serum CRP and peritoneal matrix metalloproteinase-9 (MMP-9), rather than peritoneal cytokines, might be useful for the early prediction of anastomotic leakage on POD 3. Therefore, other biomarkers such as growth factors, neopterin, and kynurenine are also worthy of further exploration.

In contrast to the results of a recent meta-analysis (7), our study was only able to identify increased peritoneal levels of IL-6 as a potential diagnostic marker of CAL following colorectal surgery.The study does have several limitations. First, owing to the lower rate of anastomotic leakage following colorectal surgery, studies with a larger sample size and higher-level evidence are difficult to develop. Using rigorous statistical methods such as sensitivity analysis, potential problems, especially selection bias, might affect the reliability of this study. Second, the small sample size, inconsistent timing of sample measurement, and various diagnostic criteria for anastomotic leakage across the included studies would further weaken the reliability of the results in this study. Third, the discriminative value of peritoneal cytokines remains unclear, and this was also an important deficiency of the included studies. Therefore, studies with higher-level evidence are needed to further explore the role of peritoneal cytokines in the early diagnosis of CAL.



Conclusion

The peritoneal level of IL-6 has potential as a diagnostic marker of CAL following colorectal surgery, whereas the value of TNF-α needs further exploration in the future.
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In the United States, CRC is the third most common type of cancer and the second leading cause of cancer-related death. Although the incidence of CRC among the Hispanic population has been declining, recently, a dramatic increase in CRC incidents among HL younger than 50 years of age has been reported. The incidence of early-onset CRC is more significant in HL population (45%) than in non-Hispanic Whites (27%) and African-Americans (15%). The reason for these racial disparities and the biology of CRC in the HL are not well understood. We performed this study to understand the biology of the disease in HL patients. We analyzed formalin-fixed paraffin-embedded tumor tissue samples from 52 HL patients with mCRC. We compared the results with individual patient clinical histories and outcomes. We identified commonly altered genes in HL patients (APC, TP53, KRAS, GNAS, and NOTCH). Importantly, mutation frequencies in the APC gene were significantly higher among HL patients. The combination of mutations in the APC, NOTCH, and KRAS genes in the same tumors was associated with a higher risk of progression after first-line of chemotherapy and overall survival. Our data support the notion that the molecular drivers of CRC might be different in HL patients.
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Introduction

According to the World Health Organization GLOBOCAN database, in 2019, approximately 1.8 million new colorectal cancer cases were diagnosed, and almost 861,000 deaths were reported. Colorectal cancer is the third most frequent type of cancer and the second leading cause of cancer-related death in the United States. According to the American Cancer Society, in 2021, approximately 147,950 individuals in the United States will be diagnosed with CRC and 53,500 will die from the disease. Notably, approximately 17,930 new cases of colorectal cancer (CRC) and 3640 deaths will occur in 2021 in individuals aged younger than 50 years (1). In the United States, the lifetime risk of CRC is approximately 6%, and the average age at diagnosis is 66 years. Unfortunately, approximately 40% of all patients with CRC have metastatic disease at initial presentation (2). Metastatic CRC carries a dismal prognosis, with a five-year survival rate of approximately 15%. Importantly, for a very select population with so-called oligometastatic disease, typically located in the liver, they can be cured after surgical resection (3). More than two decades ago, the introduction of oxaliplatin and irinotecan changed the paradigm for managing these patients. Combined chemotherapy with 5-fluorouracil (5-FU) and oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) continues to be the best available frontline treatment for metastatic CRC, with an objective response rate of approximately 50% (4, 5). In addition, the recently introduced anti-epidermal growth factor receptor antibody (EGFR) and anti-vascular endothelial growth factor A antibody (VEGF) in combination with conventional chemotherapy have demonstrated significant improvements in clinical outcomes (6). Unfortunately, once the disease progresses, the outcome is dismal, with very few salvageable options available (7–9). Although we have learned that specific genes related to the DNA damage repair system, such as TGF-β1, thymidylate synthase, and kallikrein-related peptidase, are related to resistance to 5-FU and oxaliplatin, and that mutations in RAS family genes are responsible for resistance to anti-EGFR therapy, the general nature of resistance to chemotherapy is unknown.

No exact etiology for CRC has been identified. Some theories suggest the possible role of diet, lifestyle, environmental factors, inherited mutations, and racial disparity (10–13). Inherited CRCs can be attributed to hereditary non-polyposis CRC (HNPCC), familial adenomatous polyposis (FAP), and closely related variant syndromes. However, only 15%–30% of patients with newly diagnosed CRC fall into this category. The majority of CRC cases are sporadic (70%–85%) and have more biological variables than hereditary CRC cases (14).

A growing body of evidence suggests a significant role of racial disparity in the biology of CRC. For many decades, researchers have been moving toward a better understanding of the factors that contribute to colorectal cancer (CRC) health disparities (11). Patients race/ethnicity has been reported in multiple studies in the past as an important prognostic and predictive factor for clinical outcomes (9). Significant progress has been made toward a better understanding of the molecular landscape of colorectal cancer in general. The largest publicly available database, TCGA, provides a comprehensive molecular characterization of tumors from the colon and rectum. It is, however, important to emphasize that almost all public genomic databases have a limited representation of patients from “minority” ethnic/racial groups. In particular, in the TCGA database, only 3% of the genomic data have been collected from Hispanic patients (15). Therefore, it is crucial to characterize tumor mutation profiles among the HL population to better understand the biology of cancer among these patients, as well as the cancer-related outcome disparities observed in this group of patients.

In the present study, we aimed to characterize the mutational profile of mCRC in the HL population and its association with clinical outcomes.



Materials and Methods


Patient Population

The study protocol was reviewed and approved by the Institutional Review Board of the Texas Tech University Health Sciences Center El Paso (TTUHSCEP) before the commencement of the study. Due to the retrospective nature of the study, written informed consent was not required. All data/tissue samples were fully anonymized. In this study, we retrospectively reviewed the TTUHSCEP clinical databases from January 2011 to January 2021 to identify HL patients diagnosed with unresectable Stage III and IV CRC. Any patients with incomplete data on outcomes such as progression-free survival (PFS) were excluded from the study. We defined the primary tumor site into two categories: Right-sided (from the cecum to the transverse colon) and left-sided (from the spleen flexure to the rectum).



Pathologic Assessment

Pathological diagnosis was determined during the initial evaluation. Standard immunohistochemical (IHC) staining was used. Hematoxylin and Eosin staining slides were reviewed by pathologists to select the area with the most abundant tumor tissues.



Tumor Genome Sequencing

For this study, we retrospectively collected and analyzed the genome sequencing data (Foundation Medicine, Foundationone CDX Cambridge, MA, USA) of 52 patients with mCRC who were treated at the TTUHSCEP.

Briefly, patient DNA was extracted from FFPE samples. The assay employed a single DNA extraction method from routine FFPE biopsy or surgical resection specimens, 50–1000 ng of which underwent whole genome shotgun library construction and hybridization-based capture of all coding exons from 309 cancer-related genes, one promoter region, one noncoding (ncRNA), and selected intronic regions from 34 commonly rearranged genes, 21 of which also included coding exons. In total, the assay detected alterations in 324 genes. Using Illumina® HiSeq 4000 (Illumina, Inc. San Diego, CA, USA) platform-hybrid capture, selected libraries were sequenced to high uniform depth (targeting >500× median coverage with >99% of exons at >100× coverage). Sequence data were then processed using a customized analysis pipeline designed to detect all classes of genomic alterations, including base substitutions, indels, copy number alterations (amplifications and homozygous gene deletions), and selected genomic rearrangements (for details go to: https://www.accessdata.fda.gov/cdrh_docs/pdf17/P170019S017B.pdf).



Comparing our Data With International Databases

The frequency of cancer gene mutations discovered in our study was compared with previously published databases TCGA (The Cancer Genome Atlas) and data from some other national and international databases (16–19).



Outcome Measures and Statistical Analysis

The primary clinical outcomes were progression after the first line of chemotherapy (yes vs. no) and overall survival (yes vs. no) at the end of the study. Age was described using mean and standard deviation (SD) while the rest all the considered categorical variables were presented using frequencies and percentages. The clinical-pathological characteristics including a number of chemotherapy cycles were compared between genders using Fisher’s exact test except for the age which was compared using an unpaired t-test. The proportion of each mutated gene in our patient cohort was compared with the corresponding proportion in other databases using Fisher’s exact tests. A binary variable cluster analysis was performed to identify the clustering among the mutated genes using hclustvar function under the R package ClustOfVar and the number of clusters was chosen based on the aggregation plot and the stability plot and accordingly three additional groups of mutated genes were created (a) individuals with presence or absence of mutations with TP53 and BRCA (b) individuals with presence or absence of mutations with GNAS and AURKA, and (c) individuals with presence or absence of mutations with APC, NOTCH, and KRAS. The distributions of individual genes and combined genes based on variable cluster analyses were compared according to each outcome status (progression after the first line of chemotherapy and overall survival) using Fisher’s exact tests. P-values less than 5% were considered statistically significant. All statistical analyses were performed using STATA 17. We followed the statistical analysis and methods in biomedical research guidelines in this study (20).




Results

From January 2011 to January 2021, we retrospectively analyzed the results of 52 patients with individual tumor gene mutation profiles. All patients had a pathologically confirmed diagnosis of adenocarcinoma of colon or rectum. The clinicopathological characteristics of the patients are shown in Table 1. In the study we observed 36 males (69.23%) and 16 females (30.77%). The average age of patients at diagnosis was 58.7 years. All patients identified themselves as Hispanic-Latinos (n = 52). The majority of patients had Stage IV disease (95%) at the time of diagnosis, and three patients progressed from Stage III to metastatic disease during the study period. All patients received at least one round of conventional chemotherapy (FOLFOX or FOLFIRI). Interestingly, 16 patients were stable after the completion of the first-line of chemotherapy for more than 12 months, and 11 remained stable after 36 months. After receiving first-line chemotherapy FOLFOX and being followed for eight years, one patient with metastatic disease remained stable. Thirty-six (69.23%) patients had left-sided primary tumors (the splenic flexure to the rectum), while 16 (30.76%) patients had right-sided tumors (the cecum to the transverse colon). The most common primary metastatic site was the liver (n = 40, 76.92%), followed by the lung (n = 5, 9.61%), the peritoneum (n = 3, 5.76%), and other sites (n = 4, 7.69%). The left-sided colon was the most prevalent location of primary tumors in males (n = 27, 75%); however, the distribution was more equal between sides (56.25% in the left-sided colon and 43.75% in the right-sided colon) in females (Table 1).


Table 1 | Clinicopathological characteristics of patients in the entire cohort and by gender.




Data Comparison With Other Cancer Databases

To demonstrate the diversity of the tumor gene expression profiles, we further compared our data to more extensive international cancer databases, such as TCGA (16–19, 21, 22) (which has a predominantly NHW population and a small portion of AA and HL patients) and one recently published study from China (19). The most commonly mutated genes were APC (92.3%), TP53 (75%), KRAS (50%), GNAS (31%), PICK3CA (27%), and NOTCH (23%) (Table 2). Compared to other studies, mutation frequencies in the APC gene were significantly higher among HL patients with mCRC. The frequency of other common mutations did not reach a statistically significant value (Table 2).


Table 2 | Prevalence of mutated genes in Hispanic patients with metastatic colorectal cancer in our study cohort compared to other databases.





Driver Gene Analysis

We examined the most frequently mutated genes to identify the potential genes of interest in our study cohort. The most frequently mutated genes were APC (92.3%), TP53 (75%), KRAS (50%), PICK3CA (27%), and NOTCH (23%), which have been connected with colorectal cancer in a previous study, and contribute to cancer growth and development. Among the less commonly reported genes, we identified mutations in GNAS (31%), ATM (21%), and MLL1 (4%) (Table 2).

We did not see any significant differences in the distribution of APC mutations among different age groups or between left- and right-sided primary tumor sites. Compared to other studies, a significantly lower frequency of APC mutations was reported in the TCGA database (75%) and a recently published study from China (71%) (23) (Table 2). The majority of the mutations in APC (Figure 1), were frameshift mutations at 59.2%, followed by point mutations at 40.8%. The majority of point mutations (66%) were distributed between Codons 1200 and 1500, an area which has been previously described as a MCR (mutation cluster region) in the APC gene (24). In the MCR area, there are two hotspots for somatic mutations: Codons 1450 and 1309. We subsequently identified four tumors with mutations in Codon 1450 and two in Codon 1309. Mutations in the MCR region resulted in a truncated APC protein. APC mutations were more common in Hispanic males (97.22%) and less common among Hispanic females (81.25%, p = 0.081) (Table 3). An intriguing discovery was made when we used a variable cluster analysis for categorical variables to identify the group of genes related to outcomes. We found that in patients whose tumors had a combination of mutations in APC, NOTCH, and KRAS genes, the overall survival was much shorter (HR 4.39, 95%CI 1.09-17.74) and the risk of progression after first-line chemotherapy with mFOLFOX6 was increased (Table 4).




Figure 1 | Mutational spectrum of APC in mCRC. The figure showed protein domains and the positions of specific mutations.




Table 3 | Comparison of mutated genes, treatments, and progression between genders.




Table 4 | Associations of genes and combinations of genes with disease progression and overall survival.



The majority of the mutations in the TP53 gene (Figure 2) (86%), were missense mutations (single base substitution), followed by frameshift mutations in 11% and a complete loss of TP53 in 3%. The majority of TP53 mutations (92%) were distributed in the DBD (DNA-binding domain) area in clusters within Exons 5–8. Interestingly, previous data suggest a prognostic effect of TP53 (25). In our study, however, we identified a trend for better outcomes for patients with TP53 mutations in the tetrameric domain (Exons 8–10). We also identified the two most frequently mutated hotspots in TP53: Y220C and R196. Differences in the distribution of mutations in TP53 between males and females, between left- and right-sides primary tumors, and among clinical outcomes were not statistically significant. Variable cluster analysis for categorical variables revealed that the presence of two mutations in TP53 and BRCA (100% vs. 66%, p = 0.023) was associated with a higher incidence of recurrence after the first-line of chemotherapy with mFOLFOX6.




Figure 2 | Mutational spectrum of TP53 in mCRC. The figure showed protein domains and the positions of specific mutations.



KRAS was the third most frequently mutated gene in our study population. We identified 26 cases with at least one KRAS gene mutation (Table 3). The most frequent mutations were in Codon 12 (61.5%), followed by Codon 13 (15.38%). Two cases had a KRAS gene amplification and double mutations in Codon 12. One case was detected with double mutations in the other two codons (G12S and Q61R). Mutations were less commonly seen in the NRAS gene (one case) and one in Codon 21 (21G). There were no significant differences in overall survival among patients with thouse mutations. We did not find statistically significant differences in the frequency of KRAS mutations among NHW, AA, and HL patients in the different colon cancer databases (Table 2). Interestingly, KRAS mutations were more common in Hispanic females (68.75%, 11 out of 16) and less common among Hispanic males (41.67% of 15 out of 36 patients), but because of the larger male population, the difference was not statistically significant (Table 3).

The majority of GNAS mutations detected in our analysis were classified as amplifications in 10 patients, and two patients had mutations in R201C and R201H, which have been connected with cancer progression in the past. The presence of mutations in both GNAS and AURKA in the same tumors (100% vs. 66.7%, p = 0.033) was associated with a significantly higher risk of recurrence after the first-line of chemotherapy (Table 4).




Discussion

It has been demonstrated in the past that the age-adjusted incidence of colon cancer is approximately 43.8 per 100,000 patient population for HL, which is lower than in AA patients (45.7 per 100,000) but significantly higher than in non-Hispanic White (NHW) (38.6 per 100,000) patients (26, 27). Interestingly, the annual age-adjusted incidence of CRC has been declining over the last two decades in the HL population. Recently, however, new epidemiological data have suggested that despite the overall declining incidence of new CRC cases among HL patients, the onset of the disease occurs approximately 10 years earlier in HL patients than the average age reported for the NHW and AA populations (28). In addition, there has been a 45% increase in CRC incidence among Hispanic patients aged 20–49 years (29). It is unclear whether there are underlying biological and genetic drivers of colon cancer that are more prevalent in HL patients (30). Specifically, there is a gap in our knowledge regarding the genetic mutation profiles of different racial/ethnic subgroups, because only a few studies have addressed genetic diversity in HL patients, especially those with mCRC (30, 31).

Colorectal cancer is a heterogeneous disease that presents with different clinical features, responses to chemotherapy, and patient outcomes. At present, there is no consensus on the classification of colon cancer. The commonly referred to classifications in the literature subdivide colon cancer into four distinct consensus molecular subtypes (CMS) based on the tumor gene expression profiles (32). These subtypes are characterized by different genomic profiles, responses to chemotherapy, and subsequent clinical outcomes (33). Briefly, the first subtype is CMS-1-MSI-immune, which is found in approximately 14% of patients and is characterized by hypermutations due to defective DNA mismatch repair with microsatellite instability and MLH1 silencing (34, 35). The clinical CMS-1 subtype is connected to favorable outcomes, but only in patients with early-stage disease. CMS-2 accounts for 39% of all subtypes and is characterized by an indolent progression course with favorable five-year survival rates of 77% (36). The gene expression profile of CMS-2 predominantly displays epithelial signatures with prominent Wnt and Myc signaling activation pathways, and often reveals a loss of tumor suppressor genes (APC and TP53) and gains of oncogenes (KRAS and PIK3CA). CMS-3 represents 13% of all cases and is also characterized by a favorable five-year survival rate of 75%. It typically has genomic features consistent with chromosomal instability and has the highest rate of KRAS alterations among all subtypes (37). The CMS-4 subtype represents 23% of cases and is characterized by worse clinical outcomes. The gene expression profiles display a mesenchymal phenotype that is considered to be proinflammatory, has a high number of the TGFβ signaling characteristics of carcinoma-associated fibroblasts, displays angiogenesis, and has an inflammatory microenvironment with prominent innate immune cells (36, 38). The most commonly mutated genes are APC, KRAS, and PIK3CA (32). Because we did not analyze the individual tumor gene expression profiles in our study, it was impossible to precisely determine the distribution of the abovementioned subgroups among our patients. However, in our study, the most prevalent mutated genes were APC (92%), TP53 (75%), and KRAS (50%). The combination of mutations in APC, TP53, and KRAS was detected in 15 (28.8%) patients. Interestingly, 2 of 15 patients had a short survival period (12 months) and constant progression, despite multiple rounds of chemotherapy. In our opinion, based on their clinical data and tumor mutation profiles, they might represent the CMS-4 subtype of CRC. The other 13 patients probably had the CMS-2 subtype, which clinically behaves less aggressively.

The most commonly altered gene in the HL population in our study was APC (92%) (Figure 1). It has been demonstrated in the past that most sporadic CRCs have APC somatic mutations (70%–80%), and the most commonly mutated area appears to be between Codons 1300 and 1500 (the MCR region) (13, 39). The APC gene is located on chromosome 5q21–q22, is composed of 8535 nucleotides, and encodes a 310 kDa protein. Approximately 75% of the coding sequence is located on Exon 15, which is reportedly the most common region for both germline and somatic mutations. Since the discovery of the APC gene in 1992, it has been shown to be involved in many signaling pathways and to play a critical role in colorectal tumorigenesis (40). It is well known as a tumor suppressor that is a negative regulator of the Wnt/b-catenin signaling pathway. Alterations in the APC gene lead to the expression of truncated protein products, resulting in activation of the Wnt signaling pathway and deregulation of many other cellular processes. Because APC is a multidomain protein and serves multiple functions through binding with different partners, it is possible—and some data suggest—that some form of C-terminally truncated APC proteins may have gain-of-function properties beyond the well-established loss of tumor-suppressive function (41). It has been demonstrated that the Wnt pathway interacts with MAPK, and dysregulation in one pathway may enhance MAPK activity in the other (42). It has been experimentally proven that activation of the Wnt signaling pathway is mediated by secreted WNT ligands binding to LRP5/6 receptors and the frizzled receptor FZD, which induces recruitment of the protein destruction complex to LRP receptors and subsequent phosphorylation of the Ser/Pro-rich motif of the LRP cytoplasmic domain via GSK3. The secretion of WNT ligands mainly depends on acylation by Porcupine (PORCN). PORCN is a membrane-bound O-acyltransferase that mediates the palmitoylation of WNT ligands to induce their secretion. Although the reactivation of altered APC has been accomplished in vitro and has demonstrated complete tumor regression (43, 44), it has never been validated in clinical trials. The best approach currently in use is to suppress an activated Wnt pathway by inhibiting the secretion of WNT ligands. Thus, multiple PORCN and FZD inhibitors and monoclonal antibodies against FZD receptors have been tested in clinical trials for a variety of solid tumors. The data from these studies are not mature at this point; however, we have learned more about the toxicity of PORCN and FZD inhibitors. Research has shown that the majority of these drugs cause severe GI symptoms and bone demineralization (45).

The second most commonly altered gene among HL patients in our study was TP53 (75%) (Figure 2). TP53 is widely considered to be a guardian of the genome because of its critical function in maintaining genome integrity, regulating the cell cycle, and initiating apoptosis (46). Multiple studies have reported that the frequency of TP53 mutations in colorectal cancer ranges from 50% to 80%. Interestingly, not all of the published studies in the field have reported poor outcomes for patients with mutated TP53 (47). For instance, there is no association between altered TP53 and outcomes for patients with metastatic triple-negative breast cancer (48). In contrast, mutated TP53 is connected with poor survival in patients with hormonal receptor-positive breast cancer and non-small cell lung cancer, but the exact mechanism behind TP53 oncogenesis is unclear (49). Some researchers hypothesize that mutated p53 gains a novel function, known as a “tumor-transforming function,” which provides tumor cells an advantage in uncontrolled proliferation. The mutated p53 protein might serve as a negative inhibitor compared to wild-type p53 and thus may allow uncontrolled proliferation (50). Multiple compounds have been tested in clinical trials over the past few decades, with the aim of reactivating the mutated p53 protein or converting it to a wild-type protein; however, at present, this approach remains experimental and no approved treatment option is available to address TP53 mutation or loss (51). More promising compounds such as AZD1775, APR-246, and COTI-2 have been found to exhibit anticancer activity in preclinical models (52).

Approximately 40% of CRCs have RAS mutations, and almost all of these mutations are located at Codons 12, 13, or 61 (53, 54). In our patient population, the RAS mutation was identified as the third most common mutation. We identified 26 cases with at least one RAS gene mutation. KRAS is a small GTPase (21 kDa) that binds guanosine triphosphate and diphosphate nucleotides. It is activated when bound to GTP and deactivated when bound to GDP. Mutations in Codons G12, G13, or Q61 commonly cause constitutive activation of KRAS. Activated KRAS binds and activates RAF family kinases (RAF1, BRAF, and ARAF), subsequently leading to uncontrolled proliferation and other processes causing cancer development and spread (55). KRAS can also regulate other signaling pathways, such as PI3K-AKT, PLC-PKC, and RAL, which are also known to be involved in cancer progression (56). For unclear reasons, mutations in KRAS are more common in pancreatic (80%–90%), colorectal (40%–60%), and lung cancers (30%); in contrast, mutations are rarely found in breast (1%–2%) and head and neck cancers (1%) (56–58). Controversy exists about the role of KRAS mutations as a clinical marker for patient outcomes. Some studies have suggested that KRAS mutation status might be used as a biomarker to predict responses to treatment and patient outcomes. For instance, KRAS mutations in patients with metastatic pancreatic cancer have been shown to be clinically correlated with poor responses to first-line chemotherapy (gemcitabine), with an objective response rate of only 11.3%, in contrast to 26.2% in patients with intact KRAS (59). A retrospective analysis of 273 patients with mCRC demonstrated a significant correlation between KRAS status and clinical outcomes. Some data have shown that patients with a mutated KRAS Codon 13 have more aggressive disease than those with mutations in Codon 12, but much controversy still exists (60, 61). Recent progress has been made in targeting KRAS (G12C) with a specific covalent inhibitor, such as ARS-853, AMG510, MRTX849, or ARS3248 (62). The FDA recently granted accelerated approval for the first-in-class KRAS (G12C) inhibitor sotorasib (Amgen Inc.) for patients with locally advanced or metastatic non-small cell lung cancer. This approval was granted on the basis of the objective response rate and the duration of the response demonstrated in the single-arm CodeBreaK100 trial. Another inhibitor, MRTX849, which was developed by Mirati Therapeutics, entered clinical trials in humans in January 2021 and has been used alone or in combination with the PD-1 inhibitor pembrolizumab or afatinib in patients with lung cancer or the anti-VGFR antibody cetuximab in patients with colon cancer (NCT03785249). ARS 3248 is another KRAS inhibitor developed by Johnson and Johnson and Wellspring Bioscience that entered clinical trials in humans in July 2019; however, for unclear reasons, the study was terminated (NCT04006301). Some data suggest the poor efficacy of the available KRAS inhibitors in colon cancer, and Genentech opened two clinical trials of the GDC-6036 compound in combination with one of the following compounds: atezolizumab (NSCLC) or cetuximab, bevacizumab (mCRC), or erlotinib (NSCLC). An alternative approach might be to target KRAS-upregulated pathways, such as PI3K-AKT, PLC-PKC, and RAL, in combination with KRAS inhibitors.

GNAS is a known oncogene that was first described in growth hormone-secreting pituitary adenomas and has been found to be mutated in some cancers. The most common mutation hotspot is at Codon 201 (63, 64). GNAS Codon 201 mutations are particularly frequent in intrapapillary mucinous neoplasia’s of the pancreas (65). The major product of the GNAS locus, the Gsα subunit of heterotrimeric G-proteins, acts to transduce signals from G-protein coupled receptors (GPCRs) to the effector enzyme adenylate cyclase in the G-stimulatory (Gs) pathway, leading to the production of cyclic AMP (cAMP). Both R201C and R201H mutations result in constitutive activation of Gsα and autonomous cAMP production (66). Interestingly, GNAS mutations are frequently accompanied by alterations in the KRAS gene (65). Activating mutations in KRAS and, to a lesser extent, its downstream effector BRAF are frequent events in colon cancer. Data from published full exome sequences of colorectal cancer have suggested that GNAS mutations are quite often accompanied by mutations in KRAS and/or BRAF (67). The amplification of GNAS has been shown to be connected with resistance to cetuximab in patients with metastatic colorectal cancer (RAS w/t tumor) and also to be associated with poor progression-free survival in patients with ovarian cancer (68, 69).



Conclusions

This study represents one of the first studies of HL patients with mCRC focusing on distinctive genomic alterations. Compared to other studies, the mutation frequencies in the APC gene were significantly higher among HL patients with mCRC. Interestingly, this APC mutation was more common in Hispanic males (97.22%) and less common in Hispanic females 81.25% (p = 0.081), and was more likely to occur in the left colon. The combination of mutations in the APC, NOTCH, and KRAS genes in the same tumors was associated with a higher risk of progression after the first-line of chemotherapy and worse overall survival. In addition, combinations of two mutations in the same tumors, such as TP53 with BRCA and GNAS with AURKA, were associated with a significantly higher risk of progression after the first round of chemotherapy.

Our study supports the genomic heterogeneity among NHW, AA, Asian, and HL individuals. If confirmed in larger trials, this could contribute to improvements in diagnostic and therapeutic approaches for these patients.
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The role of the tumor microenvironment (TME) in the progression of colorectal cancer (CRC) and its acquisition of resistance to treatment become the research hotspots. As an important component of TME, the tumor-associated macrophages (TAMs) regulate multiple critical oncogenic processes, namely, occurrence, proliferation, metastasis, and drug resistance in CRC. In this review, we have discussed the functional and therapeutic significance of TAMs in CRC. M1 macrophages act as the tumor suppressor while M2 macrophages promote CRC. The polarization of TAMs is mainly regulated by the pathways such as NFKB1 pathways, STAT3 pathways, WNT5A pathways, and PI3K pathways in CRC. Furthermore, the M2 polarization of TAMs is not only controllable but also reversible. Finally, we provide insights into the TAMs-targeted therapeutic strategies.
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Introduction

CRC is the third common cancer in males and second in females, causing 600,000 deaths per year (1). Surgery, chemotherapy, radiotherapy, and targeted therapy are currently established as commonly used options for CRC patients (2–4). With advances in therapeutic strategies, the prognosis of CRC patients has been tremendously improved (5). Patients with stage IIIC colon cancer have a 5-year survival rate of 53%, while 58% for stage IIIC rectal cancer (6). However, drug resistance of CRC is common that prevents treatment from achieving the expected outcome (5, 7). The resistance mechanisms have been observed in CRC cells, namely, promoting degradation of drugs, inhibiting apoptosis, affecting drug delivery, interfering DNA damage and repair, regulating epigenetic factors, and inducing cell cycle arrest (4, 8–10). The treatment effect is not very satisfactory due to resistance. Patients with BRAF V600E-mutated metastatic colorectal cancer only have a median overall survival of 4 to 6 months due to multidrug resistance (11). Therefore, effective strategies are urgently needed to improve patient prognosis.

At present, TME plays an essential role in CRC and gradually gains prominence as a new therapeutic target for the reversal of resistance (12, 13). Advances in the understanding of the TME have contributed to the exploration of treatments for advanced CRC (14). To date, pembrolizumab and nivolumab, two anti-programmed death protein 1 (PDCD1) inhibitors, were approved by the FDA for treating mismatch-repair-deficient (dMMR) and microsatellite instability-high (MSI-H) metastatic colorectal cancer (mCRC) (15). Although clinical data have revealed that immunotherapy can double progression-free survival (PFS), the treatment can only be applied in patients with MSI-H-dMMR CRC, accounting for 15% of all CRC cases (16, 17). The limitation has prompted the search for novel therapeutic targets to improve clinical applications and the effects of immunotherapy.

TME is a complex network comprising cells (T cells, B cells, TAMs, myeloid-derived suppressor cells, cancer-associated fibroblasts, etc.) and non-cellular components (cytokines, proteins, oxygen, etc.) (18–22). As the main component of TME, TAMs can interact with tumor cells by secreting cytokines, participating in CRC processes (23–26). For example, TAMs secret CXCL8 triggering EGFR signaling of tumor cells which is the leading cause of drug resistance in refractory CRC with KRAS or BRAF V600E mutation (27). The expression of immune checkpoints such as PDCD1 in TAMs contributes to immunosuppressed microenvironment in CRC (25, 28–32). With high plasticity and heterogeneity, functions of TAMs in CRC are not limited to immunosuppression, and the M1 phenotype in TAM acts as an immunostimulator (33–35).The phenotypic plasticity in TAMs provides new insights for treatment. A lot of evidence has also revealed that phenotypes and infiltration of TAMs were related to the prognosis of CRC patients (36–39). Consequently, TAMs-targeted therapy is beneficial to improve therapy effectiveness and patient prognosis. The article aims to discuss the multiple roles of TAMs in CRC and summarize emerging treatments based on TAMs.



TAMs Interact With Components of TME

The development of novel anti-CRC treatment has been challenged by the complex tumor environment (40). Many studies also demonstrate that increased pro-tumor cells (such as T-reg cells) and decreased anti-tumor cells (such as CD8 T cells and NK cells) are responsible for tumor escaping immune surveillance (41, 42). Hence, understanding the tumor microenvironment is essential to develop efficient treatment strategies. The TME consist of cancer cells, tumor-associated neutrophils (TANs), myeloid-derived suppressor cells (MDSCs), cancer-associated fibroblasts (CAFs), tumor infiltrating lymphocytes (TILs), dendritic cells and all kinds of cytokines, and has been gradually confirmed to improve the malignant potential of tumors (43). TAMs, acting as an important component of TME, can not only directly act on tumor cells but also regulate other constituents of the TME, thus affecting tumor progression (44).

TANs have functional similarities to TAMs. Both cells above exert a dual effect on CRC development with several isoforms, but the interactions between TAMs and TANs in CRC need to be further investigated (45, 46). MDSCs possess immuno-suppressive properties (47). In CRC, TAMs could shape the inflammatory microenvironment by secreting cytokines to promote MDSC production and the recruitment of MDSCs contributes to the generation of TAMs (47, 48). This activation loop between TAMs and MDSCs help tumor expansion and immune evasion. Furthermore, TAMs induce matrix deposition and collagen fibrillogenesis by increasing the expression of collagens XIV and I in CAFs, forming tissue barriers for CRC invasion and metastasis (49). Similar to MDSC, CAFs also act on TAMs. Studies have shown that immunosuppressive factors secreted by CAFs induce polarization of M2-like TAMs (50). In terms of CRC prognosis, both TAMs and TILs have the potential to predict tumor recurrence and survival in CRC patients and the high density of TAMs and TILs indicates a longer survival (51). But the correlation between TAMs and TILs, just like that between TAMs and dendritic cells, still need further exploration (52). One of inflammation hallmarks of TAMs is the cytokine secretion (53). For example, the IL6 secreted by TAMs could promote CRC self-renewal and metastasis (54). TAMs can also expel proteins and enzymes including DOCK family through vesicle transport to mediate the activation of lymphocytes (55). The polarization procedure of TAMs requires the participation of cytokines including IL4, IL10 and so on (56, 57).

As we can see, TAMs interact with multiple constituents in TME to participate in the regulation of CRC. However, the current studies about the interaction between TAMs and immune-related factors are imperfect, which limits our ability to develop specific therapeutic treatments. It is undeniable that TAM plays an important role in CRC and further exploration of its specific role in the various processes of CRC should be conducted in order to find breakthrough points in interventions.



The functions of TAMs in CRC

Initially, TAMs exist in the form of undifferentiated macrophages M0, and under some conditions, M0 could be polarized into M1 (generated by classical activation) or M2 phenotype (generated by alternative activation) (Figure 1) (58, 59). Stimulators of classical pathway, namely, bacterial components, interferon-γ (IFNG), lipopolysaccharide (LPS), and Toll-like receptor (TLR), polarize M0 into M1 phenotype, which exerts cancer inhibitory effect by releasing pro-inflammatory cytokines (such as IL1B and IL12) and cytotoxic substances (such as reactive oxygen species and TNF) (60–62). While M2 macrophages display tumor-promoting activity and can be further classified into four different subtypes, M2a (induced by IL4, IL13), M2b (induced by TLR), M2c (induced by glucocorticoid), and M2d (induced by IL6 and adenosines) (63). In vivo, with lower CCL22, CCL17, and IL12 expression, M2 cells secrete a series of molecules such as IL6 and CXCL8 to exert immunosuppressive functions (60, 64). Further insight into the functions of TAMs in CRC is the basis for effective therapeutic targeting.




Figure 1 | The polarization of TAMs. TAMs have three subtypes, including undifferentiated macrophages (M0 phenotype), pro-inflammatory phenotype (M1 phenotype), and anti-inflammatory phenotype (M2 phenotype). When activated by bacterial components, interferon-γ (IFNG), lipopolysaccharide (LPS), and Toll-like receptor (TLR), M0 macrophages are polarized toward M1 through classical activation. With a high expression of IL6 and CXCL8, and lower levels of CCL22, CCL17, and IL12, M2 macrophages are generated through alternative activation of M0 macrophages. Depending on stimulators, they can be further classified into M2a, M2b, M2c, and M2d subtypes. M1 and M2 phenotypes secret cytokines to participate in tumor progression, and the role of both in CRC is antagonistic to each other. It is confirmed that M1 macrophages act as the tumor suppressor while M2 phenotype promotes CRC.




CRC Occurrence

A prospective cohort study showed the amount of TAMs could change the effect of smoking on CRC occurrence (65). However the mechanisms of correlation between TAMs and CRC occurrence remain unclear. Cancer Stem Cell (CSC) is a kind of cancer cell phenotype having abilities of self-renewal, clonal tumor initiation, and rapid proliferation, taking part in tumorigenesis as the primary cell group (66). Therefore, in this part, we focus on the interaction between TAMs and CSC. In cancer cells, high expression of T-cell immunoglobulin domain and mucin domain 4 (TIMD4) and SIX1 protein indicates upregulated CSC-like properties. These cells would recruit TAMs and promote M2 polarization, leading to tumor interstitial remodeling (67, 68). In addition to proteins, RNAs regulate the functions of CSC. CSC could downregulate several microRNAs through a circRNA–microRNA–mRNA axis, thus assist the aggregation of downstream molecules, including SKIL, SMAD2, WNT5A, and so on (69).

Meanwhile, in clinical samples, it was found that overexpression of WNT5A could polarize TAMs into the M2 phenotype and regulate IL10 secretion (57). Nevertheless, the reason for the upregulation of WNT5A remains unclear. As in mammalian cells, microRNAs would be packed into exosomes to discharge and function extracellularly (70). There might be a possibility that CSC excretes microRNAs to connect with TAMs. Simultaneous, CSC is regulated by TAMs, and recent in vivo studies suggest the proportion of CD68+ TAMs at the tumor invasive front (TF) is correlated with the level of stem cell marker CD44v6 (71, 72). After infiltrating in the cancer area, M2 subtypes increase the ratio of CD44+/CD166+ tumor cells and the expression of acetaldehyde dehydrogenase 1 (ALDH1), which is the marker of CSC (57, 67, 73).



CRC Proliferation

Many components of the immune microenvironment are implicated in proliferation, which is a primary hallmark of tumor (74). At present, the role of TAM in CRC proliferation has been widely reported. Through secreting transforming growth factor β1 (TGFB1), TAMs have abilities to upregulate vascular endothelial growth factor (VEGF) and interleukin-6 (IL6), and the latter binds with IL6 receptor on the tumor cell surface to promote CRC proliferation via activating STAT3 (75, 76). The extent of STAT3 activation is affected by diet, and dieting is considered a potential therapy that promotes anti-tumor immunity (77). Under fasting conditions, M2 polarization was inhibited, resulting in limited proliferation and increased apoptosis of CT26 colon cancer cells (78). A current study provided an important observation that serum starvation caused differentiation markers of T-reg, TGFB1, and FOXP3 rising (79). This evidence leaves us some questions that if TAMs could play a role in T-reg by modulation of TGFB1, fasting combined TGFB1 neutralizing antibody might show more potency against CRC proliferation. Based on the above research, eliminating M2 TAMs is regarded as an effective anti-cancer therapy. Yet, in eliminating macrophages of Ccr2−/− mice, TAMs can still proliferate and release cytokines to promote the growth of CRC (80). So, in addition to the activation of the M0 alternative pathway, there are other ways to generate M2 macrophages. Meanwhile, CRC could escape immune supervision through this bypass, and figuring out associated specific mechanisms would bring new understanding to clinical therapy.



CRC Metastasis

During the malignant transformation, cancer cells undergo function acquisition and alteration due to genetic mutation (81). Among all the functions, the capacity of invasion is an essential criterion for judging malignant diseases (82). Many studies have observed that TAMs accelerate tumor invasion mainly by regulating the epithelial–mesenchymal transition (EMT) process during which tumor cells gradually discard epithelial characteristics and obtain mesenchymal phenotypes, generating circulating tumor cells and tumor stem cells (83, 84). After a positive correlation between TAMs and the EMT marker snail was observed, TAMs were confirmed to release transforming growth factor β (TGFB) to activate the TGFB/Smad2,3-4/Snail signaling pathway, and restraining the pathway with TGFB receptor inhibitor might reverse metastasis (84). Apart from TGFB, TAMs secret other cytokines, namely, IL4 and IL6, and the former indicates the formation of M2 phenotype, while the latter activates the STAT3 signaling pathway to trigger EMT in CRC (56, 75). EMT is an inter-regulating course, and there is an urgent need to lock the TAM/EMT axis. In recent years, intestinal microbiota has attracted much attention in immunomodulation (85, 86). The microbiota dysfunction can induce TAMs secreting IL6 and TNF to launch EMT of HT29 colorectal adenocarcinoma cells (87). Maybe intestinal microbiota is an excellent target to attenuate the M2 phenotype. In-depth analysis of M2 macrophage-derived exosomes (MDE) shows high expression of miR-155-5p, while the microRNA also participates in metabolism-related gene transcription of intestinal microflora (88, 89). The findings provide the basis of intestinal microflora regulation served as one target of inhibiting CRC metastasis.



Prognosis in CRC

The degree of macrophage infiltration can indirectly reflect the prognosis of patients (90). The risk of recurrence and cancer-associated mortality was doubled in patients with high M2 proportion in lesion compared with low M2 infiltration, and the high invasion of M1 macrophages in tumor matrix predicted a good prognosis and extended survival period (91). To further substantiate this, a subset of 168 patients with stage II/III colorectal cancer received follow-up interviews after operation. The results demonstrated that the patients with a high density of CD163+ TAMs have worse overall survival (OS) and progression-free survival (PFS) (92). For CRC patients, early detection and diagnosis are of great significance for a good outcome, and carcinoembryonic antigen (CEA), the most used biomarker for noninvasively detection, is less effective due to poor sensitivity (93). As same as CEA, TAMs are also distributed in the blood and barely influenced by surgery status (91, 92, 94). Prognostic information can be acquired by analyzing the proportion and polarization state of TAM, such as the ratio of CD206+/CD68+ TAM (95). A study consisting of 931 colorectal cancer patients showed the high M1/M2 ratio was suggestive of lower mortality in colorectal cancer (96). In a word, the infiltration density and polarization state of TAMs influence the prognosis of patients, yet the potential for reflecting prognosis needs further more clinical research (39).




TAMs and Aberrant Signaling Pathways

Colorectal cancer is a highly heterogeneous disease due to the disorder of cell signal regulation mechanism (97). Abnormal activation of pathways is involved in the CRC cell-TAM regulatory loop, which contributes to tumor biology (98, 99). Consequently, the pathway is like a bridge to connect tumor and TAMs, and TAMs have been proved to be involved in many pathways important to CRC,namely, NFKB1 pathway, STAT3 pathway, WNT5A pathway, and PI3K pathway (Figure 2) (75, 98, 100, 101). While less evidence indicates tumor associated macrophages interact with Hedgehog pathway and Notch pathway, both of which are concerned with regeneration and renewal of the epithelium, this may be a pointcut for better understanding the role of TAMs in CRC (102, 103). This part will summarize the interaction between TAMs and four pathways frequently reactivating in colorectal cancer.




Figure 2 | Pathways between TAMs and CRC. The interaction between CRC and TAMs relies on a complex molecular network. Tumor cells release molecules such as IL10 and Succinate, activating STAT3 pathway and PI3K pathway in macrophages. Consequently, pro-tumor cytokines, including IL6, CXCL8, and TGFB2, are secreted out of TAMs and targeted to their receptor on the surface of CRC cells. Specific inhibitors aiming at essential pathway points effectively reverse the pro-tumor process, typically miR-221-3P inhibiting STAT3 pathway by silencing JAK3. Besides, WNT5A and NFKB1 contribute to the network, and each pathway is not independent but interconnected. The secreted pro-tumor cytokines cause the response of JAK2, TNF, and NFKB1, serving CRC. A similar network can be seen both in TAMs and CRC, and suppressors inside it may have a dual function.




NFKB1 Signaling Pathway

Src homology 2 domain-containing tyrosine phosphatase 2 (SHP2) has a tumor inhibitory effect in CRC. When SHP2 is deficient in TAMs, the phosphorylation of RELA protein is declined. It facilitates the polarization of TAMs to M2 phenotype, which can release IL6 and CXCL8 to increase the expression of TNF in CRC cells, leading to the activation of NFKB1 pathway and then promotes tumor angiogenesis and metastasis (26, 104). This procedure emphasizes the importance of epigenetics in TAMs. And enhancing the phosphorylation levels of RELA by knocking out N-myc downstream-regulated gene 2 (NDRG2) leads to IκBα upregulating. As a result, the monocyte polarization is induced toward M1-like macrophages, playing an inhibitory role in tumor (105). Additionally, M2 macrophages can secrete TGFB2 and activate NFKB1 pathway to regulate FERMT2, forming the TGFB2/NFKB1/FERMT2 axis to promote CRC cells invasion, and NFKB1 inhibitor Bay 11-7082 can reverse functions mentioned above (106, 107). Though there are no findings of associated clinical trials by far, all kinds of inhibitors have brought hopes for the treatment.



STAT3 Signaling Pathway

STAT3 is a component of the IL6 activated acute phase response factor (APRF) complex, which can be activated by various cytokines or growth factors (108). As we mentioned before, TAM can release cytokines, especially IL6, which could bind specific receptors on CRC cell surface, activating JAK2/STAT3 signaling pathway, downregulating tumor suppressor miR-506-3p, and relieve the inhibition of the latter on FOXQ1 that results in enhanced invasion and metastasis of CRC (25). Inhibition of this signaling pathway can reverse CRC metastasis caused by nicotinic acetylcholine receptor α7 (α7nAChR) knockout (107). Like IL6, IL10 secreted by CRC could induce TAM polarization to M2 macrophages through CaKMII/ERK/STAT3 pathway and promote cancer cell itself (57). On the contrary, with the effect of miR-221-3p for silencing JAK3/STAT3 activation, M2 TAMs begin exhibiting characteristics of M1 (109). The STAT3 pathway is not a one-way path, but a loop between CRC and TAMs, and the circle could be disrupted if the pathway was interrupted, which needs a lot more research exploring the association between TAMs and members in this loop.



WNT5A Signaling Pathway

WNT5A is a secreted glycoprotein belonging to the WNT family, and related signaling pathways mainly regulate cell proliferation, angiogenesis, and so on (110). As for CRC, WNT5A is expressed primarily in tumor matrix, especially in TAMs, but its specific biological function and related mechanism are not fully understood, which needs further exploration (57). WNT5A can form a cascade with CaKMII and ERK1. When the pathway is activated, TAM will be polarized to M2 phenotype and release IL10, aiming to promote the progression of tumor (57, 100). For the tight association of WNT5 with chemokine ligands, researchers subsequently focused on another molecule CCL2, and it was interesting that when WNT5A was used to treat undifferentiated macrophages, CCL2 mRNA was upregulated most significantly among all cytokines (111, 112). After silencing WNT5A expression, the level of ERK activation and expression of CCL2 declines, consequently inhibiting M2 polarization (111). As we all know, non-single but multiple pathways involve in CRC. For instance, the WNT5A pathway could link to the NFKB1 pathway under the action of ROR1, then sensitizing STAT3 (113). Therefore, the WNT5A signaling pathway plays an important role in CRC malignant biological behavior and macrophage infiltration, yet we still know little about how different pathways connect.



PI3K Signaling Pathway

Phosphatidylinositol-3-kinase (PI3K) signaling pathway is intracellular, which can be activated by lots of cytokines, affecting TAM recruitment and polarization (114). Tumor cells can release succinate acting on macrophages and promote their transformation through the PI3K–hypoxia–inducible factor 1α (HIF1A) axis (22). MiR-934 is one of the activating factors released by exosomes, downregulating the expression of PTEN in TAM, consequently activating the PI3K/AKT1 signaling pathway to induce the M2 polarization (115). In addition to microRNA, CRC can also release type Iγ phosphatidylinositol phosphate kinase (PIPKIG) to trigger PI3K/AKT1/MTOR signaling pathway, promoting TAM recruitment in tumor area through reinforcement of CCL2 transcription, thus providing an appropriate environment for CRC development (116). M2 macrophages also release CXCL13 to trigger CXCL13/CXCR5/NFKB1 signaling to induce CRC liver metastasis (115).




TAM Associated Treatment

Systematic chemotherapy is the standard treatment for patients with advanced CRC, which can effectively prolong the overall survival time. Whereas the survival rate of patients with stage IV CRC is only 10%, drug resistance was one of the causes of this phenomenon (117). With deepening research, TME immune components are shown to participate in resistance, which is demonstrated by great strides in immunotherapy (118, 119). Primarily programmed by TME, TAMs have a significant impact on the treatment efficiency of CRC (54, 120). It was found that the conditional medium from M1 could improve the oxaliplatin sensitivity in tumor-bearing mice and that from M2 reduces the sensitivity of CRC to 5-fluorouracil (5-FU), suppressing caspase-mediated apoptosis to protect tumor cells from chemotherapy (121, 122), whereas reducing TAM proportion or inducing M1 directional polarization can effectively increase the survival time of patients and improve the prognosis (123, 124). Though M1 and M2 macrophages antagonize each other, interference of TAM gene expression by exogenous application of drugs can reduce the proportion of M2 TAMs in tumor infiltration regions and promote the transformation from M2 to M1 phenotype exerting tumor inhibition (Figure 3) (58, 105, 125). Additionally, the drug tolerance initiated from TAMs is concerned with effluxion. Given the difficulties in finding novel therapeutic targets, efflux inhibitors specifically targeted M2 subtype might work miracle.




Figure 3 | Treatments based on TAMs. M0 macrophages polarized towards M1 or M2 phenotypes to participate in growth, proliferation, metastasis, and drug resistance of CRC. Therefore many treatments are designed based on the polarization of TAMs. Odanacatib and Nitazoxanide, targeting CTSK and SIX1 respectively, both inhibit the alternative activation of undifferentiated macrophages, and MIC triggers the polarization of M1 macrophages. Meanwhile, nanoscale drug Ru @ ICG-BLZ NP can directly induce the conversion of M2 phenotype to M1 phenotype, showing a new method for clinical transformation. The role of cholesterol metabolism in CRC is gradually being valued, and a new anti-metabolism drug Trifluridine/Tipiracil was shown to weaken infiltration of M2 macrophages. Other therapy such as PDCD1 blockers and adoptive cell therapy could also act on TAMs and showing anti-tumor impact.




TAM as a Target for Immunotherapy

Immunotherapy, namely, immune checkpoint inhibitors, adoptive cell therapy, and tumor vaccines, has been popularized in CRC treatment (126). Programmed cell death protein 1 (PDCD1) is an immune checkpoint receptor. It has been reported that in CRC patients with high microsatellite instability, PDCD1 is highly expressed in M2 macrophages at the invasive region of CRC (127). The high PDCD1 expression of M1 phenotype, resulting in the degeneration of TAM phagocytosis, is positively correlated with disease state of CRC (128). PDCD1 blockers can enhance phagocytic ability of macrophages and prolong survival time of patients, confirming that PDCD1 therapy can directly aim at TAM. Besides, patients with more M2 macrophages infiltration in lesion areas have the potential to acquire better efficacy. As for adoptive cell therapy, the anti-tumor efficiency of the combination of tumor-directed anti-mesothelin CAR-T cells and M2 inhibitors has been verified, and TAM-associated adoptive cell therapy based on its specific markers, such as CD40, are being investigated (129). In cell models that stably express ovalbumin (OVA) peptide, the OVA vaccine could reduce the density of TAMs in CRC tissue, thus limiting tumor growth, and supplemental application of VEGFC/VEGFR3 neutralizing antibody could further inhibit the chemotaxis of M2 macrophages into CRC area, preventing CRC from escaping immune monitoring (130).



Directional Regulation of TAM Polarization

The long non-coding RNAs (lncRNAs) serve as both non-invasive biomarkers and targeted molecules in CRC (131). For instance, lncRNA RPPH1 secreted by CRC cells mediates M2 polarization, promoting tumor metastasis, but is lacking independent means of intervention (132). Intestinal microflora, an important regulator of intestinal microenvironment, has been shown to modulate lncRNA gene expression in various tissues (133). Additionally, microflora can also induce M0 to M2 phenotype polarization by secreting cathepsin K (CTSK), which binds to toll-like receptor 4 (TLR4), activating MTOR pathway (134). CTSK-specific inhibitor Odanacatib is administrated to curb the related pro-tumor effects, improving the prognosis of CRC patients (134). In addition to the regular medications, researchers nowadays exploited nanoparticles with inflammatory molecule releasing ability, Ru @ ICG-BLZ NP, which has high CRC specificity and low toxicity (125). It can release CSF-1R kinase inhibitor BLZ945 and repolarized TAM to M1 macrophages to show an anti-tumor effect which provides a new idea for clinical transformation of nanodrugs (125).



Inhibition of TAM Recruitment or Infiltration

Homologous protein SIX1 is widely expressed in all kinds of cancers, and its overexpression results in upregulation of macrophage-specific colony stimulating factor, thus recruiting pro-tumor TAM in the CRC region (68). Its inhibitor, Nitazoxanide, is expected to silencing SIX1 by suppressing WNT/CTNNB1 pathway (135, 136). Metabolism disturbance could partly explain the mechanism for TAMs inducing drug resistance. Trifluridine/Tipiracil is a new anti-metabolism drug, and its combination with oxaliplatin can effectively exhaust M2 macrophages, thereby causing cytotoxic CD8+ T cell infiltration to compel tumor cell lysis (137). Through years of treatment, clinicians observed a strange phenomenon that patients with colitis have a specific resistance to CRC, but the mechanism is unknown. One of the benign disease characteristics is chronic inflammation that persists for a long time, and many inflammatory factors are involved in this process. Macrophage inhibitory cytokine (MIC) is one of them, which can recruit M0 macrophages and T cells to lesion sites and exert tumor immune regulation (138). Subsequently, more clinical trials are required to explore the anti-CRC effect of MIF biological agents. The combination between it and conventional therapy may provide more options for clinical CRC treatment.




Discussion

A growing understanding of the functions and regulatory mechanisms of TAMs will enable us to explore their future clinical applications in CRC. In this review, we described different subtypes of TAMs and their associated mechanisms in colorectal cancer. Based on the above, TAMs-related treatment for CRC was summarized with potential for further research. Many factors are associated with the poor prognostic of CRC, especially the low early diagnostic rate and poor pharmacological reaction. Therefore, it is of great significance to explore the relevant mechanisms and early diagnostic methods beneficial to clinical prevention and treatment of CRC. TAM is an important component of the TME that mediates CRC proliferation, metastases, drug resistance, and so on. Once stimulated by tumor-associated factors, TAMs migrate to the tumor area at first, occurring polarization to M1 or M2 phenotype, and exerts tumor inhibition or promotion effects, respectively. Nevertheless, whether TAM already exists or transferred from the circulatory system in the CRC tumor area is still doubtful. Additionally, the function of TAM is mostly indirectly proved, and clinical research focusing on TAM is still lacking.

TAMs secrete cytokines (IL6, IL10, etc.) and exosomes (miR-21-5p, miR-155-5p, etc.) through NFKB1 signaling pathway, STAT3 signaling pathway, and other pathways to act on tumor cells and immune cells, regulating the process of CRC. Moreover, TAMs secrete many immunomodulatory proteins in the form of vesicles to consolidating the tumor-promoting roles of stromal cells. Apart from acting on tumor cells, TAMs could regulate other immune cells of TME, thus participating in the regulation of immune microenvironment. That phenomenon may be the cause of treatment failure. Drug resistance is one of the most troublesome problems during the treatment of CRC, and TAM polarization is closely related to the resistance. Especially, M2 phenotype can secrete various factors such as CCL2 to weaken the sensitivity of CRC to oxaliplatin and other drugs, which suggest that TAM is expected to become a tumor therapeutic target. The induction of directional differentiation in vitro is helpful to understand the capacity of different TAM subtypes further. However, the progress of TAM study is slow due to the difficulty of establishing associated models, and there is a long way to address this issue.

Both immune checkpoint inhibitor PDCD1 and tumor vaccine are capable of inhibiting M2 formation or promoting its depletion. PDCD1 takes TAM as a direct target to inhibit tumor progression. The development of nanoscale drug load particles, such as Ru @ ICG-BLZ NP, provides a new method for the clinical transformation of nanodrugs. Since TAMs could release cytokines, neutralizing antibodies against M2 macrophages associated factors also show high anti-tumor value. Limagne et al. (137) found that TAM could also guide direction of T cell infiltration and migration. Therefore, in addition to regulating macrophage polarization states, TAM-targeted therapeutics can improve efficacies of immune checkpoint inhibitors. All of these have shown bright therapeutic prospects and great research potential. However, there are still some limitations. The specific functional mechanism of immunotherapy such as PDCD1 on TAM is still ambiguous. Although TAM is currently considered to be a biomarker, more clinical experiments are required to confirm its efficiency. Furthermore, reactive oxygen species (ROS) can actuate macrophage activation and function (139). Does ROS related mechanism attend TAM tumor regulation process? Whether metabolomics and biological rhythm also affect TAM function, these questions are worthy of further studies. The main biomarkers of TAM, such as CD68, transmembrane receptors, and secretory proteins, are expected to be therapeutic targets (120). Based on this, CRC-specific immunotherapy has been developed, which shows great application prospects and clinical significance.

We follow standardized nomenclature for gene products recommended by experts (140).
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Introduction

Early tumor shrinkage (ETS), depth of response (DpR), and time to DpR represent exploratory endpoints that may serve as early efficacy parameters and predictors of long-term outcome in metastatic colorectal cancer (mCRC). We analyzed these endpoints in mCRC patients treated with first-line bevacizumab-based sequential (initial fluoropyrimidines) versus combination (initial fluoropyrimidines plus irinotecan) chemotherapy within the phase 3 XELAVIRI trial.



Methods

DpR (change from baseline to smallest tumor diameter), ETS (≥20% reduction in tumor diameter at first reassessment), and time to DpR (study randomization to DpR image) were analyzed. We evaluated progression-free survival and overall survival with ETS as stratification parameter according to treatment arm, molecular subgroup, and sex.



Results

In 370 patients analyzed, a higher rate of ETS (60.9% vs. 43.5%; p = 0.001) and significantly greater DpR (-40.0% vs. -24.7%; p < 0.001) were observed in the initial combination therapy arm. The improvement was pronounced in RAS/BRAF wild-type tumors. ETS correlated with improved survival irrespective of treatment arm (PFS: p < 0.001; OS: p = 0.012) and molecular subgroup (PFS: p < 0.001; OS: p < 0.001). Male patients in contrast to female patients with ETS had survival benefit (PFS: p < 0.001, HR 0.532; OS: p < 0.001, HR 0.574 vs. PFS: p = 0.107; OS: p = 0.965).



Conclusions

Initial irinotecan-based combination therapy with bevacizumab improved ETS and DpR in mCRC patients with a particularly high irinotecan sensitivity of RAS/BRAF wild-type tumors. ETS seems to be a suitable prognostic marker for fluoropyrimidine- and bevacizumab-based combinations in mCRC. This finding was rather driven by male patients, potentially indicating that ETS might be less predictive of long-term outcome in an elderly, female population.





Keywords: metastatic colorectal cancer (CRC), disease dynamics, depth of response, early tumor shrinkage, combination chemotherapy



Introduction

Standard systemic therapy in patients with metastatic colorectal cancer (mCRC) usually consists of oxaliplatin- or irinotecan-based doublet or triplet chemotherapy supplemented by monoclonal antibodies according to molecular subtype and primary tumor location (1–9).

The efficacy of treatment is typically evaluated by survival endpoints, such as overall survival (OS) and progression-free survival (PFS). Unlike survival endpoints, the objective response rate (ORR) represents an early study endpoint, but is barely used in phase 3 trials, which is mostly due to the fact that the correlation of ORR with survival is uncertain. An important limitation of ORR, especially in mCRC, appears to be the categorization of responses according to RECIST ignoring more differentiated assessments, in particular the use of parameters indicating early treatment response, such as early tumor shrinkage (ETS) and depth of response (DpR). These parameters enable an early identification of treatment-sensitive tumors and are known to be associated with long-term survival (3, 10–17). The relevance of parameters indicating early treatment response in mCRC has been evaluated by means of ETS and DpR particularly for epidermal growth factor receptor (EGFR) antibody-based regimens (3, 11, 15–17). The impact of irinotecan or other chemotherapeutic agents on these early study endpoints remains less clear.

The XELAVIRI study (AIO KRK-0110) compared the efficacy of fluoropyrimidine (FP) and bevacizumab (Bev) followed by sequential escalation to irinotecan (Iri), FP, and Bev (arm A) with an upfront combination therapy consisting of FP, Iri, and Bev (arm B) in mCRC patients (18). The study concept allows for the investigation of early irinotecan efficacy. In this regard, the underlying analysis aims to evaluate to which extent irinotecan impacts parameters indicating early treatment response and disease dynamics (DpR, ETS, and time to DpR) within the XELAVIRI trial. To further elucidate the impact of irinotecan in mCRC, we analyzed the patient cohort according to RAS and BRAF mutational status, and sex with special focus on the predictive and prognostic value of the aforementioned parameters.



Methods


Patients

We performed a retrospective analysis of the randomized phase 3 XELAVIRI trial evaluating treatment strategies in patients with untreated metastases of colorectal cancer. The trial comprised a total of 421 patients with 212 patients receiving fluoropyrimidine and bevacizumab followed by sequential escalation to irinotecan, fluoropyrimidine, and bevacizumab (arm A) and 209 patients receiving upfront combination therapy with irinotecan, fluoropyrimidine, and bevacizumab (arm B). Detailed treatment schedules are listed in the Supplementary Table A.1.

For information concerning trial design and conduct, Declaration of Helsinki, etc. please refer to ClinicalTrials.gov, NCT01249638 and the primary publication (18). The last update on response and survival endpoints was conducted in July 2020.

A clinical database was established for patients that had evaluable DpR data. Tumor samples were tested for KRAS, NRAS, and BRAF mutations as described previously (18).



Disease Assessments

Computed tomography of chest and abdomen was performed within 4 weeks prior to start of study treatment. During active study therapy, computed tomography was conducted every 9 weeks until the end of treatment. During follow-up after study treatment, tumor assessments were scheduled every 3 months until the patient’s death or up to a maximum of 5 years.



Definition of Depth of Response and Early Tumor Shrinkage

DpR was defined as the relation of smallest tumor diameter to baseline tumor diameter. The development of new lesions was evaluated as an increase of 100% in diameter. ETS was defined as at least 20% reduction in tumor diameter at first reassessment (9 weeks from therapy initiation).



Time to Depth of Response Assessment

Time to DpR was defined as time from randomization to the date of DpR. The analysis was limited to patients with a DpR ≤0%.



Definition of Progression-Free Survival and Overall Survival

PFS was defined as time from randomization to first progression of disease or death from any cause (whatever occurred first). Overall survival was defined as time from randomization to death from any cause. Patients without progression or death were censored at the last day of follow-up.



Association of Early Tumor Shrinkage with Survival Endpoints

PFS and OS were evaluated with ETS as stratification parameter (ETS vs. no-ETS) according to treatment arm, molecular subgroups, and sex. Age, treatment arm, sex, RAS mutation, and BRAF mutation were used as covariates.



Statistical Analysis

All statistical analyses were performed using SPSS version 25.0 software (IBM Corporation, Armonk, NY, USA).

For univariate analyses, Fisher’s exact tests or chi-square tests were used to evaluate differences between groups, and corresponding odds ratios with 95% confidence intervals were indicated. DpR was compared with non-parametric test (Mann–Whitney U). Survival was expressed as medians by Kaplan–Meier method including 95% confidence intervals and compared by log-rank testing as well as Cox regression. The two-sided significance level was set to 0.05 with a 95% confidence interval.




Results


Patient and Tumor Characteristics

Out of 421 patients in the modified intention-to-treat population (mITT), DpR and ETS were available for 370 patients [186/212 (87.7%) of patients in the sequential treatment arm and 184/209 (88.0%) of patients in the initial combination treatment arm]. Information on the molecular subtype (RAS and BRAF status) was available for 330 of these 370 patients. Within the population evaluable for response, one tumor was characterized as both RAS and BRAF mutant (BRAF MT) and was consecutively analyzed within the BRAF MT cohort.

A consort diagram illustrating the study population is shown in Supplementary Figure A.1. Baseline patient and tumor characteristics are summarized in Table 1.


Table 1 | Patient and tumor characteristics in patients assessable for early response parameters.





Early Tumor Shrinkage and Depth of Response

In the initial combination arm, patients achieved a significantly greater DpR (-40.0% vs. -24.7%; p < 0.001) and a higher rate of median ETS [60.9% vs. 43.5%; OR 2.00 (95% CI: 1.33–3.03); p = 0.001] at time of first radiological reassessment as compared to patients in the sequential treatment arm. These differences remained statistically significant in multivariate analysis using BRAF MT, RAS MT, age, and sex as covariates [DpR: p < 0.001; ETS: OR 5.68 (95% CI: 3.57–13.16); p = 0.001].

With regard to mutational status, patients with RAS wild-type (RAS WT) and BRAF wild-type (BRAF WT) mCRC demonstrated a significantly greater median DpR (-49.6% vs. -29.3%; p < 0.001) and a higher frequency of ETS [72.6% vs. 50.7%; OR 2.56 (95% CI: 1.28–5.26); p = 0.002] when receiving upfront combination therapy. Treatment arm remained an independent factor for improved DpR (p = 0.009) and ETS [OR 5.53 (95% CI: 2.99–34.48); p = 0.020] in RAS/BRAF WT patients.

In univariate analysis, patients with RAS MT mCRC benefitted significantly from initial combination treatment in terms of DpR (-33.3% vs. -19.4%; p = 0.01), however, without reaching statistical significance in multivariate analysis (p = 0.077). The differences in ETS between both therapy arms did not reach statistical significance in the subgroup of RAS MT patients.

There were no significant differences in DpR and ETS of BRAF MT patients between the respective treatment arms.

The male population in contrast to female mCRC patients significantly benefitted from the initial combination treatment in terms of median DpR (male: -40.0% vs. -22.2%; p < 0.001; female: -34.0% vs. -24.4%; p = 0.13) and rate of ETS [male: 64.8% vs. 40.2%; OR 2.78 (95% CI: 1.64–4.55); p < 0.001; female: 52.5% vs. 49.3%; p = 0.73]. These differences remained statistically significant in multivariate analysis [DpR: p < 0.001; ETS: OR 4.24 (95% CI: 2.78–8.93); p < 0.001].

Detailed information concerning DpR and rate of ETS are summarized in Figure 1, Table 2, and Supplementary Figure A.2.




Figure 1 | Best response in the trial. Blue images display response assessments of the sequential treatment arm (fluoropyrimidine plus bevacizumab), and red images show response assessments of the initial combination treatment arm (fluoropyrimidine, bevacizumab, and irinotecan) in (from top to bottom) groups: all patients, RAS/BRAF wild type, RAS mutant.




Table 2 | Parameters of early treatment response in therapy arms according to tumor mutational status and sex.





Time to Depth of Response

Patients treated within the sequential therapy arm had a significantly shorter time to DpR compared to patients in the upfront combination treatment arm [4.4 months (95% CI: 4.1–4.6 months) vs. 5.1 months (95% CI: 4.1–6.1 months); p = 0.03]. Within the different molecular subgroups and genders, the time to DpR was comparable. Figure 2 contains Kaplan–Meier curves estimating the time to DpR.




Figure 2 | Kaplan–Meier estimates of time to DpR. (A) Time to DpR in study arms. (B) Time to DpR in molecular subgroups (both arms of study). (C) Time to DpR in male and female patients (both arms of study). Analyses are limited to patients with a DpR of at least 0% (no change) or reduction in tumor diameter.





Correlation of Early Tumor Shrinkage with Progression-Free Survival and Overall Survival

ETS was associated with improved PFS [no ETS: 8.2 (7.6–8.8) months; ETS: 11.9 (10.2–13.5) months; log-rank p < 0.001] and OS [no ETS: 21.2 (18.8–23.6) months; ETS: 28.5 (25.2–31.8) months; log-rank p = 0.002]. These survival differences remained statistically significant when adjusted for treatment arm, sex, age, RAS mutation, and BRAF mutation [PFS: p < 0.001; HR 0.618 (95% CI 0.499–0.767); OS: p = 0.003; HR 0.713 (95% CI 0.568–0.895)].

ETS correlated with prolonged survival irrespective of treatment arm (PFS: log-rank p < 0.001; OS: log-rank p = 0.012) and molecular subgroup (PFS: log-rank p < 0.001; OS: log-rank p < 0.001). Please refer to Figure 3 for the respective Kaplan–Meier curves.




Figure 3 | Kaplan–Meier estimates for the association of ETS with PFS and OS. (A) Association of ETS with PFS in the study arms. (B) Association of ETS with OS in the study arms. (C) Association of ETS with PFS in molecular subgroups. (D) Association of ETS with OS in molecular subgroups. (E) Association of ETS with PFS according to sex. (F) Association of ETS with OS according to sex. Arm A: sequential treatment arm; Arm B: initial combination treatment arm; WT/WT: RAS/BRAF WT subgroup.



ETS was significantly associated with survival benefit in male patients with regard to PFS [log rank p < 0.001; HR 0.532 (95% CI 0.409–0.692)] and OS [log rank p < 0.001; HR 0.574 (95% CI 0.437–0.756)]. However, this association could not be reproduced in female patients with regard to PFS [log rank p = 0.105; HR 0.745 (95% CI 0.521–1.066)] and OS [log rank p = 0.965; HR 1.009 (95% CI 0.685–1.486)] (Figure 3). These gender observations were also evident when the predictive effect of ETS was adjusted for treatment arm, age, RAS mutation, and BRAF mutation [PFS male: p < 0.001, HR 0.550 (95% CI 0.418–0.725); PFS female: p = 0.109, HR 0.734 (95% CI 0.503–1.072); OS male: p = 0.001, HR 0.617 (95% CI 0.465–0.891); OS female: p = 0.490, HR 0.868 (95% CI 0.581–1.297)].




Discussion

The objective of this manuscript was to elucidate to which extent initial irinotecan in the context of fluoropyrimidines and bevacizumab improves early treatment response (ETS, DpR) as well as time to DpR as a novel endpoint related to these parameters. Additionally, subgroup analyses were performed to identify differences between molecular subtypes and sex.

In our analysis, ETS and DpR outcomes were more favorable in mCRC patients receiving initial combination treatment. The gain in ETS frequency and median DpR through the upfront use of irinotecan was 17.4% and 15.3%, respectively. These improvements are well comparable to the gains in ETS and DpR that are reported for other cytotoxic drugs, namely, anti-EGFR antibodies, in RAS WT mCRC (3, 11), suggesting that the potential of irinotecan to improve early outcome parameters and therefore also parameters depending on early responses, like secondary resectability of metastases, might be very similar to that of anti-EGFR antibodies.

The benefit in early response parameters was pronounced in the subpopulation of patients with RAS/BRAF WT tumors, indicating a particularly high sensitivity to irinotecan-containing treatment in these tumors. This finding may suggest that RAS/BRAF WT mCRC represents—unlike RAS MT mCRC—a generally treatment-sensitive subtype of mCRC that likely benefits from intensification of therapy.

Aside from molecular subgroups, sex also appears to impact early response parameters with male patients deriving a more substantial benefit from upfront irinotecan-containing therapy compared to female patients. It can be assumed that women as compared to men are either less sensitive to irinotecan or more sensitive to 5-FU/capecitabine. Since the expression of dihydropyrimidine dehydrogenase (DPD) is known to be lower in female colorectal cancer patients (19), it appears more likely that women might be more sensitive to 5-FU and its prodrug capecitabine (19). As DPD represents the rate-limiting enzyme in the catabolism of 5-FU, lower DPD expression levels lead to increased serum levels of 5-FU in female patients and might increase not only toxicity but also efficacy (20). Thus, the benefit of adding irinotecan to upfront chemotherapeutic treatment might not be as substantial as in the male population. This assumption remains a matter of debate and should therefore be a subject of future investigations given the fact that other potential effects of gender on clinical, histopathological, and therapeutic factors in colorectal cancer have not been considered in this analysis.

However, our observation on the less pronounced response of female patients to the upfront use of an intensified chemotherapeutic regimen is contrasted by the results of a retrospective analysis of the phase 3 trials TRIBE and TRIBE-2 demonstrating no sex differences considering the benefit from intensified chemotherapy in mCRC patients (21). Factors that may explain this discrepancy include the older population in XELAVIRI, a bias caused by the slightly different proportion of molecular subgroups (more RAS and BRAF MT patients in TRIBE and TRIBE-2), and the smaller number of patients in our analysis (21).

The time to DpR was significantly shorter in patients treated within the sequential therapy arm as compared to patients in the upfront combination treatment arm (4.4 vs. 5.1 months; p = 0.03), but with less DpR. In general, time to DpR does not seem to be a specifically sensitive endpoint in the context of the specific trial regimens and the molecular subgroups of mCRC. However, it might be noted that the time to DpR appears longer in the XELAVIRI trial as compared to other recent trials, maybe reflecting the limited frequency of trial dropouts due to secondary resectability of tumors (3, 22).

In the XELAVIRI trial, time to failure of strategy (TFS) was the primary study endpoint. TFS represents an alternative surrogate endpoint for the conventional survival endpoints PFS and OS and was shown to strongly correlate with these secondary study endpoints. Therefore, we analyzed the association of ETS with PFS and OS instead of TFS. In our analysis, ETS was predictive of PFS and OS regardless of treatment arm. Thus, ETS seems to be a suitable early response-associated prognostic marker for the initial use of fluoropyrimidine and bevacizumab combinations (with or without irinotecan) in mCRC patients, which is in accordance with the findings on anti-EGFR antibodies (11, 15–17), and other chemotherapeutic regimens (10, 12). Of note, whereas ETS was clearly associated with improved PFS and OS in male patients, ETS in female patients did not translate into a relevant survival benefit, potentially suggesting that ETS does not play an equally important role for the long-term outcome of female as compared to male mCRC patients in this study cohort comprising rather older patients.

The presented results are limited due to the retrospective nature of the analysis. In addition, there was a limited number of patients in the analyzed molecular subgroups and the generated hypotheses should be further evaluated in larger patient cohorts.

In conclusion, Irinotecan-based combination therapy as compared to sequential therapy with bevacizumab, respectively, improves early response parameters. Improvement in ETS and DpR appears pronounced in patients with RAS/BRAF WT mCRC and male patients, suggesting a high sensitivity to irinotecan-based treatment. In the XELAVIRI trial, ETS was associated with improved PFS and OS regardless of treatment arm. In accordance with the current literature, ETS seems to be a suitable prognostic marker for the initial use of fluoropyrimidine- and bevacizumab-based combinations in mCRC patients. However, in our cohort, this finding was rather driven by male than female patients, potentially indicating that ETS might be less predictive of long-term outcome in a female population of older patients.
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Background

Follow-up guidelines for serrated polyps (SPs) are mainly based on factors such as histology and size with limited evidence. The underlying genomic mechanism of SPs in relation to recurrence risks is utterly unknown.



Methods

We applied targeted next-generation sequencing (NGS) approach on two groups of SPs [polyp-relapsed SPs (PRSPs) vs. polyp-free SPs (PFSPs)] based on the surveillance outcomes to compare differences of DNA variants in 71 colorectal cancer-associated genes. A multicenter validation cohort was established longitudinally from 2016 to 2019 to confirm the relevant results.



Results

Among the 96 NGS samples, at least one mutant after filtration was detected in 90 samples (94%). Molecular profiling presented BRAF, KRAS, and APC as top 3 mutated genes. FBXW7, MSH2, and ERBB2 might be recurrence-relevant, while DMD, BRCA1, and BRCA2 might be negatively correlated with recurrence. Notably, ERBB2 mutants (R678Q and V842I) (n = 5) had higher risks of polyp recurrence than the wild types (n = 85), with a median polyp-free interval of 15 months compared to 26 months [P < 0.001; hazard ratio (HR) = 4.9; 95% confidence interval (CI) = 1.9–12.8]. Furthermore, a multicenter cohort composed by 321 SPs verified that ERBB2-mutated SPs had increased risks of polyp recurrence (P < 0.001; HR = 3.7; 95% CI = 2.3–6.0) and advanced neoplastic lesion (ANL) recurrence (P < 0.001; HR = 10.0; 95% CI = 2.7–36.9) compared with wild-type SPs, respectively.



Conclusions

Our results are emphasizing that SP individuals with ERBB2 mutants are at higher risks of subsequent colorectal neoplasms. ERBB2 mutants might work as facilitated markers for prediction of high-risk SPs and might implicate a potential mechanism in the serrated pathway to colorectal carcinoma (CRC).





Keywords: serrated polyps, serrated pathway, colorectal cancer, ERBB2, recurrence



Introduction

Serrated polyps (SPs) are the second most common type of colorectal polyps with a distinct histological appearance of saw-toothed colonic crypts. According to the 2019 World Health Organization’s criteria, SPs are histologically classified as hyperplastic polyps (HPs), sessile serrated lesions (SSLs), or traditional serrated adenomas (TSAs) (1). Unlike the canonical adenoma-carcinoma sequence, SPs are proven to be early precursors to about 15%–30% colorectal carcinoma (CRC) through serrated pathway, frequently associated with BRAF or KRAS oncogenic mutations, microsatellite instability (MSI), and high CpG island methylator phenotype (CIMP) (2).

There is no consensus in the literature on which SPs are clinically relevant. A wide risk variation exists among SPs, as some case reports present SP rapid progression to invasive cancer within months (3), while other findings suggest a mean interval of 15 years for malignant transformation (4). Several longitudinal studies have investigated the relationship between the future risks of colorectal neoplasms and the clinicopathological characteristics of SPs, such as histology, size, anatomic location, or numbers (5–7). Evidence indicates that the detection of large SPs at the first endoscopy is more likely to have metachronous advanced neoplasms than those with no SPs (8), and it is an independent risk factor for subsequent CRC even with stronger association than that for advanced adenomas (9, 10). Cross-sectional reports have also substantially manifested that over-representation of malignancy hallmarks in SPs including BRAF mutation, MLH1 methylation, MUC5AC demethylation, and CIMP proposes possibly higher risks of CRC compared to conventional adenomas (11–13). Nevertheless, little is known about the genomic aberrations of SPs in relation to recurrence risks.

Therefore, we applied targeted next-generation sequencing (NGS) approach on groups of polyp-relapsed SPs (PRSPs) and polyp-free SPs (PFSPs) based on the surveillance outcomes to compare the intergroup differences of variants in 71 colorectal cancer-associated genes. In order to get insight about the value of genomic variants in predicting polyps’ recurrence and in planning colonoscopic surveillance, we further validated our results in a multicenter validation cohort established longitudinally from 2016 to 2019.



Methods


Cohort Selection

For the targeted NGS cohort, 96 candidates were enrolled at the Department of Gastroenterology and Hepatology, Ren-ji Hospital, Shanghai, between 2016 and 2019. In total, 93 colorectal SPs including 49 PRSPs and 44 PFSPs and 3 normal colon mucosae were retrieved from the tissue bank. A multicenter validation cohort was established longitudinally in Shanghai Renji Hospital, Chongqing Traditional Chinese Medicine Hospital and Sichuan Provincial Corps Hospital of Chinese People’s Armed Forces to confirm the relevant results. The overall schematic of the cohort selection is shown in Figure 1.




Figure 1 | Cohort flowchart. NGS, next generation sequencing; PRSPs, polyp-relapsed serrated polyps; PFSPs, polyp-free serrated polyps; SPs, serrated polyps; CRC, colorectal cancer.





Eligibility Criteria

The eligibility criteria of all the subjects in our study were as follows: age ≥18 years; received an index colonoscopy from 2016 to 2019 with a clinical diagnosis of SPs; fulfilled adequate bowel preparation and cecum reach. Subjects were ineligible if they had inflammatory bowel disease or familial CRC syndromes at index colonoscopy or were lost to follow-ups or baseline information. All parts of the colon were scrupulously examined, and all the polyps were completely removed on the index colonoscopy. All the subjects received surveillance colonoscopy annually with available demographics and clinicopathological medical data. The histology of all samples including index and recurrent polyps was reevaluated from pathology reports and biopsies by two pathologists to confirm the diagnosis according to the 2019 WHO classification. Written informed consent was obtained from each patient before the specimen collection. Approval of this study was achieved by the Ethics Committee of Renji Hospital, School of Medicine, Shanghai Jiao Tong University.



Definitions

Since CRC was a relatively infrequent event among the subjects qualified with available medical records and regular surveillance in our study, we used risk of polyp recurrence as a surrogate marker. We defined PRSPs as the SPs with recurrence of polyps during surveillance colonoscopy, and PFSPs as the SPs free of polyps during surveillance colonoscopy. Index colonoscopy was referred to as a baseline colonoscopy for participants. Index polyps were the polyps diagnosed at index colonoscopy. We acknowledged a polyp recurrence when polyps were diagnosed during surveillance colonoscopy after the index colonoscopy. Recurrent polyps were classified into SPs (including HPs), non-advanced adenomas (NAs), or advanced neoplastic lesions (ANLs). ANLs included advanced adenomas (AAs) and cancers. AAs were considered as advanced adenomas that measure ≥10 mm in size, with villous or tubulovillous component, high-grade dysplasia, intramucosal carcinoma, or any combination thereof (14). Patients’ polyp-free intervals were calculated according to the time interval from the date of the index colonoscopy to the first diagnosis of polyp recurrence or until the date of last negative surveillance colonoscopy.



DNA Extraction and Targeted Sequencing Analyses

Genomic DNA was extracted from 10-μm formalin-fixed, paraffin-embedded (FFPE) tissue samples using the QIAamp DNA FFPE Tissue Kit (Qiagen Inc., Chatsworth, CA, USA), following the manufacturer’s instructions. DNA quantity and quality were checked using Qubit dsDNA HS assay on the Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA). DNA libraries were constructed from 100 to 250 ng DNA samples using QIAseq Targeted DNA Human Colorectal Cancer Panel (#DHS-002Z, Qiagen Inc., Chatsworth, CA, USA) including 71 most commonly mutated genes in human CRCs. All DNA fragments were tagged with a unique molecular index (UMI; a 12-nucleotide random sequence).

Libraries were sequenced via the Illumina NextSeq instrument with 75~155-bp paired-end reads. Sequence reads were aligned to the hg19 human genome build. Sufficient sequencing quality was guaranteed from all samples with the 30× minimum total read depth. Variant detection, annotation, scoring, and further filtering were implemented by Biomedical Genomics Workbench version 5 (Qiagen, Valencia, CA, USA) with the gene panel-specific plugin QIAseq Targeted Panel Analysis.

The plugin used five different filters for removal of called variants. The confidence filter only retained variants that were not residing in the top 5% of the most exonically variable 100-base windows in healthy public genome database (four reference databases: Allele Frequency Community; 1000 Genomes Project; ExAC; NHLBI ESP exomes). Besides, the confidence filter removed all variants below a call quality of 20 and with a prevalence of 0.5% in the healthy population. The genetic analysis filter only kept variant UMI level allele fraction (VMF) that ranged from 1% to 45% for each tested region, described to be pathogenic and/or likely pathogenic or loss of function-associated, which causes frameshift, missense, etc. An R Bioconductor package, maftools, was used for integrative analysis of somatic variants (15). The ggplot2 package was applied to draw the distribution map of mutation.



ERBB2 Mutational Validation by Sanger Sequencing

DNA samples from the validation cohort were tested by ERBB2 mutation status (R678Q, V842I) using Sanger sequencing. The two designed fragments of ERBB2 domain mutations from the DNA of the patients were amplified by multiplex PCR using primers as follows: ERBB2 R678Q forward (5’-GTTGGCATTCTGCTGGTCGT-3’) and reverse (5’-AGCAGTCTCCGCATCGTGTA-3’); ERBB2 V842I forward (5’-GCTAGGATGGGGACTCTTGC-3’) and reverse (5’-CCCCCATCTGCATGGTACTC-3’). The obtained reaction products were confirmed successful amplification by electrophoresis and then subjected to direct sequencing and analyzed on a 3730xl DNA Analyzer (Applied Biosystems). Sequencing results were compared with the reference DNA sequence and were interpreted by two separate approaches to improve the mutation detection: electronically with a set threshold of 10% and by visual inspection of the electropherogram by two researchers using Sequencher 5.0 software.



Statistical Analysis

R (Version 4.0.3) was used for statistical analysis. Continuous parameters expressed as mean ± SD were analyzed by one-way analysis of variance (ANOVA) or independent Student’s t-test, while comparison between categorial data was evaluated by chi-square test or Fisher’s exact test. Cox regression models were applied for the time-to-event outcome analysis. Kaplan–Meier curves were reported by log-rank test for the variants detected to assess the polyps-free probability. Hazard ratios (HRs) and 95% confidence intervals (CIs) were reported in Cox regression models, and P values from a likelihood ratio test less than 0.05 were considered statistically significant. All the P values were two-tailed.




Results


Patient Characteristics for the Targeted Next-Generation Sequencing

The baseline information of the sequencing samples (n = 96) was listed in Supplementary Table S1. The ANNOVAR package was used to annotate the variants with all available public population information (16). The identified variants were classified as benign or pathogenic according to ClinVar database (17). In total, 90/96 samples (94%) (including 47 PRSPs and 43 PFSPs) displayed at least one pathogenic or likely pathogenic variant that was categorized as missense, nonsense mutation, or splice site according to the frequency-based analysis (Figure 2). The final filtered NGS cohort (n = 90) was listed in Table 1.




Figure 2 | Representative spectrum of frequently mutated genes in polyp-relapsed and polyp-free colorectal serrated polyps after variant filtration.




Table 1 | Baseline characteristics of PRSPs and PFSPs after variant filtration (n = 90).



We compared clinical characteristics between PRSPs and PFSPs. There were no significant differences in patients’ gender and age. SPs in PRSPs were significantly larger than that in PFSPs (P < 0.001). No differences were detected for polyp shape or location or dysplasia grade. Higher percentages of SSLs and TSAs were observed in PRSPs compared to PFSPs with remarkable differences (P < 0.001). The presence of three or more synchronous polyps or at least one ANL on index colonoscopy was not statistically different in the two groups. During the median polyp-free period of 26 months, three individuals in total developed ANLs during the surveillance colonoscopy. Polyp-free intervals {median months [interquartile range (IQR)]} were remarkably longer in PFSPs than those in PRSPs [25 (15) vs. 30 (16), P = 0.006].



Mutational Profile Analyses

Molecular profiling of PRSPs vs. PFSPs revealed that the three most common mutations were BRAF (57% vs. 60%), KRAS (55% vs. 40%), and APC (30% vs. 26%). FBXW7 (23% vs.16%, P = 0.399), MSH2 (9% vs. 2%, P = 0.413), and ERBB2 (11% vs. 0%, P = 0.078) had a larger proportion in PRSPs than PFSPs, which might be recurrence-relevant genes. While DMD (6% vs. 14%, P = 0.399), BRCA1 (2% vs. 12%, P = 0.167), and BRCA2 (4% vs. 16%, P = 0.122) might be negatively correlated with recurrence (Figure 3).




Figure 3 | Comparative profiles of top 10 genomic alterations in polyp-relapsed and polyp-free colorectal serrated polyps.





Kaplan–Meier Plot Analysis

The top 10 mutated genes in the NGS cohort were all assessed for polyp-free intervals by Kaplan–Meier plot analysis (n = 90). The findings illustrated that only ERBB2 mutations (n = 5) displayed a significant correlation with polyp recurrence, displaying a shorter median polyp-free interval of 15 months compared to 26 months than the wild types (n = 85) (P < 0.001; HR = 4.9; 95% CI = 1.9–12.8). Among the ERBB2 somatic point mutations in five samples, three were in the protein kinase domain (V842I) and two were non-activating mutations (R678Q) (18) (Supplementary Table S2 and Figure 4).




Figure 4 | ERBB2 mutations in the NGS cohort. (A) Kaplan–Meier plot showing an increased risk of polyp recurrence over time in the ERBB2 mutants than in the wild types, with a median polyp-free interval of 15 months compared to 26 months (P < 0.001; HR = 4.9; 95% CI = 1.9–12.8). (B) Linear structure of ERBB2 illustrating the region and frequency of the variants (R678Q and V842I). WT, wild type; HR, hazard ratio.





Baseline Information for the Validation Cohort

The clinical relevance of ERBB2 genes in serrated lesions with risks of polyp recurrence has not been documented yet. To further validate the presence of ERBB2 mutations in SPs as a target of interest, we developed a separate validation cohort of 321 SPs from 308 patients recruited from three endoscopic centers (263 from Shanghai Ren-ji Hospital, 58 from the others). All the samples were screened for ERBB2 mutation status (R678Q and V842I). The characteristics were shown in Table 2, with no statistically significant difference found among the 3 centers in baseline information and mutation frequencies (Supplementary Table S3).


Table 2 | Baseline characteristics of the validation cohort of SPs according to findings on index colonoscopy (total n = 321).



ERBB2 mutations were detected in 32/321 SPs (10.0%), with 18/32 R678Q (56.3%) and 14/32 V842I (43.7%) mutants. There were no differences in terms of gender and age between ERBB2-mutated and wild-type patients. The ERBB2-mutated group tended to be more right-sided (68.8% vs. 50.2%, P = 0.046) and significantly larger than the wild-type group (9.1 ± 11.8 vs. 7.1 ± 6.2, P = 0.033). TSAs were more present in the ERBB2-mutated group (18.8%) than in the wild-type group (5.5%).



Clinical Relevance of ERBB2 Mutations in the Validation Cohort

In the validation cohort, Kaplan–Meier method and multivariate Cox regression were used to assess the association between ERBB2 mutations and polyp recurrence. Cox regression analysis showed that age, pathology of SSLs, and ERBB2 mutations independently predicted polyp recurrence. ERBB2-mutated SPs displayed increased risks of polyp recurrence, with a median polyp-free interval of 26 months compared to 32 months in wild-type SPs (P < 0.001; HR = 3.7; 95% CI = 2.3–6.0). ERBB2 mutations were further associated with reduced ANL-free intervals in SPs with statistical significance (P < 0.001; HR = 10.0; 95% CI = 2.7–36.9) (Figure 5). ERBB2 mutants displayed increased risks of polyp recurrence in Shanghai Renji center (P < 0.001), while no mutational factor was associated with polyp recurrence in patients from Chongqing TCM or Sichuan centers possibly due to the small sample size (Supplementary Figure S1).




Figure 5 | (A) Kaplan–Meier plot demonstrating a shorter polyp-free duration in the ERBB2 mutants than in the wild types in a validation cohort, with a median interval of 26 months compared to 32 months (P < 0.001; HR = 3.7; 95% CI = 2.3–6.0). (B) Kaplan–Meier plot showing reduced ANL-free intervals in ERBB2-mutated SPs in a validation cohort (P < 0.001; HR = 10.0; 95% CI = 2.7–36.9).



In general, it is consistently suggested that patients with SSLs and TSAs yielding increased risks of metachronous ANLs compared with persons without polyps should have more aggressive surveillance. To distinguish patients impaired from pathology of SSLs and TSAs, we stratified the patients according to histological diagnosis. The Kaplan–Meier curves illustrated that patients with ERBB2-mutated HPs and SSLs had strikingly shorter polyp-free intervals compared with corresponding wild-type groups, respectively (P < 0.001; P = 0.036), while in patients with TSAs, no difference in recurrent outcome was observed (Supplementary Figure S2).




Discussion

It has not been widely appreciated until 2003–2005 that distinct from conventional sequence, SPs are integrated into clinical practice as malignant precursors of CRCs through a serrated tumorigenic pathway. Clinical surveillance recommendations for SP patients on colonoscopy are difficult to set up uniformly on account of unknown underlying genetic mechanisms behind risks of subsequent CRCs (19–22). Controversy exists around the effectiveness of colonoscopy even based on the foremost guidelines, as unexpected interval cancers are sporadically developed within serial surveillance colonoscopies (23). Research regarding the remarkable resemblance of interval cancers to SPs in right-sided preference and epigenetic features such as MSI and CIMP (24, 25) has aroused extensive concern on identification of high-risk SPs in the clinic. Though various studies have documented generally accepted features of high-risk serrated lesions such as SSLs with size larger than 10 mm or SLs harboring dysplasia including TSAs that require intensive surveillance colonoscopy (5–7, 19), they are based on limited evidence. A recent study firstly provided longitudinal evidence on molecular markers (including BRAF V600E, CIMP, and MLH1 methylation) of SPs, suggesting that epigenetic defect of MLH1 methylation was in relation to subsequent advanced neoplasms (26). However, somatic mutations have not been screened yet.

In the present study, we firstly investigated the genetic alterations of SPs in relation to polyp recurrence by NGS. The mutational profile analyses demonstrated pathogenic variants in genes as previously reported, such as BRAF V600E and KRAS codon12/13 but also illustrated genes less recorded such as FBXW7, ATM, and DMD. This work provided several interesting findings. First, BRAF, KRAS, and APC were the key drivers of serrated tumorigenesis but not the useful markers to identify high-risk SPs. Second, higher prevalence of FBXW7, MSH2, and ERBB2 mutants in PRSPs rather than PFSPs might suggest their association with higher risks of developing colorectal polyps. Third, lower incidences of DMD, BRCA1, and BRCA2 mutants in PRSPs rather than PFSPs delineated the unlikelihood of their contribution to interval cancer. Finally, ERBB2 mutants demonstrated a significant relationship with colorectal advanced neoplasm recurrence, implicating its value as an important marker of high-risk SPs.

In line with previous studies, our findings recognized BRAF V600E or KRAS mutations as the triggering event of the serrated pathway (27). The overall rate of BRAF V600E (53/90, 59%) was within the range reported in the existing literatures from 50% to 83% (28, 29). The high level of mutant BRAF in SPs is becoming growingly relevant as a poor prognostic factor (30). However, our result indicated that BRAF V600E was not related to the future risks of neoplasms, consistent with the result of Hua et al. (26). The prevalence of KRAS mutations is discrete, ranging from 15% to 75% in colorectal polyps in previous studies (31, 32). The frequency of KRAS mutations in our NGS analysis was 48% (43/90). Interestingly, APC was the third most mutated gene among the SPs. APC gene typically acts as a driver gene in adenoma-to-carcinoma sequence through aberrant Wnt signaling (33). The potential role of APC mutations in the serrated pathway remains controversial. It is generally believed that Wnt pathway of SPs is mainly activated by a number of alternative mechanisms such as PTPRK-RSPO3 fusions and RNF43 mutations other than APC (28, 34). Although recently, research is suggesting that APC mutations are likely the main pathogenic reason for WNT signaling activation in serrated pathway based on their high frequency (35, 36).

ERBB2 is a member of the ErbB receptor tyrosine kinase (RTK) family that transduces downstream signaling pathway, such as Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT) axis through the active form of homodimer or heterodimer complexes with other RTKs (37). ERBB2 overexpression occurs in many kinds of human cancers such as breast and ovarian cancers (38), and its association with poor prognosis in these cancers has been widely proven (39, 40). Moreover, the use of NGS has revealed the presence of ERBB2 sequence mutations in human tumors over recent 10 years. GENIE consortium data published in 2017 have exhibited that ERBB2 is altered in 4.69% of 2,081 CRC patients with R678Q and V842I present in 0.48% and 0.38% of all CRC patients, respectively (41). Given the nearly 5% frequency of ERBB2 alterations in CRCs based on the current literatures, ERBB2 becomes a promising target in anti-ERBB2-targeted therapies and prognoses. Whereas the presence of ERBB2 point mutations in colorectal serrated precursors has not been published before. Our findings have yielded important insights into the functional consequences of ERBB2 mutants. In our study, ERBB2 was mutated in 5.56% of 90 NGS subjects, and it was altered in 9.97% of 321 validation subjects with no statistical differences. Given the current identification of ERBB2 mutations in high-risk SPs, it could help shed some light on better understanding of polyp development and recurrence and could mark the significance that ERBB2 mutations may serve as an independent biomarker for guidance of clinical surveillance strategy. Patients with ERBB2 mutation-positive SPs may be recommended to receive more aggressive follow-up colonoscopy.

Our study has several strengths. First, SPs in this study are reclassified both historically and clinically. The historical reclassification was based on the newest 2019 WHO definitions by two independent pathologists, while the clinical subgroups were defined according to the follow-up outcomes. Second, this is the first cohort study exploring the correlation between high-risk genomic aberrations of SPs and recurrent outcome over time by using a targeted colorectal NGS panel. Prior literature only identified several endoscopic, histologic, or epigenetic features of serrated precursors that were strongly related to subsequent high-risk adenomas or CRCs identified during surveillance colonoscopy. Finally, the correlation between the ERBB2 mutational targets and colorectal polyp recurrence is first identified in the NGS cohort and was ulteriorly validated in a multicenter cohort. ERBB2 mutations are qualified as a clinically relevant biomarker to predict risks of future ANLs that have HRs >3.

This study has likewise some limitations. The retrospective study contained only a small number of SPs, and the follow-up duration was relatively short. Sanger sequencing platform had the limitation for reliable detection that required more than 10% fraction of mutated allele fraction. A sensitive digital PCR-based ERBB2 assay should be established in our future work to accurately evaluate its performance. The exploration of relevant factors of recurrence was limited in genomic features, while epigenetic characteristics of SPs were not dug out. Hence, the prognostic application of ERBB2 mutants in serrated pathway should be confirmed prospectively and extensively in the future.

In summary, for the first time, we have identified distinct genomic features of SPs in relation to subsequent polyp recurrence. This is also the first study detecting ERBB2 mutants in SPs. The clinical relevance of ERBB2 mutants with higher risks of subsequent colorectal neoplasms suggests their prospects as molecular markers for high-risk SP identification.
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Supplementary Figure 1 | (A) Kaplan-Meier plot showing no mutational factor associated with polyp recurrence in patients from Chongqing TCM (P = 0.086). (B) ERBB2 mutants displaying increased risks of polyp recurrence, with a median polyp-free interval of 27 months compared to 40 months in wild types from Shanghai Renji center (P<0.001).

Supplementary Figure 2 | Kaplan-Meier plot demonstrating a shorter polyp-free duration in the ERBB2 mutated HPs (A)/SSLs (B) than in the corresponding wild-type groups in the validation cohort, with a median interval of 27/23 months compared to 43/34 months (P < 0.001; P = 0.036). (C) Kaplan-Meier plot showing no difference in recurrent outcome in validation cohort of TSAs (P=0.345).

Supplementary Table 1 | Baseline characteristics of FFPE sections for sequencing (total n=96).

Supplementary Table 2 | Summary of clinicopathological features in the NGS cases with ERBB2 mutants (n=5).

Supplementary Table 3 | Baseline characteristics of the validation cohort of SPs classified by clinical centers (total n=321).
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Objectives

Metachronous liver metastasis (LM) significantly impacts the prognosis of stage I-III colorectal cancer (CRC) patients. An effective biomarker to predict LM after surgery is urgently needed. We aimed to develop deep learning-based models to assist in predicting LM in stage I-III CRC patients using digital pathological images.



Methods

Six-hundred eleven patients were retrospectively included in the study and randomly divided into training (428 patients) and validation (183 patients) cohorts according to the 7:3 ratio. Digital HE images from training cohort patients were used to construct the LM risk score based on a 50-layer residual convolutional neural network (ResNet-50). An LM prediction model was established by multivariable Cox analysis and confirmed in the validation cohort. The performance of the integrated nomogram was assessed with respect to its calibration, discrimination, and clinical application value.



Results

Patients were divided into low- and high-LM risk score groups according to the cutoff value and significant differences were observed in the LM of the different risk score groups in the training and validation cohorts (P<0.001). Multivariable analysis revealed that the LM risk score, VELIPI, pT stage and pN stage were independent predictors of LM. Then, the prediction model was developed and presented as a nomogram to predict the 1-, 2-, and 3-year probability of LM. The integrated nomogram achieved satisfactory discrimination, with C-indexes of 0.807 (95% CI: 0.787, 0.827) and 0.812 (95% CI: 0.773, 0.850) and AUCs of 0.840 (95% CI: 0.795, 0.885) and 0.848 (95% CI: 0.766, 0.931) in the training and validation cohorts, respectively. Favorable calibration of the nomogram was confirmed in the training and validation cohorts. Integrated discrimination improvement and net reclassification index indicated that the integrated nomogram was superior to the traditional clinicopathological model. Decision curve analysis confirmed that the nomogram has clinical application value.



Conclusions

The LM risk score based on ResNet-50 and digital HE images was significantly associated with LM. The integrated nomogram could identify stage I-III CRC patients at high risk of LM after primary colectomy, so it may serve as a potential tool to choose the appropriate treatment to improve the prognosis of stage I-III CRC patients.
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Introduction

Colorectal cancer (CRC) is the third most common malignant cause of morbidity and mortality (1). Although the development of treatment strategies and multidisciplinary treatment has effectively reduced the recurrence rate, distant metastasis is still the main cause of the poor prognosis of patients with CRC (2, 3). Liver metastasis (LM) is the most common site for distant metastases because it is anatomically related to the portal circulation (4). Approximately 20%-40% of patients with CRC will develop metachronous LM after the initial surgery (5–7). Compared with other treatment methods, radical surgery is the main treatment scheme for LM detected early, which shows a better prognosis, providing these patients with a chance of cure (8, 9). However, a considerable number of patients with LM miss the opportunity for surgery when LM is discovered. Hence, it is important to screen patients at high-risk of developing LM and to detect LM early to improve the prognosis of stage I–III CRC patients. Currently, the management of CRC patients is mainly dependent on the tumor-node-metastasis (TNM) staging system, that is, the depth of tumor wall invasion (T), lymph node involvement (N), and distant metastasis (M). However, the traditional TNM staging system cannot effectively predict LM (10). Therefore, there is an urgent need for an effective biomarker to predict LM after surgery.

Recently, digital pathological images have attracted increased attention; they are scanned and collected by a fully automatic microscope or optical magnification system to obtain high-resolution digital images, and then a computer is used to automatically perform high-precision multifield seamless stitching and processing on the obtained images (11, 12). Moreover, digital pathological images provide a platform for deep learning that generally acknowledges that digital hematoxylin and eosin (HE) images contain valuable diagnostic and prognostic information (13–15). Since 2015, deep learning has become a powerful method that can automatically acquire the representation of essential disease features directly from images, thereby eliminating the process of manual feature engineering in traditional methods (16–19). Deep learning models have achieved human expert-level performance in multiple diagnostic applications involving medical image interpretation (16, 18). Importantly, deep learning has also shown good performance in predicting tumor prognosis (20, 21).

In this study, we aimed to construct an LM risk score based on digital HE images and deep learning to predict postoperative LM in stage I–III CRC patients who undergo radical resection. In addition, we developed and validated a nomogram that combined the LM risk score and clinicopathological predictors for the individual postoperative prediction of LM in stage I–III CRC patients.



Materials and Methods


Patients and Data Acquisition

We conducted a retrospective study on patients who underwent radical colorectal resection in Hunan Provincial People’s Hospital and Chenzhou No. 1 People’s Hospital from January 2016 to December 2017. Patients with stage I-III CRC who underwent radical resection were included in the study. The exclusion criteria included multiple primary cancers; preoperative neoadjuvant treatment; history of hepatectomy; and missing clinical data. Finally, 611 patients were included in the study. The patients were randomly divided into a training cohort (428 patients) and a validation cohort (183 patients) at a 7:3 ratio (Figure 1). This study was approved by the Institutional Review Boards of Hunan Provincial People’s Hospital and Chenzhou No. 1 People’s Hospital. Written informed consent was obtained from all patients. All procedures involving human participants were in accordance with the Declaration of Helsinki.




Figure 1 | The overall process of this study.



Patient baseline information, including age, sex, primary tumor location, preoperative carcinoembryonic antigen (CEA) level, preoperative cancer antigen 19-9 (CA 19-9) level, vascular emboli or lymphatic invasion or perineurial invasion (VELIPI), tumor differentiation, KRAS, BRAF, BRAS, PIK3CA, pT stage, pN stage, pTNM stage, and follow-up data (follow-up duration and survival status), was collected. TNM stage was reclassified according to the eighth edition of the American Joint Committee on Cancer (AJCC) Cancer Staging Manual.

All patients underwent the following follow-up examinations in the first 3 years after surgery: digital rectal and CEA examination every 3 months, liver ultrasound examination every six months, and colonoscopy and full abdominal computed tomography (CT) every year. The follow-up duration was measured from the time of surgery to the last follow-up date, and the survival status at the last follow-up was recorded.



Digital Pathological Image Acquisition and Region of Interest Selection

All patient specimens were prepared with formalin-fixed paraffin-embedded tissue. The size of the specimen varied among subjects and thus, the size of the scanned images also varied. These specimens were stained with HE and scanned using an Aperio ImageScope (Lycra Biosystems, California, USA) at 20x magnification. After obtaining the patient’s digital HE image, a pathologist with 10 years of experience in the pathological diagnosis of CRC confirmed the tumor region as the region of interest (ROI) for the deep learning model, which was trained using the supervised learning method.



Image Preprocessing

The ROI of each patient was split into patches of 1024 × 1024 μm in the training and validation cohorts. However, since the ROIs ranged from 1 to 2 GB, after screening patches with obvious interference factors (including bleeding, creases, necrosis, and blurred areas), the number of patches extracted from each patient was between 5,000 and 20,000. To save calculation time, we randomly selected 100 patches from each patient. Finally, after random cutting, random horizontal flipping, random affine transformation, center cropping, and normalization preprocessing, the patch was input into the deep learning model based on a residual convolutional neural network (ResNet).



Transfer Learning of the 50-Layer Residual Neural Network

ResNet, as a branch of convolutional neural networks (CNNs), is currently one of the popular deep learning methods in the field of artificial intelligence (22). It uses feature transmission to prevent the gradient from disappearing to build a deeper neural network. Transfer learning is an effective method for applying these pretrained models to medical image analysis; thus, for LM prediction, we use the original network architecture of the ResNet-50 model, which divides 14 million labeled images from the ImageNet database into 1,000 object categories. First, all the patches were resized to 224 x 224 pixels for ResNet-50. Then, we fine-tuned the network, and all convolutional layers were fixed, which can significantly speed up network training and prevent overfitting to new medical data sets. The ResNet-50 network training was optimized using an Adam optimizer with 100 epochs and a learning rate of 0.0001 to ensure that the entire data set was covered for efficient training. The loss function was determined to be binary cross-entropy. We used the sigmoid function to calculate the probability before the output layer. Each patch would eventually produce a probability value between 0 and 1, and the average value of the 100 input patches as the LM risk score. The patches of the training cohort were trained through the pretrained ResNet-50 and verified with the patches of the validation cohort.

The ResNet-50 model was implemented with open-source Python (version 3.9.0) and TensorFlow (version 2.6.0-GPU) and was trained on a workstation equipped with a Core(TM) i5-10400F CPU @ 2.90 GHz (Intel; Santa Clara, CA) and one Nvidia GTX 1080 Ti GPU (Nvidia; Santa Clara, CA). The code that supports the findings of this study is available from the corresponding author upon reasonable request.



Association of LM Risk Score With LM and Prognosis

The patients were classified into high- and low-LM risk score subgroups according to the optimal cutoff value, which was defined by the “survminer” R package (23) in the training cohort, and the same cutoff value was applied to the validation cohort. Kaplan–Meier survival analyses were conducted to assess the impacts of the LM risk score on LM, disease-free survival (DFS), and overall survival (OS). The “survminer” and “survival” packages were used to perform the survival analyses. DFS was defined as the time from surgery to recurrence at any site or all-cause death, whichever came first. OS was defined as the interval between surgery and death from any cause.



Development and Validation of the Integrated Nomogram

The primary endpoint of the analysis was the time to postoperative LM. Univariate Cox regression analysis was conducted to assess the potential association of clinicopathological characteristics and the LM risk score with LM in the training cohort, and the hazard ratio (HR) with the corresponding 95% confidence interval (CI) was calculated. Variables with P < 0.05 in the univariate analyses were selected for the multivariate analysis. Finally, an integrated nomogram was developed based on the multivariate analysis results. A clinicopathological model containing only clinicopathological predictors was also constructed for comparison. Nomogram development was performed by the “rms” and “survival” packages.

The discrimination of the nomogram was measured by Harrell’s concordance index (C-index) (24, 25) and the time-dependent receiver operating characteristic (ROC) curve (26). The calibration curve was plotted to assess the agreement between the predicted and actual probabilities of LM. Decision curve analysis (DCA) was used to quantitatively analyze the clinical application value of the integrated nomogram (27). In addition, prediction errors over time (28, 29), net reclassification improvement (NRI), and integrated discrimination improvement (IDI) (30, 31) were calculated to compare the performance of the nomogram and the clinicopathological model. The ROC curves were plotted using the “timeROC” and “survival” packages. DCA was performed with the “dca.R” function. The prediction errors over time were assessed using the prediction error curves function of the “pec” package with the “Boot- 632plus” split method with 1000 iterations. The “survIDINRI” package was used for the calculation of NRI and IDI.



Statistical Analysis

R software version 3.6.0 (https://www.r-project.org/) and SPSS software (version 22.0) were used for statistical analysis. Continuity variables were analyzed by t test, while categorical variables were analyzed by the χ2 test or Fisher’s exact test. Survival curves were generated by using Kaplan–Meier survival analysis, and the differences in survival distributions were tested using the log-rank test. Cox proportional risk regression models were used for univariate analysis and multivariate analysis. All tests were two-tailed, and a P value < 0.050 was determined to be statistically significant.




Results


Patient Demographics

Our study sample comprised 611 patients (392 males and 219 females) who underwent colectomy for stage I-III CRC. The mean patient age was 56.51 ± 12.00 years. The clinicopathological characteristics of the training cohort (n = 428) and validation cohort (n = 183) are listed in Table 1. The clinicopathological characteristics between the two cohorts were similar, which justifies the use of these cohorts as a training cohort and a validation cohort.


Table 1 | Characteristics of the patients in the training and validation cohorts.



The median follow-up duration (IQR) was 39 (32–38) and 40 (32–38) months in the training and validation cohorts, respectively. The 3-year DFS and OS rates were 73.9% and 82.5% (Supplementary Figures S1A, B), respectively, in the training cohort, and 92 (21.5%) patients had LM after initial surgery (Figure 2). In the validation cohort, the 3-year DFS and OS rates were 73.8% and 83.1% (Supplementary Figures S1C, D), respectively, and 36 (19.7%) patients had LM (Figure 2).




Figure 2 | Cumulative liver metastasis rate in the training and validation cohorts. The red line and blue line indicate the cumulative liver metastasis rate in the training and validation cohorts, respectively. The cumulative rates of liver metastasis were 21.5% (92/418) and 19.7% (36/183) in the training and validation cohorts, respectively.





Training and Validation of the Deep Learning Model

The workflow of this study is displayed in Figure 3. All the patches were augmented and trained in the training cohort via the ResNet-50 model to increase the robustness (Supplementary Figure S2). There was no significant difference in the LM risk score (mean ± SD) between the training (0.404 ± 0.101) and validation cohorts (0.415 ± 0.100) [P = 0.224] (Table 1). The ResNet-50 activation maps for high and low LM risk scores, which reflect the weights corresponding to the LM risk, were obtained from the digital HE images (Supplementary Figure S3).




Figure 3 | Workflow of this study. (A) Selection of the ROI on the digital HE image. The tumor ROI was then segmented into patches of 1024 × 1024 μm. (B) A total of 100 patches were randomly selected from each patient, and the liver metastasis likelihood of each patch was predicted by a deep learning model based on ResNet-50. Then, the probability values of the 100 patches were merged to generate an average value as the LM risk score. (C) A nomogram was developed based on the LM risk score and clinicopathological predictors in the training cohort and verified in the validation cohort. ROI, region of interest; CNN, convolutional neural network; ResNet-50, 50-layer residual network; LM, liver metastasis.



The best cutoff value generated by the “survival” R package was 0.49 (Figure 4) in the training cohort, and all patients were divided into high- and low-LM risk score subgroups. The LM risk scores of patients in the training and validation cohorts were calculated and are shown in Supplementary Figure S4. The clinicopathological characteristics according to the high- and low-LM risk score groups in the training and validation cohorts are presented in Supplementary Table S1.




Figure 4 | Plots of the best cutoff value of the LM risk score in the training cohort using the Kaplan–Meier method. LM, liver metastasis.



There was a significantly higher 3-year cumulative LM rate in patients with a high LM risk score than in those with a low LM risk score in the training cohort (48.1% vs. 9.5%; log-rank P<0.001) and the validation cohort (41.3% vs. 8.3%; log-rank P<0.001) (Figure 5). Multivariate Cox regression analysis showed that the LM risk score was an independent predictor of LM, with an HR of 0.190 (95% CI: 0.121, 0.302; P<0.001) in the training cohort (Table 2). The time-dependent ROC curves indicated that the LM risk score had good discrimination in the training and validation cohorts (Figure 6).




Figure 5 | LM risk score and LM in the training and validation cohorts. Cumulative LM rate stratified by the LM risk score in the (A) training and (B) validation cohorts. The cumulative liver metastasis rates in the patients with high LM risk score were 48.1% (64/133) and 41.3% (26/63) in the training and validation cohorts, respectively, and the cumulative liver metastasis rates in the patients with low LM risk score were 9.5% (28/295) and 8.3% (10/120) in the training and validation cohorts, respectively. HR, hazard ratio; CI, confidence interval; LM, liver metastasis.




Table 2 | Univariate and multivariate Cox regression in the training cohort.






Figure 6 | Time-dependent ROC curves of the LM risk score in the training and validation cohorts. Time-dependent ROC curves of the LM risk score in the training (A) and validation (B) cohorts at 3 years. AUC, area under the ROC curve; ROC, receiver operating characteristic; LM, liver metastasis; CI, confidence interval.



Furthermore, patients with a low LM risk score had a significantly better 3-year DFS (83.6% vs. 51.9%; log-rank P < 0.001) and OS (91.2% vs. 63.2%; log-rank P < 0.001) than patients with a high LM risk score (Supplementary Figures S5A, B), and the HRs were 0.254 (95% CI: 0.174, 0.030) for DFS and 0.263 (95% CI: 0.167, 0.415) for OS. Similarly, this result was also presented in the validation cohort (Supplementary Figures S5C, D), and the corresponding HRs were 0.272 (95% CI: 0.159, 0.466) and 0.228 (95% CI: 0.114, 0.457) for DFS and OS, respectively.



Development and Validation of the Nomogram

Univariate Cox analysis revealed that the LM risk score, preoperative CEA level, VELIPI, PIK3CA, pT stage, and pN stage were potential predictors of LM (P<0.010). The LM risk score, VELIPI, pT stage, and pN stage were identified as independent risk factors for LM according to the multivariate Cox analysis. Then, an integrated nomogram was developed based on the four variables (Figure 7A). The calibration curve showed good agreement between the predicted and actual probabilities of LM in the training cohort (Figure 7B) and the validation cohort (Figure 7C). The integrated nomogram achieved satisfactory discrimination, with a C-index of 0.807 (95% CI: 0.787, 0.827) and an area under the curve (AUC) of 0.840 (95% CI: 0.795, 0.885) at 3 years (Figure 8A) for predicting LM in the training cohort. In the validation cohort, the C-index was 0.812 (95% CI: 0.773, 0.850) and the AUC was 0.848 (95% CI: 0.766, 0.931) at 3 years (Figure 8B).




Figure 7 | Integrated nomogram and the corresponding calibration curves. (A) Nomogram integrating the LM risk score, pT stage, pN stage and VELIPI for predicting LM. (B) Calibration curve of the integrated nomogram in the training cohort. (C) Calibration curve of the integrated nomogram in the validation cohort. VELIPI, vascular emboli or lymphatic invasion or perineurial invasion; LM, liver metastasis.






Figure 8 | Comparison of the integrated nomogram and other models in the training and validation cohorts. The 3-year time-dependent ROC curves of the integrated nomogram, clinicopathological model, TNM stage and LM risk score alone in the training (A) and validation cohorts (B). TNM, tumor-node-metastasis; AUC, area under the ROC curve; ROC, receiver operating characteristic; LM, liver metastasis; CI, confidence interval.





Comparison With the Traditional Model

To assess the advantage of the integrated nomogram over the traditional model, we excluded the LM risk score and constructed a clinicopathological model based on VELIPI, pT stage, and pN stage (Supplementary Table S2). The clinicopathological model generated C-indexes of 0.716 (95% CI: 0.690, 0.743) and 0.741 (95% CI: 0.697, 0.785) in the training and validation cohorts, respectively. The integrated nomogram exhibited a higher C-index to predict LM than the clinicopathological model, TNM stage, and LM risk score alone in the two cohorts (all P<0.05) (Table 3). Moreover, the integrated nomogram also had a higher AUC at 3 years than the other models (Table 4 and Figure 8). Furthermore, the integrated nomogram comprised of the clinicopathological model demonstrated an NRI of 0.480 (95% CI: 0.377, 0.582; P<0.001) and an IDI of 0.141 (95% CI: 0.075, 0.230; P<0.001) in the training cohort and an NRI of 0.504 (95%CI: 0.274, 0.648; P = 0.010) and an IDI of 0.135 (95%CI: 0.035, 0.249; P<0.001) in the validation cohort (Table 5), showing improved classification accuracy for predicting LM (Supplementary Figure S6 and Table 5). The corresponding prediction error curves of all Cox models showed that the integrated nomogram obtained the lowest error compared to the other models (Figure 9). DCA revealed that if the threshold probability in the clinical decision was less than 88%, using the integrated nomogram to predict LM would add more net benefit than the other models (Figure 10), which indicated that the integrated nomogram has clinical application value.


Table 3 | C-index comparison of the integrated nomogram with other prediction models.




Table 4 | ROC comparison of the integrated nomogram with other prediction models at 3 years.




Table 5 | Net reclassification and integrated discrimination improvement by comparing the integrated nomogram with the clinicopathological model.






Figure 9 | Prediction error curves for each model for stratifying liver metastasis in all patients. TNM, tumor-node-metastasis; LM, liver metastasis.






Figure 10 | Decision curve analysis for each model in all patients. Decision curve analysis for predicting liver metastasis in all patients. The y-axis measures the net benefit, the red line represents the integrated nomogram, the blue line represents the clinicopathological model, the green line represents the LM risk score alone, the yellow line represents TNM stage, the black line represents the assumption that no patients developed liver metastasis, and the gray line represents the assumption that all patients developed liver metastasis. The net benefit was calculated by summing the benefits (true positive results) and subtracting the harms (false positive results), weighting the latter by a factor related to the relative harm of an undetected liver metastasis compared with the harm of unnecessary treatment. TNM, tumor-node-metastasis; LM, liver metastasis.






Discussion

The accurate prediction of metachronous LM is necessary for the selection of treatment strategies and the improvement of prognosis of stage I–III CRC patients after radical surgery. In this study, we constructed an LM risk score based on digital HE-stained images, and the ResNet-50 model was significantly associated with LM. The nomogram integrating the LM risk score, pT stage, pN stage, and VELIPI can precisely predict LM with satisfactory discrimination, calibration, and clinical application value.

Metachronous LM significantly impacts the prognosis of CRC patients who undergo radical surgery (39). The liver is the most common metastatic site of CRC, and 80% of LMs occur within two years after curative colectomy (5, 6, 40, 41). LM is the main cause of death in these patients. Hence, early detection and treatment can effectively improve the prognosis of metachronous LM patients. Accurately predicting which patients are at high risk and choosing treatment options are important clinical problems. Although the TNM staging system is widely used in clinical practice, it cannot sufficiently predict the risk of metachronous LM, and an effective biomarker is needed to supplement the TNM staging system.

With the development of full-slide digital scanning technology, all image information on traditional slides can be digitized to form a digitized slice, namely, a digital pathological image. It digitizes and networks pathological resources, realizing the permanent storage of visualized data. More importantly, digital HE images contain much potential pathological and prognostic information (32, 42). Recently, deep learning approaches have shown promise in tumor histopathological assessment (18, 19, 27). Compared with traditional image analysis methods, deep learning does not require professional knowledge to define several hand-made features. Deep learning can directly extract features related to the outcomes from the image, and this process is performed automatically. Hence, deep learning technology has been successfully applied to the analysis of digital HE images, such as the classification and localization of colon tissue (33) and the diagnosis of lung cancer (18). In addition, imaging genomics research, such as predicting microsatellite instability (MSI) status (34) and immune subtypes (13) from HE digital images of gastrointestinal cancer, suggests that digital HE images combined with deep learning is feasible to explore the characterization of the tumor microenvironment. Among several types of CNNs that have been proposed, ResNet has been widely used for deeper learning because it can effectively avoid gradient explosions. Hence, this study used ResNet-50 to analyze the relationship between HE images and LM in stage I-III CRC patients. We found that the LM risk score is an independent risk factor for LM, and patients with a high LM risk score were more likely to have postoperative LM than patients with a low LM risk score. An activation map was obtained, which can determine the tumor regions that the ResNet-50 model assigns high values in patients with a high risk of LM (Supplementary Figure S3). According to the activation map, in addition to the heterogeneity of tumor cells, the difference in the extracellular matrix and the tumor-stroma ratio may be related to the various probabilities of LM in stage I-III CRC patients (35, 36).

According to the results of multivariable Cox regression, the prediction model was constructed by integrating the LM risk score and clinicopathological predictors and then presented as an easy-to-use nomogram. The nomogram can visualize complex and abstract regression models and promote communication between doctors and patients (37, 38, 43). It is helpful for doctors and patients to jointly formulate individualized treatment strategies. T stage, N stage, and vascular invasion are recognized risk factors for metachronous LM (39, 44, 45), which is consistent with our results. To evaluate the incremental value of the LM risk score, we constructed a clinicopathological model. Then, we compared the integrated nomogram with the clinicopathological model, TNM stage, and LM risk score alone. The results showed that the integrated nomogram has better discrimination and calibration than other models, and DCA confirmed that the integrated nomogram has a higher clinical application value. Additionally, NRI and IDI showed that the integrated nomogram has the best accuracy. Therefore, the nomogram based on the LM risk score is significantly superior to traditional clinicopathological models. Based on the nomogram, we recommend that patients with a high risk of LM should undergo more rigorous postoperative monitoring and that adjuvant chemotherapy is essential.

Our research has the following advantages. First, HE staining of tumor resection specimens and then TNM staging are necessary processes for each patient, so they will not increase the financial burden of the patient or the workload of the pathologist; furthermore, all patients had undergone close follow-up for at least 3 years.

Although our work is stimulating, there are still some limitations. First, this study is a retrospective study, and selection bias cannot be avoided. Therefore, further prospective multicenter studies are needed to prove the robustness of the integrated nomogram. Second, the CNN-based model has a black-box nature, and we cannot use specific parameters to display the correlation between digital HE images and LM. Third, ROIs still needed to be manually selected, and we need to further optimize the deep learning model to realize the automatic annotation of ROIs. Fourth, the construction of the nomogram is a multistep process, the clinicopathological variables entering directly into the ResNet 50 model can enhance the efficiency and possibly even improve the performance of the model.

In conclusion, we found that the LM risk score based on ResNet-50 and digital HE images was significantly associated with LM. Furthermore, an integrated nomogram could identify stage I-III CRC patients at a high risk of developing LM after primary colectomy, which could serve as a potential tool to choose appropriate treatment to improve the survival of stage I-III CRC patients.
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Supplementary Figure 1 | Kaplan–Meier survival analysis in the training and validation cohorts. DFS (A) and OS (B) curves in the training cohort. DFS (C) and OS (D) curves in the validation cohort. OS, overall survival; DFS, disease-free survival.

Supplementary Figure 2 | Architecture and loss function of ResNet-50. The architecture of ResNet-50 is shown and includes convolution layers, max pooling layers, and a fully connected layer. ResNet-50, 50-layer residual network; LM, liver metastasis.

Supplementary Figure 3 | Representative HE images of high and low LM risk scores. The activation maps for representative images of high and low risk scores, which reflect the weights corresponding to the liver metastasis risk, were obtained from the HE image. Class activation map for recurrence vs. non-recurrence. The high-intensity visual (red regions) area represents the area of interest that the model pays more attention to, which has important predictive value for liver metastasis. On the other hand, the blue area is the area that the model pays less attention to, which has little important predictive value for liver metastasis. LM, liver metastasis.

Supplementary Figure 4 | Distribution of the LM risk score in the training and validation cohorts. The distribution of the LM risk score classified into the low- and high-LM risk score groups based on a cutoff value of 0.49 in the training cohort (A) and the validation cohort (B). LM, liver metastasis.

Supplementary Figure 5 | Relationship of the LM risk score with survival in the training cohort and validation cohort. Three-year DFS (A) and OS (B) comparison between the high- and low-LM risk score groups in the training cohort. Three-year DFS (C) and OS (D) comparison between the high- and low-LM risk score groups in the validation cohort. OS, overall survival; DFS, disease-free survival; HR, hazard ratio; LM, liver metastasis.

Supplementary Figure 6 | Plots of net reclassification improvement in the training and validation cohorts. Net reclassification improvement by comparing the integrated nomogram with the clinicopathological model in the training (A) and validation cohorts (B).

Supplementary Table 1 | Clinical characteristics of the patients according to the LM risk score.

Supplementary Table 2 | Univariate and multivariate Cox regression in the training cohort without the LM risk score.
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Background

Early detection of colorectal cancer (CRC) is crucial to the treatment and prognosis of patients. Traditional screening methods have disadvantages.



Methods

231 blood samples were collected from 86 CRC, 56 colorectal adenoma (CRA), and 89 healthy individuals, from which extracellular vesicle long RNAs (exLRs) were isolated and sequenced. An CRC diagnostic signature (d-signature) was established, and prognosis-associated cell components were evaluated.



Results

The exLR d-signature for CRC was established based on 17 of the differentially expressed exLRs. The d-signature showed high diagnostic efficiency of CRC and control (CRA and healthy) samples with an area under the curve (AUC) of 0.938 in the training cohort, 0.943 in the validation cohort, and 0.947 in an independent cohort. The d-signature could effectively differentiate early-stage (stage I–II) CRC from healthy individuals (AUC 0.990), as well as differentiating CEA-negative CRC from healthy individuals (AUC 0.988). A CRA d-signature was also generated and could differentiate CRA from healthy individuals both in the training (AUC 0.993) and validation (AUC 0.978) cohorts. The enrichment of class-switched memory B-cells, B-cells, naive B-cells, and mast cells showed increasing trends between CRC, CRA, and healthy cohorts. Class-switched memory B-cells, mast cells, and basophils were positively associated with CRC prognosis while natural killer T-cells, naive B-cells, immature dendritic cells, and lymphatic endothelial cells were negatively associated with prognosis.



Conclusions

Our study identified that the exLR d-signature could differentiate CRC from CRA and healthy individuals with high efficiency and exLR profiling also has potential in CRA screening and CRC prognosis prediction.





Keywords: extracellular vesicle, long RNAs, colorectal cancer, colorectal adenoma, early detection



Introduction

Colorectal cancer (CRC) ranks the third common cancer in men and the second in women, as well as the second cause of cancer death worldwide, which remains an enormous socioeconomic burden on society (1, 2). Meanwhile, colorectal adenoma (CRA) usually take years to develop to invasive or metastatic CRC, which makes CRC one of the cancers most suitable for early detection (3).

Early detection of CRC is the key to reducing invasive treatment, morbidity, mortality, and treatment cost (3). CRC screening methods include invasive and non-invasive tests. Colonoscopy is widely known as the golden standard but limited by invasiveness and low compliance rate (4). The guaiac fecal occult blood test (gFOBT) and fecal immunochemical test for hemoglobin (FIT) are most widely used because they are convenient, cheap, and non-invasive. However, these fecal tests have limitations of low sensitivity or specificity (3). CT colonography, anther non-invasive test, is costly and not sensitive to tumors less than 10 mm (3, 5). From the above, blood tests tend to be more acceptable for CRC screening, but no reliable detecting method or markers have been widely acknowledged (6).

Extracellular vesicles (EVs) are extracellular membrane vesicles originated and released from endocytosis and exocytosis, containing proteins, DNA, RNA, and lipids (7). Due to the protection of the lipid membrane, EV RNAs are likely to be more stable than other free plasma RNA. Long RNAs have been identified in human blood EVs, including messenger RNA (mRNA), long non-coding RNA (lncRNA), and circular RNA (circRNA), which have emerged as promising markers for cancer diagnosis recently and have already been evaluated in some cancers (8–10). However, difficulties in EV research lie on the lack of efficient and stable methods for plasma EVs isolating and purifying. Fortunately, an optimized strategy for plasma EV long RNA (exLR) sequencing (exLR-seq) has been developed and reliable positive data have been obtained in our recent studies (11, 12).

In this study, a CRC diagnostic signature (d-signature) based on plasma exLR profiling was identified and validated, which could differentiate CRC from control (CRA and healthy) individuals efficiently. We also evaluated cell components and signaling pathways between CRC, CRA, and healthy groups, and associated prognostic significance were revealed.



Patients and Methods


Patients

From February 2018 to January 2019, 194 blood samples were collected from 72 CRC patients, 42 CRA patients, and 80 age- and sex-matched healthy participants receiving routine medical examination. The diagnoses of all CRC and CRA patients were pathologically confirmed, and these participants did not have a history of other malignant tumors. All enrolled CRC patients underwent surgical treatment without preoperative chemotherapy or radiotherapy at the Colorectal Surgery Department of Fudan University Shanghai Cancer Center. 37 blood samples (14 CRC, 14 CRA, 9 healthy) were collected in an independent center from Fujian Medical University Union Hospital.



EVs Identification and exLR-seq Analysis

The optimized strategy for plasma exLR-seq included several steps as follows: plasma sample collection, EV purification, transmission electron microscopy (TEM), size distribution measurement, RNA isolation, and RNA-seq library preparation (11). To be brief, the blood samples of CRC and CRA patients were collected before the excision of tumor and centrifuged twice at 3,000 and 13,000 rpm, respectively. The EV RNAs were isolated using the exoRNeasy Serum/Plasma Kit, and the EVs were photographed using a TEM. The size distribution was analyzed using Flow NanoAnalyzer. EV markers TSG101 and CD63 were estimated by Western blots. The RNA-seq library was prepared using SMART technology and sequenced by the Illumina sequencing platform. Details of these steps are found in Supplementary Materials.



ExLR-Seq Analysis for Quantifying Gene Expression

The qualified FASTQ files generated from RNA-seq were aligned to the human genome (hg38) using STAR v2.5.3 with default parameters (13). The mapped sequencing reads in the resulting BAM files were then assigned to genes by featureCounts v1.6.3 (14). Considering that the transcriptome library was reversely stranded, “-s” was set as 2 for performing strand-specific read counting. Genes were annotated with GENCODE v.29. The read count of each gene was converted to transcripts per million (TPM) as follows:

	

Where RCi stands for the count of reads mapped to the gene and Li is the length of the gene. LR is the number of long RNA genes including protein coding and long non-coding genes.



Differential Expression Analysis and Pathway Enrichment Analysis

We calculated the correlation coefficient between each two samples based on TPM expression profiles and filtered poor samples with the median of correlation coefficients smaller than 0.9. The final dataset analyzed in our study contained 72 CRC samples and 122 control (42 CRA and 80 healthy) samples. To explore differentially expressed genes (DEGs) between these two cohorts, we applied R package “limma” on TPM expression profiles (15). The Benjamini–Hochberg approach was used to adjust the p values for multiple testing. A gene with a fold change (FC) bigger than 1.5 and adjusted p value smaller than 0.05 was defined as a DEG. To investigate the differential pathways between CRC and control samples, R package “clusterProfiler” was used for KEGG pathway enrichment analysis based on the DEGs (16).



Selecting Effective Feature Genes and Building CRC/CRA-Identification Model

The whole dataset was randomly divided into training cohort (48 CRC and 82 control) and validation cohort (24 CRC and 40 control). With respect to the training cohort, we firstly conducted DEG analysis. To elect informative and functional signature genes for effectively distinguishing CRC samples from control samples, we focused on these upregulated protein coding or long non-coding genes in CRC samples. Then, we employed the minimum redundancy maximum relevance (mRMR) algorithm to rank these candidate genes. This was implemented using the mRMR package with the “MIQ” feature selection scheme (http://home.penglab.com/proj/mRMR/) (17). Next, we applied the incremental feature selection (IFS) strategy to determine the optimal subset of feature genes based on the support vector machine (SVM) (18). The first feature set was constructed with the top one gene. The remaining ranked feature genes were added one by one incrementally for producing new feature sets. Each new feature set was composed of the previous set adding with a new feature gene. Each feature gene set was evaluated with the area under the curve (AUC) value derived from the SVM model using leave one out cross-validation (LOOCV). Finally, the optimal CRC-identification model was built using the feature gene set with the highest AUC value. This model was then applied to classify the validation cohort for further assessing the prediction performance of these feature genes. SVM models were constructed using the LibSVM software package downloaded from https://www.csie.ntu.edu.tw/~cjlin/libsvm/ (19). The CRA-identification model was built in the same way.



Cell Type and Pathway Estimation

To infer the cell types of EV origins, we performed xCell analysis on TPM expression profiles using R package “xCell,” a gene signature-based method that integrates the advantages of gene set enrichment with deconvolution approaches (20). We obtained the enrichment scores of 64 immune and stromal cell types and further investigated the influence of each cell type on the overall survival (OS) and disease-free survival (DFS) of CRC samples. The survival analysis and Kaplan–Meier plotting were implemented by R package “survminer.” The single sample gene set enrichment analysis (ssGSEA) algorithm was used to calculate the enrichment scores of the canonical MSigDB pathways (C2, KEGG) (21). This was carried out on R package “GSVA” with the method of “ssGSEA” (22). To explore the significant different cell types and pathways among CRC, CRA, and normal cohorts, the Wilcoxon-rank sum test was used for comparison between any two cohorts and the one-way analysis of variance (ANOVA) test was used for comparisons among the three cohorts.




Results


Patient Characteristics

In general, 194 participants were involved in our center, consisting of 72 CRC patients, 42 CRA patients, and 80 healthy individuals. The clinicopathological information is listed in Table 1. No obvious difference was seen in age, gender, or tumor site between the three groups. We included more early-stage CRC (stage I–II, 53 cases) than advanced CRC (stage III–IV, 19 cases) because this study was designed to mainly focus on the early detection of CRC. All the CRC patients were followed up for at least 24 months. Death events were observed in 13 stage IV CRC patients, and tumor recurrence or metastasis events were observed in 8 stage II/III CRC patients.


Table 1 | Clinicopathological information of 194 participants.





EVs Isolation and exLR-seq

The isolated EVs observed by TEM were round capsule bubbles. The scanning electron microscope images of EVs are shown in Figure 1A. Since types of EVs (exosomes, microvesicles, and apoptotic bodies) should be distinguished by diameter, we analyzed the size distribution by flow cytometry (10). The size distribution result revealed abundant peaks ranging from 50 to 200 nm and a mean diameter of 103.9 ± 38.6 nm (Figure 1B), indicating that morphologically most of the isolated EVs were exosomes with definition of 40–200 nm in diameter (10). Western blot analysis confirmed that the EV markers CD63 and TSG101 were enriched in EVs but not peripheral blood mononuclear cells (PMBCs), while the negative-control protein marker calnexin was enriched in PMBCs but not EVs (Figure 1C). Afterward, exLR-seq was conducted and no obvious difference of detected mRNA, lncRNA, and pseudogene amount was observed between the three groups (Figure 1D). Unsupervised hierarchical clustering revealed clear separations of CRC and control (CRA and healthy) samples, as well as CRC, CRA, and healthy samples (Figure 1E). The differentially expressed exLRs were enriched for some cancer-associated pathways, such as transcriptional misregulation in cancer and NF-kappa B signaling pathway (Figure 1F). Therefore, we hypothesized that exLRs have potential as diagnostic biomarkers of CRC.




Figure 1 | Plasma EVs and exLR-seq. (A) Photograph of EVs using a TEM. (B) Size distribution of EVs. (C) Western blot analysis of EV markers TSG101 and CD63 in PMBC and EVs. (D) Amount of exLRs for each sample among CRC, CRA, and healthy individuals. (E) Unsupervised hierarchical clustering of the exLRs differentially expressed between CRC and control (class I); CRC, healthy, and CRA (class II). (F) KEGG pathway enrichment analysis for differentially expressed exLRs.





Establishment of an exLR d-Signature for CRC

To identify the diagnostic potential of exLRs, we developed an exLR-based d-signature for CRC. The flowchart of the establishment of the d-signature is presented in Figure 2A. By random sampling, the cohort was divided into a training cohort (48 CRC, 82 control) and a validation cohort (24 CRC, 40 control). Next, we selected 66 long RNA genes upregulated in CRC samples compared with control samples by DEG analysis (expression frequency >0.5, log2(FC) >0.59 and adjusted p value < 0.05). MRMR and SVM were used to select the optimal feature gene set among the training cohort. The top 17 genes of the ranked 66 genes were selected to build the SVM prediction model (Table 2). Unsupervised hierarchical clustering of the 17 genes showed relatively high consistency between predicting CRC and true CRC individuals in both training and validation cohorts (Figures 2B, C). The d-signature was applied in the training cohort and validation cohort to assess the diagnostic efficiency. We generated receiver operating characteristic (ROC) plots, displaying the performance of the d-signature in the training cohort, the validation cohort, and the independent cohort (Figures 2D–F). The training sensitivity, specificity, and accuracy were 82.93%, 93.75%, and 86.15%, respectively (Figure 2D and Table 3). The validation sensitivity, specificity, and accuracy were 87.50%, 91.67%, and 87.50%, respectively (Figure 2E and Table 3). The sensitivity, specificity, and accuracy of the independent cohort were 71.43%, 95.65%, and 86.49% (Figure 2F and Table 3). The CRC d-signature showed high diagnostic efficiency both in the training cohort and the validation cohort, as well as the independent cohort.




Figure 2 | Establishment of the exLR d-signature. (A) Flowchart of establishment of the d-signature. (B, C) Unsupervised hierarchical clustering of the 17 genes in training cohort (B) and validation cohort (C). (D–F) ROC curve for the exLR d-signature in the training (D), validation (E), and independent (F) cohorts. aSelection of lncRNA or protein-coding genes with (1) expression frequency >0.5; (2) log2(FC) >0.59, adjusted p value < 0.05.




Table 2 | Basic information and expression of the 17 feature genes.




Table 3 | The exLR d-signature in diagnosis of CRC, CRA, and healthy participants.





The exLR d-Signature for Early Detection of CRC

We further evaluated the performance of the exLR d-signature in subgroups. The d-signature could differentiate between healthy, CRA, and CRC cohorts, and an increasing trend of the diagnostic probability was shown among the three cohorts, which is consistent with the process of CRC carcinogenesis (Figure 3A). Performance of the d-signature was then assessed among different stages of the CRC and control cohorts. As shown in Figure 3B, the d-signature had diagnostic ability for CRC of stages I, II, III, and IV. The sensitivity, specificity, and accuracy of the d-signature to differentiate CRC from CRA were 76.19%, 84.72%, and 79.83% (Figure 3C and Table 3). The diagnostic efficiency was higher for the d-signature to differentiate between CRC and healthy cohorts (sensitivity 92.50%, specificity 94.44%, accuracy 89.47%, Figure 3D and Table 3). As for the early-stage (stage I–II) CRC versus CRA subgroup, the sensitivity, specificity, and accuracy were 85.71%, 81.13%, and 82.11% (Figure 3E and Table 3). The sensitivity, specificity, and accuracy for the d-signature to differentiate between early-stage (stage I–II) CRC and healthy cohorts were 95.00%, 96.23%, and 92.48%, respectively (Figure 3F and Table 3).




Figure 3 | Prediction performance of the exLR d-signature in subgroups. (A) The d-signature in distinguishing healthy, CRA, and CRC individuals. (B) The d-signature in control and stage I–IV CRC participants. The ROC curve for the d-signature in CRC and CRA (C), CRC and healthy (D), early-stage (stage I–II) CRC and CRA (E), early-stage (stage I–II) CRC and healthy (F), CEA-negative CRC and CRA (G), and CEA-negative CRC and healthy (H) cohorts.



Carcinoembryonic antigen (CEA) is one of the most common cancer markers but limited by low diagnostic efficiency when used along for CRC diagnosis (23). The performance of the d-signature in distinguishing CEA-negative CRC from CRA cohorts is presented in Figure 3G and Table 3 (sensitivity 76.19%, specificity 87.81%, accuracy 80.72%). High performance was observed of the d-signature to differentiate CEA-negative CRC from healthy cohorts (sensitivity 92.50%, specificity 97.56%, accuracy 92.56%, Figure 3H and Table 3). The diagnostic ability of the d-signature to differentiate between CRA and CRC, especially early-stage (stage I–II) and CEA-negative CRC, was of great significance to determine whether the tumor should be resected endoscopically or surgically in clinical practice. Meanwhile, the high efficiency of the d-signature to differentiate between healthy and CRC individuals, including early-stage and CEA-negative CRC individuals, was supposed to have an important potential role in CRC screening.



Potential of the exLR d-Signature in Detecting CRA

In addition to the diagnosis of CRC, detection of CRA is also a very important link in the management of CRC, considering CRA as precancerous lesions of CRC. In this part, we developed another exLR-based d-signature for CRA in the same way as building the CRC d-signature. Unsupervised hierarchical clustering revealed a clear separation of CRA and healthy samples (Figure 4A). KEGG analysis showed that the differentially expressed exLRs were enriched for some tumor-associated pathways (Figure 4B). Unsupervised hierarchical clustering of the top 7 genes selected to build the CRA-identification model showed high consistency between predicting CRA and true CRA individuals in both the training and validation cohorts (Figures 4C, D). Encouraging results of the CRA d-signature were observed both in the training (sensitivity 89.29%, specificity 98.15%, accuracy 95.12%) and validation (sensitivity 71.43%, specificity 96.15%, accuracy 87.50%) cohorts (Figures 4E, F and Table 3).




Figure 4 | Potential of the exLR d-signature in differentiating CRA and healthy participants. (A) Unsupervised hierarchical clustering of the differentially expressed exLRs between CRA and healthy cohorts. (B) KEGG pathway enrichment analysis for the differentially expressed exLRs between CRA and healthy cohorts. (C, D) Unsupervised hierarchical clustering of the 7 genes selected for d-signature establishment in the training cohort (C) and validation cohort (D). (E, F) ROC curve for the exLR d-signature in the training (D) and validation (E) cohorts.





Estimation of Cell Populations and Prognostic Prediction

EVs are produced by many cell types including immune cells, serving as communicators of immune-modulatory activities that affect the tumor microenvironment and antitumor immune responses (24). We used xCell to infer cell populations represented in EVs. Abundances of 64 immune and stromal cell types based on gene expression profile were estimated, and 21 of them showed statistical differences, including epithelial, lymphoid, myeloid, stem, and stroma cells (Figure 5A). Low enrichment of class-switched memory B-cells, B-cells, naive B-cells, and mast cells was observed in the CRC group compared with CRA and healthy groups, and there was a slight increasing trend among CRC, CRA, and healthy cohorts, implying that the tumor-immune microenvironment had been affected in the CRC group (Figure 5B). In the analysis of prognostic significance, a positive correlation was observed between longer OS and the abundance of class-switched memory B-cells and mast cells, while a negative correlation was observed between OS and the abundance of natural killer T-cells (NKT cells) and naive B-cells (Figure 5C). A high basophil level was associated with longer DFS, while a high level of immature dendritic cells and lymphatic endothelial cells predicted shorter DFS (Figure 5D). These prognosis-associated cell populations were supposed to play a role in CRC prognostic prediction. Besides, we assessed the pathway enrichment of differentially expressed transcriptomes between the CRC, CRA, and healthy groups by performing gene set enrichment via KEGG analysis, showing that the differentially expressed exLRs were enriched in the intestinal immune network for the IgA production pathway and the circadian rhythm mammal pathway with a gradual rising trend between the three groups (Figure 5E). These results presented the potential applications of the exLR profiling.




Figure 5 | Analyses of cell components, survival, and signaling pathways. (A) Heatmap of unsupervised hierarchical clustering of the 21 cell types in different groups. (B) Box plots of selected cell-type abundance between CRC, CRA, and healthy groups. Prognostic significance of selected cell types by (C) OS and (D) DFS. (E) ssGSEA score and statistical significance for selected KEGG pathways differing between CRC, CRA, and healthy groups. ***p < 0.001; **p < 0.01; *p < 0.05; NS, not significant.






Discussion

In this study, exLR-seq expression profiles were gained from 231 CRC, CRA, and healthy blood samples. To our knowledge, this is the first study focusing on the early detection potential of exLRs between CRC, CRA, and healthy individuals. The preliminary findings seem to be inspiring as certain diagnostic and prognosis prediction efficiency was achieved.

Extracellular vesicles, known as small membranous vesicles released by cells, have recently been identified to contain long RNAs, which may serve as biomarkers in the diagnosis, therapeutic sensitivity prediction, and prognostic prediction of tumors (8, 9, 12, 25). Although the clinical application of EVs is still in its infancy, EVs are increasingly recognized as promising biomarkers for tumor diagnosis and prognosis (10). However, previous studies are mainly focused on protein and miRNAs in EVs. In reviewing the literature, no published study was found to in-depth analyze the diagnostic or prognostic value of exLRs in CRC due to the limitation of methodology and size of samples.

Nowadays, the incidence and mortality of colorectal cancer remain high in both developed and developing countries. Early detection is a key to reducing morbidity and the socioeconomic burden. Traditional detection methods, including colonoscopy, gFOBT, FIT, and CT colonography, all have some limitations of invasiveness, high expense, or low efficiency (2, 3). Emerging screening strategies, such as ctDNA, circulating tumor cells, and septin-9, have been studied widely. Nonetheless, results in relevant studies have shown much lower diagnostic efficiency of CRA and early-stage CRC than that of advanced-stage CRC (6, 26).

A diagnostic signature based on plasma exLR profiling was developed in this study. We first verified EVs from TEM morphology, size distribution analysis, and Western blot analysis. These all corresponded to the characteristics of EVs (7). ExLR profiling of plasma samples from 194 participants was successfully performed using an optimized exLR-seq strategy we recently developed (11). We established a d-signature of 17 exLRs for CRC detection, which could efficiently differentiate CRC from control (CRA and healthy) cohorts (training AUC = 0.938, validation AUC = 0.943, independent cohort AUC = 0.947). In clinical practice, people with positive testing results are supposed to take colonoscopy examination to identify the results. The d-signature makes it possible to screen high-risk patients efficiently and reliably, standing a good chance of easing the suffering of the screened people and improving screening compliance.

High sensitivity and specificity were identified for the d-signature to differentiate CRC from CRA, which was of great significance in clinical practice, especially when it comes to early-stage (stage I–II) CRC or CEA-negative CRC. In clinical practice, CRA patients need no additional surgery if the polyp has been completely endoscopically resected with favorable histologic features, while radical surgery plays a vital role in the treatment of most early-stage CRC patients (27, 28). Different diagnoses of CRC or CRA lead to different treatment strategies, and this d-signature is supposed to provide reference for clinicians and patients to make decisions. Compared with differentiating between CRA and CRC cohorts, the d-signature had higher diagnostic efficiency to differentiate between healthy and CRC cohorts, including early-stage (stage I–II) CRC and CEA-negative CRC. This is of great significance for improving the efficiency of CRC screening, considering the limitations of traditional non-invasive CRC screening methods (3, 5).

The 17 genes used to establish the d-signature comprised 16 protein-coding genes and one lncRNA gene, all of which were upregulated in CRC samples. The H2BFS expression level in lung cancer tissue has been reported to be higher than that in normal lung tissue (29). However, its expression in CRC remains unknown. In a previous study, a high expression level of XCL2 was revealed to be associated with NK cells in tumor-immune activities (30). DMC1, short for “downregulated in multiple cancers-1,” plays an important role in DNA binding and repairing, with loss expression identified in multiple human cancers (31). The different expression levels in this study might be explained by using peripheral blood samples but not tumor tissue samples. KLHDC8B is suggested to have a role in the formation of Hodgkin/Reed–Sternberg cells in familial Hodgkin lymphoma (32). CA3 expression is reported to promote the transformation and invasive ability of hepatocellular carcinoma cells (33). Overexpressed CYP20A1 is observed in some pathological types of lung cancer and associated with prognosis according to a previous study (34). The expression of HIST1H2BB is reduced in ovarian cancer cells and might have growth-suppressing roles (35). STK3 is a critical molecule of the Hippo pathway that controls cell development, proliferation, and apoptosis (36). The expression level of CBWD1 has been reported to be associated with melanoma (37). The tumor-associated significance of the other seven genes (HIST2H2AA4, UQCRHL, AC008269.1, RAB6D, APOL4, HIST1H2AI, ANKAR, SGMS1) remains unclear.

This study was mainly designed to build a d-signature for CRC screening, and we were surprised to find that a similar model might be very efficient in CRA diagnosis. However, due to the limitation of CRA cohort size, we believe that the encouraging initial results need to be reconfirmed in further study with larger cohorts.

In this study, statistical differences of 21 immune cell types estimated based on the gene expression profile were observed between CRC, CRA, and healthy cohorts. Actually, the relationship between systemic immune cells and CRC still remains poorly understood, even though some studies with a small sample size have yielded some preliminary conclusions (38, 39). In this study, differences in immune cell subset distribution were observed between CRC, CRA, and healthy cohorts, such as reduced percentage of class-switched memory B-cells, B-cells, naive B-cells, and mast cells in the CRC cohort. This study also showed correlations between survival and these cells. A decreased percentage of peripheral blood B-cells and naive-B cells in the CRC cohort compared with the healthy cohort has been reported previously, whereas the percentage of peripheral blood memory B cells was increased in the CRC cohort in that study (39). Contrary prognostic implications of class-switched memory B-cells and naive B-cells were revealed in this study, and both the tumor progression-enhancing and -suppressing effects of B-cells have been reported in previous literature (40, 41). Activation or suppression of B cells may play an important role in CRC carcinogenesis, which needs to be identified in further studies. The difference of peripheral blood mast cell count between CRC and healthy cohorts has not been reported, and its relationship with survival remains controversial (42, 43). High levels of NKT cells were related to poor prognosis in this study; a similar result has been reported previously (38). In a recent study, a decreased level of circulating basophils was found linked to aggressive biology and poor survival, which is similar to the result of this study (44). In this study, a high level of immature dendritic cells predicted poor survival. Actually, a dendritic cell-infiltrating level has been reported to be positively correlated with layilin and a high layilin level was linked to poor survival in colorectal cancer patients (45). A lymphatic endothelial cell level was associated with poor survival in this study. Lymphatic vessel invasion has been identified as an independent prognostic factor for poor survival in colorectal cancer, and CRC-associated intestinal lymphatic endothelial cells were revealed to be able to regulate tumor progression (46). Further studies are needed to evaluate the role of peripheral blood immune cells in CRC progression and the potential of EVs estimating peripheral blood immune cells.

Furthermore, differentially expressed exLRs between CRC, CRA, and healthy cohorts were enriched in two pathways, the intestinal immune network for the IgA production pathway and the pathway of circadian rhythm of mammal. IgA deficiency is associated with a number of immune-mediated diseases, and it has also been proved to be associated with increased risk of gastrointestinal cancer in a nationwide population-based cohort study (47). Circadian rhythms of cell cycle–related molecule expression have been extensively reported (48). In a recently published study, circadian disruption was revealed to be associated with tumor-associated immune cell remodeling, resulting in facilitation of tumor growth (49).

Limitations and prospects of this study are listed as follows. First, the independent cohort size was limited and the diagnostic performance of the CRC d-signature needs to be validated in more independent centers. Second, we are continuing to recruit participants to identify the efficiency of the CRA d-signature. Third, the potential of EVs in predicting chemotherapy resistance is under study.

In summary, our study evaluated the value of exLRs serving as markers in the detection of CRC. The d-signature we have established can differentiate CRC from control (CRA and healthy) cohorts efficiently, which is supposed to improve CRC early detection efficiency in clinical practice. The exLR profiling can also indicate immune cell distribution and associated prognostic significance. We believe that this d-signature can contribute to the early detection of CRC and improve CRC prognosis in the near future.
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Background

Rechallenge with EGFR inhibitors represents a promising strategy for patients with RAS wild type (WT) colorectal cancer (CRC) but definitive selection criteria are lacking. Recently, the RAS WT status on circulating tumor DNA (ct-DNA) emerged as a potential watershed for this strategy. Our study explored the liquid biopsy-driven cetuximab rechallenge in a RAS and BRAF WT selected population.



Methods

CRC patients with RAS and BRAF WT both on tumor tissue and on ct-DNA at baseline receiving rechallenge with cetuximab were eligible for our analysis. Ct-DNA was analyzed for RAS-BRAF mutations with pyro-sequencing and nucleotide sequencing assays. Real-time PCR and droplet digital PCR were performed to confirm the RAS-BRAF mutational status.



Results

A total of 26 patients were included in our analysis. In the global population, RR was 25.0%, median overall survival (mOS) was 5.0 months, and median progression-free survival (mPFS) was 3.5 months. Previous response to anti-EGFR was associated with improved mPFS (5.0 vs. 2.0 months, HR: 0.26, p = 0.048); anti-EGFR free interval > 14 months and anti-EGFR free interval > 16 months were associated with improved mPFS (respectively 7.0 vs. 3.0 months, HR: 0.27, p = 0.013 and not reached vs. 3.0 months, HR: 0.20, p = 0.002) and with improved mOS (respectively 13.0 vs. 5.0 months, HR: 0.27, p = 0.013 and 13.0 vs. 5.0 months, HR: 0.20, p = 0.002). Previous lines >2 were correlated with improved mPFS (4.0 vs. 1.0 month, HR: 0.05, p = 0.041) and with improved mOS (7.0 vs. 1.0 month, HR: 0.045, p = 0.034). In a multiple logistic regression model, only the anti-EGFR free interval was confirmed to be a significant predictor for mOS and mPFS.



Conclusions

Liquid biopsy-driven cetuximab rechallenge was confirmed to be effective. The clinical outcome was consistent with available results from phase II studies. In addition to the molecular selection through the analysis of ct-DNA for RAS, the long anti-EGFR free interval is confirmed as a prospective selection criterion for this therapeutic option.
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Background

The anti-epidermal growth factor receptor (EGFR) antibodies (i.e., cetuximab and panitumumab) have a key role in the treatment of metastatic colorectal cancer. The resistance to anti-EGFR antibodies represents a challenging issue in this context. In particular the genetic heterogeneity of colorectal cancer along with the dynamic nature of tumor biology are at the basis of secondary resistance to EGFR blockade (1). The mechanism underlying the secondary resistance to EGFR blockade, although not yet fully understood, seems to be linked to the emergence of EGFR downstream pathway mutation including RAS mutations (2) and EGFR mutations (3). The K- and N-RAS mutations, in this respect, are the most important mediators of secondary resistance to EGFR blockade, and they can be detected by circulating cell-free tumor DNA analysis (2). The RAS and EGFR mutant alleles emerging at the time of disease progression to EGFR blockade have been shown to decline in blood during EGFR blockade suspension (4, 5). This biological phenomenon can be predicted by an exponential decay model (4, 5).

The rechallenge strategy with anti-EGFR might then represent a promising therapeutic weapon aiming to overcome secondary resistance to anti-EGFR in the light of the knowledge about the pulsatile behavior of RAS clones under EGFR blockade pressure. The basic idea supporting the concept of rechallenge with anti-EGFR is the possibility to successfully treat patients previously exposed and resistant to such drugs after an anti-EGFR interval in which tumor cells may have gone back to prevalent RAS wild-type (WT) status after developing a prevalent RAS mutant status due to anti-EGFR pressure.

Santini et al. (6) firstly investigated the activity of rechallenge with a cetuximab-based therapy in metastatic colorectal cancer patients achieving encouraging results in terms of clinical outcome. Response rate (RR) was 53.8% and median progression-free survival (mPFS) was 6.6 months.

Subsequently, Cremolini et al. (7) prospectively assessed the activity of cetuximab plus irinotecan as third-line treatment for patients with strict clinical criteria (i.e., prior first-line irinotecan and cetuximab-based regimen with at least partial response, progression-free survival of at least 6 months with first-line therapy, progression within 4 weeks after last dose of cetuximab, and prior second-line oxaliplatin and bevacizumab-based treatment). In the global population, RR was 21%, median PFS was 3.4 months, and median overall survival (OS) was 9.8 months. Particularly noteworthy was the finding of improved mPFS for patients with RAS wild-type ct-DNA (4.0 vs. 1.9 months, p = 0.03).

Similarly, Masuishi et al. (8) conducted a phase II trial of irinotecan-cetuximab rechallenge as third line confirming the clinical activity of this treatment strategy (3-month PFS rate was 44.1%, mPFS was 2.4 months, and mOS was 8.2 months). The long anti-EGFR free interval (>372 days) was related to an improved outcome in terms of RR, OS, and PFS.

Results from CHRONOS, a multicenter phase II trial of liquid biopsy-driven anti-EGFR rechallenge with panitumumab (9), have been presented at the ASCO 2021 annual meeting. Molecular inclusion criteria for enrolment in this study were very restrictive (patients showing a >50% drop in RAS mutational load compared to baseline were considered molecularly eligible). The study met the primary endpoint; overall response rate (ORR) was 30%, mPFS was 16 weeks, and, interestingly, response occurred independently of number of prior treatments and sidedness. Furthermore, the presence of resistance conferring mutations and responses were independent of the time since last anti-EGFR.

However, selection criteria allowing clinicians to reliably select patients most likely to benefit from such a treatment approach are yet to be defined. This is of particular clinical relevance when we consider that metastatic colorectal cancer patients who are potential candidates for a rechallenge with anti-EGFR may also be eligible, at the same time, for other therapeutic options with higher level of evidence (10, 11). In this scenario, liquid biopsy for RAS and BRAF mutational status should be considered a valuable criteria for patient selection (7, 9), as well as the hypothesis of delaying the introduction of rechallenge with anti-EGFR in order to both expose the patient to treatment options with phase III evidence (10, 11) of activity and take advantage of a longer anti-EGFR free interval.

Further studies are urgently needed to better understand the prognostic and predictive factors along with the better timeline for rechallenge strategy. The present study explored the role of liquid biopsy-driven rechallenge strategy with EGFR blockade in molecularly and clinically selected metastatic colorectal cancer patients.



Methods

We conducted a multicenter retrospective analysis in patients with molecularly selected colorectal cancer who underwent rechallenge with anti-EGFR antibodies. The aim of the study was to evaluate the correlation of several putative predictive/prognostic factors for rechallenge strategy with clinical outcome. Patients were included in our analysis if they met the following criteria: histologically confirmed RAS and BRAF wild-type colorectal cancer, first-line anti-EGFR-based therapy with documentation of progression to first-line therapy within 4 weeks after the last administration of anti-EGFR, rechallenge with anti-EGFR antibody (e.g., irinotecan + cetuximab or cetuximab monotherapy), and measurable disease according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. To be eligible, patients must also have circulating tumor DNA (ct-DNA) RAS-BRAF WT profile at the rechallenge baseline. The ct-DNA was analyzed at the rechallenge baseline for RAS-BRAF mutations using pyro-sequencing (PyroMark Q24 MDx Workstation) and nucleotide sequencing (Genetic Analyzer ABI3130) assays. Real-time PCR (Idylla) and droplet digital PCR (QX200 System) were performed to confirm the RAS-BRAF mutation status. The limit of detection for RAS BRAF mutations was 5%. Tumor response was evaluated by clinicians’ assessment according to the Response Evaluation Criteria in Solid Tumors (RECIST v1.1). Several clinical variables including previous response to anti-EGFR containing therapy, anti-EGFR free interval, and previous lines for metastatic disease > 2 were evaluated in relation to outcome in terms of RR, mPFS, and mOS. Statistical analysis was performed with the MedCalc Statistical Software version 14.10.2 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2014). For study purposes, the optimal anti-EGFR free interval threshold was defined according to receiver operating characteristic (ROC) curve analysis. The association between categorical variables was estimated by Fisher exact test for categorical binomial variables. Survival probability over time was estimated by the Kaplan–Meier method. Significant differences in the probability of survival between the strata were evaluated by log-rank test. Multiple logistic regression was used to assess the role of significant variables in the univariate analysis. The study was performed in accordance with the protocol, which was approved by the AOU Cagliari Ethical committee (approval number: 3.32 n.14 28/04/21) along with all experimental procedures. Written informed consent was obtained for all patients enrolled into the analysis, and methods were carried out in accordance with the Declaration of Helsinki.



Results

A total of 26 patients with RAS-BRAF wild-type metastatic colorectal cancer receiving rechallenge with cetuximab between July 2018 and February 2021 were included in our analysis. All patients had RAS-BRAF wild-type status on ct-DNA at baseline. Overall clinical and pathological characteristics are summarized in Table 1. The median follow-up duration was 6.0 months (95% CI for the median 4.1 to 11.3). The most common treatment-related adverse events of any grade were skin rash (81%), diarrhea (35%), neutropenia (19%), and fatigue (12%). The most common grade 3 adverse event was neutropenia (8%). No grade 4 adverse events occurred.


Table 1 | Overall clinical and pathological characteristics.



Long anti-EGFR free interval, previous response to anti-EGFR therapy, and previous lines >2 for metastatic disease were associated with clinical outcome in the univariate analysis. In particular, the previous response to anti-EGFR was associated with improved mPFS (5.0 vs. 2.0 months, HR: 0.26, p = 0.048); long anti-EGFR free interval > 14 months and long anti-EGFR free interval > 16 months were correlated with improved mPFS (respectively 7.0 vs. 3.0 months, HR: 0.27, p = 0.013 and not reached vs. 3.0 months, HR: 0.20, p = 0.002) and with mOS (respectively 13.0 vs. 5.0 months, HR: 0.27, p = 0.013 and 13.0 vs. 5.0 months, HR: 0.20, p = 0.002). Previous lines >2 for metastatic disease were correlated with improved mPFS (4.0 vs. 1.0, HR: 0.05, p = 0.041) and mOS (7.0 vs. 1.0 months, HR: 0.045 p = 0.034). The optimal anti-EGFR free interval threshold identified for predicting prognosis was 14 months (Figure 1), whereas the optimal anti-EGFR free interval threshold identified for predicting response was 16 months (Figure 2). Prior responders with longer anti-EGFR free interval experienced the best clinical outcome in terms of RR, mPFS, and mOS (Table 2) to rechallenge strategy in our clinical series (Figure 3). 




Figure 1 | ROC curve of anti-EGFR free-time predictive of prognosis with rechallenge treatment (AUC 0.81, p < 0.001).






Figure 2 | ROC curve of anti-EGFR free-time predictive of response with rechallenge treatment (AUC 0.852; p < 0.001).




Table 2 | Clinical outcome results according to several clinical factors.






Figure 3 | CT scan of a patient treated with rechallenge strategy after >2 prior lines of treatment and an anti-EGFR free interval > 16 months.



In a multiple logistic regression model, the anti-EGFR free interval >16 months as well as the anti-EGFR free interval >14, among the variables (i.e., long anti-EGFR free interval, previous response to anti-EGFR treatment, and previous lines >2 for metastatic disease), maintained their independent role for OS (p = 0.033 and p = 0.028, respectively). Likewise, the anti-EGFR free interval >16 months maintained the independent role for PFS (p = 0.020) among the significant variables in the univariate analysis (i.e., long anti-EGFR free interval, previous response to anti-EGFR treatment, and previous lines >2 for metastatic disease). None of them were statistically correlated to RR at multivariate analysis.



Discussion

The rechallenge strategy with anti-EGFR antibodies can boast a plausible biological rationale along with promising results both from retrospective (6, 12, 13) and from phase II studies (7–9). However, prognostic and predictive factors, both molecular and clinical, along with the most effective treatment’s timeline are not yet fully defined. The response to previous anti-EGFR blockade and the anti-EGFR free interval are among the most studied prognostic and predictive factors for clinical-based rechallenge strategy. The genetic selection through ct-DNA analysis for RAS status, however, represents the most important tool in guiding patient selection, and the liquid biopsy-driven rechallenge with anti-EGFR showed improved outcome compared to clinical-based rechallenge strategy (9). Though the design of phase II trials investigating the rechallenge with anti-EGFR suggests a role in a third-line setting, a number of previous lines >2 (12) and longer anti-EGFR free interval (7, 8) were associated with improved clinical outcome. This suggests a possible usage in later lines (i.e., >3). Moreover, in clinical practice, rechallenge with anti-EGFR blockade is often used in later lines, whereas in third- and fourth-line settings, regorafenib and trifluridine-tipiracil are the preferred options on the basis of the phase III clinical trial data.

In the present study, we explored the rechallenge strategy with cetuximab-based therapy in clinically and molecularly selected, heavily pretreated (i.e., 92.3% received rechallenge with anti-EGFR in fourth- or fifth-line therapy) colorectal cancer patients. Notably, the response rate and the mPFS reported in the heavily pretreated population (i.e., RR: 25.0%, mPFS: 3.5 months) (Table 1) is worth mentioning and consistent with already available literature data from phase II studies.

Previous response to anti-EGFR, long anti-EGFR free interval, and previous lines >2 were correlated to better clinical outcome in our clinical series. In particular, previous responders with longer anti-EGFR free interval (i.e., >16 months) achieved the best outcome from rechallenge with anti-EGFR. PFS and OS were significantly longer in patients with long anti-EGFR free interval, consistent with results from phase II trials of clinical-driven rechallenge with anti-EGFR (7, 8). A number of previous lines >2 were associated with improved outcome (i.e., in terms of PFS and OS) according to results from previous retrospective analysis (i.e., improved outcome in terms of RR but no longer PFS and OS) (12). Similarly, the association of previous response to anti-EGFR with improved PFS is consistent with previous retrospective studies (13). Nevertheless, only long anti-EGFR free interval was significantly correlated to better outcome at multivariate analysis.

All this, in the light of the exponential decay kinetics of RAS mutant alleles after EGFR blockade suspension (5), suggests that the choice of the optimal timing of rechallenge strategy represents a key factor for this treatment approach and also that several factors others than RAS and BRAF mutations might be involved in secondary resistance to EGFR blockade (e.g., EGFR mutations).

Nevertheless, the results of the CHRONOS study (9) are partially contrary to our findings and to results from clinical-based rechallenge studies. In the CHRONOS study, the response occurred independently from the number of prior treatments, and the presence of resistance conferring mutations and responses was independent of time since last anti-EGFR. The very restrictive molecular inclusion criteria of this trial could possibly justify these findings, underlying the idea that the molecular selection is more effective in interpreting the dynamic nature of tumor biology compared to clinical factors.

Our study has some limitations; in particular, the small sample size along with the retrospective nature of the study deeply influenced the interpretations of our findings. This analysis, therefore, must be considered exploratory and caution is needed in data interpretation.



Conclusions

Taking into account the current data regarding secondary resistance to EGFR blockade and the biological rationale for rechallenge strategy, the results of the present study are impressive and promising for future development. This especially applies in the form in which the results underlying the hypothesis of delaying the introduction of rechallenge with anti-EGFR would maintain efficacy in later lines. The liquid biopsy-driven anti-EGFR rechallenge is confirmed to be viable in clinical practice, and it should be considered the main tool for selected patients. Previous response to anti-EGFR and EGFR free interval might just represent a surrogate factor substituting in fact for acquired gene alteration status. Nevertheless, given the difficulties in applying the molecular methods from interventional liquid biopsy-driven anti-EGFR rechallenge studies, these clinical predictive factors maintain their value and a combination of the two approaches is also possible in the interest of greater effectiveness.

The up-to-date results from prospective liquid biopsy-driven rechallenge strategy trials (9, 14) are expected to give new insight into this challenging issue.
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Aims

This study aimed to investigate the distant metastasis pattern from newly diagnosed colorectal cancer (CRC) and also construct and validate a prognostic nomogram to predict both overall survival (OS) and cancer-specific survival (CSS) of CRC patients with distant metastases.



Methods

Primary CRC patients who were initially diagnosed from 2010 to 2016 in the SEER database were included in the analysis. The independent risk factors affecting the OS, CSS, all-cause mortality, and CRC-specific mortality of the patients were screened by the Cox regression and Fine–Gray competitive risk model. The nomogram models were constructed to predict the OS and CSS of the patients. The reliability and accuracy of the prediction model were evaluated by consistency index (C-index) and calibration curve. The gene chip GSE41258 was downloaded from the GEO database, and differentially expressed genes (DEGs) were screened by the GEO2R online tool (p < 0.05, |logFC|>1.5). The Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway and Gene Ontology (GO) annotation and String website were used for enrichment analysis and protein–protein interaction (PPI) analysis of DEGs, respectively, and Cytoscape software was used to construct PPI network and screen function modules and hub genes.



Results

A total of 57,835 CRC patients, including 47,823 without distant metastases and 10,012 (17.31%) with metastases, were identified. Older age, unmarried status, poorly differentiated or undifferentiated grade, right colon site, larger tumor size, N2 stage, more metastatic sites, and elevated carcinoembryonic antigen (CEA) might lead to poorer prognosis (all p < 0.01). The independent risk factors of OS and CSS were included to construct a prognosis prediction model for predicting OS and CSS in CRC patients with distant metastasis. C-index and calibration curve of the training group and validation group showed that the models had acceptable predictive performance and high calibration degree. Furthermore, by comparing CRC tissues with and without liver metastasis, 158 DEGs and top 10 hub genes were screened. Hub genes were mainly concentrated in liver function and coagulation function.



Conclusion

The big data in the public database were counted and transformed into a prognostic evaluation tool that could be applied to the clinic, which has certain clinical significance for the formulation of the treatment plan and prognostic evaluation of CRC patients with distant metastasis.
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1 Introduction

Colorectal cancer (CRC) is the third most common cancer in men and the second in women worldwide (1) and is the second most common cause of cancer-related death in the United States (2). About 1.8 million new cases of CRC occur each year and cause about 860,000 deaths (3). The main cause for the high mortality is metastases in CRC patients (4). It was reported that almost 50% of CRC patients presented with metastatic disease development, and approximately 25% of patients presented with distant metastatic disease at initial diagnosis (5). In CRC patients with distant metastases, the survival rate of patients is dramatically reduced. Therefore, it is necessary to research the diagnosis, treatment, and prognostic factors of CRC in order to improve the survival rate of these patients. There has been a relative insufficiency of literature specific to the subject, including only a few retrospective studies with a small sample size.

Surveillance, Epidemiology, and End Results (SEER) Program (http://seer.cancer.gov/) from the National Cancer Institute (NCI) is one of the largest publicly available cancer datasets worldwide. The SEER program covers approximately 30% of the American population in different geographic regions since 1973 (6). A nomogram is a model that predicts the probability of a patient’s clinical events based on multivariate regression analysis, which can quickly and intuitively predict the prognosis of patients, and is widely used in tumor-related research. But researchers have not yet constructed a prognostic model for CRC with distant metastasis. Therefore, on the one hand, this study used clinical data related to such patients in the SEER database for statistical analysis to describe the characteristics for newly diagnosed CRC patients with distant metastases and analyze distant metastasis patterns systematically. On the other hand, this paper screened out the factors significantly related to prognosis and drew a prognostic prediction model according to this, so as to show the influence degree of each factor on the prognosis of CRC patients with distant metastasis and then predict the overall prognosis of patients. Furthermore, to further research the mechanism of distant metastasis of CRC, bioinformatics methods were also used to screen out gene chips related to CRC distant metastasis from Gene Expression Omnibus (GEO) database, find differentially expressed genes (DEGs), conduct enrichment analysis on them, and screen out hub genes, so as to provide theoretical support for further exploration of pathogenesis and therapeutic targets.



2 Materials and Methods


2.1 Database and Study Population

Patients with CRC were identified in the SEER database. Due to the unavailability of CRC metastasis details prior to 2010, relevant information of CRC patients who were initially diagnosed between 2010 and 2016 only was collected. According to the third edition of the International Classification of Diseases for Oncology (ICD-O-3), the tumor site was restricted as rectal cancer (C199 and C209) and colon cancer (C180–C189). The following individuals were included: 1) cases of primary CRC with a microscopically confirmed diagnosis and 2) tumor histology based on ICD-O-3 codes 8140, 8210, 8261, and 8263 for adenocarcinoma; 8480 and 8490 for mucinous adenocarcinoma (MC); and signet ring cell carcinoma (SRCC). The patients were excluded if they met the exclusion criteria, as follows: 1) tumor was diagnosed solely on autopsy or death certificate; 2) follow-up information or metastasis details were missing (survival months was 0); and 3) patients with multiple primary cancers. Tumor-Node-Metastasis (TNM) stage was defined based on the seventh edition of the American Joint Committee on Cancer (AJCC) TNM staging system (7). The screening flowchart according to these inclusion and exclusion criteria could be seen in Supplementary Figure 1.

The following data of indicators were extracted: age at diagnosis, gender, marital status, race/ethnicity, insurance status, histology type, primary tumor site, grade, tumor size, TNM stage, serum carcinoembryonic antigen (CEA) level, surgery primary site, surgery metastasis site, survival time, survival status, and causes of death. For the indicator of race, the patients were categorized as white, black, American Indian/Alaska Native (AI), and Asian/Pacific Islander (API). For the grade and differentiation indicators, they were defined as well differentiated (code 1), moderately differentiated (code 2), poorly differentiated (code 3), or undifferentiated (code 4). The main observation indicators were overall survival (OS) and cancer-specific survival (CSS). OS was defined as the number of months from CRC diagnosis to either death from any cause or the end of follow-up. We defined CSS as the time from CRC diagnosis to death from CRC. The data released by the SEER database included the informed consent of the patients and were available by download for free, so medical ethical review and informed consent of the patients were not required.



2.2 Statistical Analysis

Age was changed from a continuous variable to a categorical variable using X-tile software and divided into 4 groups: 18–44, 45–64, 65–84, and >85 years. Tumors were also classified into 2 size-related groups by X-tile software: 0–5 and >5 cm. CRC patients with distant metastasis used to construct nomograms were randomly divided into the training group and validation group at a ratio of 7:3 through the “caTools” package in R software. The patients’ demographic and tumor characteristics were summarized with descriptive statistics. Comparisons of categorical variables were calculated using the chi-square test between patients with and without metastases. OS estimates were performed using the Kaplan–Meier method with the log-rank test. Also, the median survival time of patients in all different metastasis subtypes was estimated, especially for those with cranial and extracranial metastases. The multivariable Cox regression was obtained to identify covariates associated with increased all-cause mortality (ACM) using the significant factors (p < 0.05) in the univariate Cox regression model. Survival time was calculated from the date of diagnosis to the death or the last follow-up. Afterward, CRC-specific mortality (CSM) and CSS were assessed by using Fine and Gray’s competing risk regression. Cancer-specific cause of death was obtained from the SEER cause of death data. Furthermore, the multivariable Fine and Gray’s competing risk regression based on proportional subdistribution hazard models was performed and included the same covariates as used in the Cox regression analysis. In addition, the nomograms of OS and CSS prediction models were constructed based on the Cox proportional risk model and competitive risk model, respectively, and the discrimination of nomograms was evaluated by concordance index (C-index), and the consistency of models was evaluated by the calibration curve.

The relevant data were obtained from the SEER database using SEER*Stat 8.3.5 software (Surveillance Research Program, National Cancer Institute). All statistical analyses were performed using R 4.1.0 software (www.r-project.org). In all regressions, adjusted hazard ratios (HRs) and their 95% confidence intervals (95% CIs) of different covariates were reported. Statistical significance was set at two-sided p < 0.05.



2.3 Bioinformatics Analysis

In order to further explore the relevant mechanism of CRC distant metastasis from the genotype, we downloaded the gene expression profile datasets, GSE41258, from the GEO database (https://www.ncbi.nlm.nih.gov/geo/), submitted by Michal Sheffer in October 2012. GSE41258 had a total of 390 samples from CRC patients, including primary colon adenocarcinomas, adenomas, metastasis, and corresponding normal mucosae. GSE41258 dataset was grouped by the GEO2R online tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/), and DEGs were analyzed. The upregulated and downregulated genes were obtained under the conditions of p < 0.05 and |logFC| > 1.5. The latest Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway gene annotation was obtained by using KEGG rest API (https://www.kegg.jp/kegg/rest/keggapi.html), and the Gene Ontology (GO) annotation in R software package org.hs.eg.db (version 3.1.0) and clusterProfiler (version 3.14.3) were used for enrichment analysis. The minimum gene set was set to 5, and p < 0.05 was considered statistically significant. The screened DEGs were imported into the String online database (https://string-db.org/) to construct the protein–protein interaction (PPI) network. Cytoscape 3.9.0 was used for further visualization. The cytoHubba plug-in was used to identify hub genes. The Molecular Complex Detection (MCODE) plug-in was used to screen modules of the PPI network in Cytoscape with a degree cutoff = 2, node score cutoff = 0.2, k-core = 2, and max depth = 100.




3 Results


3.1 Distant Metastasis Pattern and Prognostic Risk Factors


3.1.1 Incidence

The study group consisted of 57,835 patients, including 30,199 men (52.2%) and 27,636 women (47.8%). A total of 10,012 CRC patients were diagnosed with distant metastasis (17.31%), and the incidence of CRC patients with distant metastasis in the right colon, left colon, and rectum was 7.69%, 5.38%, and 4.24%, respectively. Insured CRC patients were found in 55,682 (96.28%) cases, compared with 2,153 uninsured CRC patient cases (3.72%). The incidence rate of CRC patients with adenocarcinoma was 10.62 times greater than the others in the current cohort. Among the 57,835 patients with CRC grade analyzed for incidence, 7.32%, 73.72%, 16.02%, and 2.94% were well differentiated, moderately differentiated, poorly differentiated, and undifferentiated, respectively. As for serum CEA levels in CRC patients, 55.75%, 43.81%, and 0.53% were normal, elevated, and borderline, respectively.

CRC patients with distant metastasis had significant differences (all p < 0.01) in the age, race, insurance status, histology type, primary tumor sites, grade, tumor size, T stage, N stage, and serum CEA level as compared with patients without metastasis, but there was no statistical difference in gender (p = 0.13) and married status (p = 0.09). The specific clinical characteristics of CRC patients with or without metastases are represented in Table 1.


Table 1 | Clinical characteristics of patients with or without metastasis.





3.1.2 Survival Outcomes

According to the Cox univariate analysis, age, race, primary site, history, grade, tumor size, N stage, CEA, primary site surgery, and distant metastasis site surgery were risk factors affecting OS in CRC patients with distant metastasis (p < 0.01). The survival curves of age (p < 0.001, Figure 1A), race (p = 0.002, Figure 1B), primary site (p < 0.001, Figure 1C), histology (p < 0.001, Figure 1D), grade (p < 0.001, Figure 1E), tumor size (p < 0.001, Figure 1F), N stage (p < 0.001, Figure 1G), CEA (p < 0.001, Figure 1H), primary site surgery (p < 0.001, Figure 1I), and distant metastasis site surgery (p < 0.001, Figure 1J) were drawn based on the Kaplan–Meier and log-rank tests. The variables with statistically significant differences in univariate analysis were further included in the multivariate analysis. The results showed that age ≥ 65 years (p < 0.001), black race (p < 0.001), primary tumor site in the right colon (p < 0.001), histology (p < 0.001), grade poorly (p < 0.001), tumor size >5 cm (p < 0.001), N1 (p = 0.002) or N2 stage (p < 0.001), CEA elevated (p < 0.001), no surgery at the primary site (p < 0.001), and no surgery at the distant metastasis site (p < 0.001) were independent risk factors for OS in CRC patients with distant metastasis (Table 2). After screening based on the Fine–Gray competitive risk model and multivariate analysis, the results showed that the independent risk factors related to patient CSS were age ≥ 65 years (p < 0.001), black race (p = 0.032), primary tumor site in the right colon (p < 0.001), history (p = 0.021), grade poorly (p < 0.001), tumor size >5 cm (p < 0.001), N1 (p = 0.019) or N2 stage (p < 0.001), CEA elevated (p < 0.001), no surgery at the primary site (p < 0.001), and no surgery at the distant metastasis site (p < 0.001) (Table 2). The cumulative incidence curves of age (Figure 2A), race (Figure 2B), primary site (Figure 2C), histology (Figure 2D), tumor size (Figure 2E), grade (Figure 2F), N stage (Figure 2G), CEA (Figure 2H), primary site surgery (Figure 2I), and distant metastasis site surgery (Figure 2J) were drawn.




Figure 1 | Survival curve of age (A), race (B), primary site (C), histology (D), grade (E), tumor size (F), N stage (G), CEA (H), Surg Prim Site (I), and Surg Dis Site (J) of CRC patients with distant metastasis. p = 0: p < 0.0001. Surg Prim Site, primary site surgery; Surg Dis Site, distant metastasis site surgery; CEA, carcinoembryonic antigen; CRC, colorectal cancer.




Table 2 | Univariate and multivariate analyses of OS and CSS in CRC patients with distant metastasis.






Figure 2 | Cumulative incidence curve of age (A), race (B), primary site (C), histology (D), tumor size (E), grade (F), N stage (G), CEA (H), Surg Prim Site (I), and Surg Dis Site (J) of CRC patients with distant metastases (1: cancer-specific death; 2: competitive death). Surg Prim Site, primary site surgery; Surg Dis Site, distant metastasis site surgery; CRC, colorectal cancer.



In addition, the Kaplan–Meier analysis showed that OS in subjects with liver metastases (p < 0.01, Supplementary Figure 2A), lung metastases (p < 0.01, Supplementary Figure 2B), bone metastases (p < 0.01, Supplementary Figure 2C), and brain metastases (p < 0.01, Supplementary Figure 2D) was shorter than that of their counterparts. The number of extracranial metastasis organs was also associated with lower decreased survival incidence, as shown in Supplementary Figure 3. Meanwhile, Table 3 shows the median survival time of patients by subtype stratified by system disease severity. In general, patients with more extracranial disease at the time of diagnosis have lower survival rates. We also found that brain metastases at newly diagnosed patients were associated with shorter survival times compared with patients only with metastatic disease rather than brain metastases (Table 3).


Table 3 | Median survival of CRC patients by extent of systemic metastatic disease.





3.1.3 Analyses of Mortalities of Patients With Metastases

All 10,012 CRC patients with metastases were included to analyze mortalities. On the multivariable Cox regression analysis for ACM among patients with distant metastasis in newly diagnosed CRC, older age (>85 years old: HR 3.62, 95% CI 3.15–4.16, p < 0.01) was related to a higher ACM. In addition, larger tumor size (>5 cm: HR 1.16, 95% CI 1.10–1.22, p < 0.01), N2 stage (HR 1.22, 95% CI 1.14–1.32, p < 0.01), elevated CEA (HR 1.51, 95% CI 1.41–1.62, p < 0.01), and poorly differentiated grade (HR 1.85, 95% CI 1.57–2.18, p < 0.01) were also significantly associated with an increased ACM (Table 4). As for distant metastases, more metastatic sites (HR 3.56, 95% CI 2.90–4.38, p < 0.01) and brain metastases were related to a poorer prognosis. It should be noted that married status, which was significantly associated with a decreased ACM, might be a potential protective factor of patients’ prognosis.


Table 4 | All-cause mortality and CRC-specific mortality among patients with metastases.



Similarly, when CSM was performed using the multivariable competing-risk analysis, the results were the same. However, mucinous adenocarcinoma and SRCC were related to an increased CSM than adenocarcinoma (HR 1.10, 95% CI 1.00–1.20, p < 0.05). All results of ACM and CSM analyses are presented in Table 4.




3.2 Construction and Verification of Nomogram Prediction Model


3.2.1 Construction of Nomogram Prediction Model

In this study, 10,012 CRC patients with distant metastasis from 2010 to 2016 were randomly divided into the training group (n = 7,008) and validation group (n = 3,004) according to the ratio of 7:3. There was no significant difference between the two groups in diagnosis year, age, gender, race, primary site, pathological type, number of detected lymph nodes, metastasis, tumor size, histological grade, T stage, N stage, primary site operation, and distant metastasis site operation (p > 0.05), so the random grouping of the training group and the validation group was comparable.

Based on the selected independent risk factors affecting patients’ OS (Figure 3A) and CSS (Figure 3B), we constructed nomogram models to predict patients’ OS (Figure 4A) and CSS (Figure 4B). In the prediction models, the risk factor scores (Table 5) were added together to obtain a total score, and the value corresponding to the total score could be used to predict a patient’s 1-, 2-, and 3-year OS and CSS.




Figure 3 | Forest plot of all variables with hazard ratios in CRC patients with distant metastasis with OS (A) and CSS (B). CRC, colorectal cancer; OS, overall survival; CSS, cancer-specific survival.






Figure 4 | Establishment of nomograms regarding both OS (A) and CSS (B). OS, overall survival; CSS, cancer-specific survival.




Table 5 | Scores of prognostic factors in the OS and CSS nomograms.





3.2.2 Verification of Nomogram Prediction Model

The bootstrap method was used to repeatedly sample 1,000 times to verify the modeling effect of the nomogram. The C-index of the OS nomogram prediction model in the training and validation groups was 0.67 (95% CI 0.662–0.678) and 0.658 (95% CI 0.646–0.670), respectively. In addition, the prediction curve and the ideal curve in the calibration diagrams of the training group (Figures 5A–D) and validation group (Figures 5E–H) fitted well, indicating that the model of OS had good accuracy.




Figure 5 | Evaluation of calibration plots based on OS of the training group (A–D) and the validation group (E–H) in 1, 2, 3, and 5 years. The slanted gray line represents an ideal match between the actual survival (y-axis) and nomogram-predicted survival (x-axis). The perpendicular line means 95% CIs. Closer distances from the points to the dashed line indicate higher prediction accuracy. OS, overall survival.



The C-index of the CSS nomogram prediction model in the training and validation groups was 0.692 (95% CI 0.682–0.702) and 0.646 (95% CI 0.622–0.670), respectively. In addition, the calibration curves of the training group (Figures 6A–C) and validation group (Figures 6D–F) also showed a good fit between the predicted curve and the ideal curve, indicating that the model of CSS had a high degree of calibration.




Figure 6 | Evaluation of calibration plots based on CSS of the training group (A–C) and the validation group (D–F) in 1, 2, 3, and 5 years. The 45° gray line represents the ideal curve, and the colored line represents the nomogram. CSS, cancer-specific survival.






3.3 Bioinformatics Analysis


3.3.1 Differentially Expressed Gene Screening

Five samples of primary colon tumor tissue of CRC patients with liver metastasis and 178 samples of primary colon tumor tissue of CRC patients without liver metastasis were selected from the GSE41258 datasets. Then 158 eligible DEGs were obtained by GEO2R online analysis, including 37 upregulated genes and 121 downregulated genes. The top 10 upregulated and downregulated DEGs with the most significant differential expression were obtained according to the size of |logFC| (Table 6). The DEG expression is visually displayed by a volcano map (Figure 7A).


Table 6 | Top ten upregulated and downregulated DEGs.






Figure 7 | Volcano map (A) and KEGG enrichment plots (B–D) of DEG expression. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene.





3.3.2 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analyses

The GO analysis results of DEGs were as follows. 1) Biological processes (BP): DEGs were mainly concentrated in protein activation cascade, acute inflammatory response, cytolysis, platelet degranulation, steroid metabolic process, blood coagulation, fibrin clot formation, complement activation, fibrinolysis, etc. 2) Cellular components (CC): DEGs were mainly concentrated in blood microparticle, extracellular region, extracellular space, extracellular exosome, endoplasmic reticulum lumen, extracellular vesicle, etc. 3) Molecular functions (MF): DEGs were mainly concentrated in enzyme inhibitor activity, heparin binding, endopeptidase, inhibitor activity, signaling receptor binding, high-density lipoprotein particle receptor binding, oxidoreductase activity, etc. (Supplementary Table 1). KEGG pathway analysis showed that DEGs were mainly concentrated in complement and coagulation cascades, drug metabolism—cytochrome P450, chemical carcinogenesis, retinol metabolism, metabolism of xenobiotics by cytochrome P450, prion diseases, drug metabolism—other enzymes, steroid hormone biosynthesis, bile secretion, cholesterol metabolism, etc. (Figures 7B–D).



3.3.3 Protein–Protein Interaction Analysis and Hub Genes

The PPI network was preliminarily obtained by using the String online website. The results were imported into Cytoscape 3.9.0 for further analysis to obtain 108 protein nodes and 863 edges, and the PPI network was drawn (Figure 8A). Significant interaction modules 1, 2, and 3 (Figures 8B–D) were obtained by using the MCODE plug-in, each containing 32, 11, and 5 nodes and 388, 40, and 10 edges, with MCODE score of 25.032, 8, and 5, respectively. Ten hub genes were screened by 8 different algorithms of cytohubba plug-in (Table 7). According to the Degree algorithm, the hub genes were albumin (ALB), fibrinogen alpha chain (FGA), alpha 2-HS glycoprotein (AHSG), coagulation factor II (F2), apolipoprotein C3 (APOC3), serpin family C member 1 (SERPINC1), fibrinogen gamma chain (FGG), fibrinogen beta chain (FGB), apolipoprotein A1 (APOA1), and vitamin D binding protein (GC). KEGG analysis of hub genes showed that they were mainly concentrated in liver function and coagulation function.




Figure 8 | The PPI network (A) and significant interaction modules (B–D) of DEGs. Red, upregulated; green, downregulated. PPI, protein–protein interaction; DEGs, differentially expressed genes.




Table 7 | Top 10 hub genes.







4 Discussion

CRC was the third most common cancer among the population in the United States. With the development of diagnostic techniques, diagnostic accuracy for metastatic CRC will be greatly improved, and more metastatic diseases are found than ever before. Furthermore, it was suggested by Bailey et al. that although the incidence of CRC has been decreasing in older persons, the incidence was increasing significantly in young adults (8). So it is very important to identify the related factors and screen effects for distant metastasis development among high-risk CRC patients. In this study, the clinical and pathological features of CRC patients were described at initial diagnosis with or without distant metastases from the SEER database. Then we also characterize the risk factors and subsequent survival of identified distant metastases among patients with newly diagnosed CRC, which may have significant implications for clinical decision-making.

A nomogram is a visual statistical graph used to predict the prognosis of various diseases. It can score each independent risk factor based on the results of multivariate analysis, and the sum of the points of each factor corresponds to the incidence of the endpoint event, so as to predict the probability of the patient’s endpoint event (9). In the present study, a nomogram model was constructed to predict OS and CSS in CRC patients with distant metastasis, and the model’s C-indices were approximately 0.67 and 0.69, respectively. Considering that the distant metastatic tumor is affected by confounding variables, the predictive ability of the model constructed in this study could be considered relatively good. By including the patient’s personal clinical and pathological information, the model constructed herein could briefly and intuitively predict the patient’s OS and CSS.

Based on the results of our analysis, some relevant clinical factors including age, race, and insurance status might be related to synchronous distant metastasis in CRC as well as a few cancer-related covariates such as histology type, primary tumor sites, differentiated grade, tumor size, T stage, N stage, and serum CEA level. These results were partly consistent with a previous study (10). Hugen et al. (11) found that in histological subtypes, the proportion of MC and SRCC metastasis is higher, which was similar to our study. Also, we found that CRC patients without insurance were more likely to metastasize than insured patients. Insured patients represent people with social security, such as Medicare. One hypothesis is undertreatment and absence of psychosocial support as reasons for more distant metastases in uninsured patients. So we should give more care and social support to uninsured patients so that patients can improve their wellbeing, improve their mental health, and reduce the occurrence of metastasis. Therefore, for patients with CRC who have the above factors, it is important to be vigilant at the time of diagnosis. However, the present study showed that gender was not associated with CRC patients with distant metastasis development, which was not consistent with the previous study (12), and more studies are warranted to further verify the results.

Despite extensive early screening for CRC, approximately 25% of CRC patients have distant metastases at the time of diagnosis (13, 14). A quite low rate of brain metastases at the time of diagnosis has been reported in prior studies, only 0.2% in this dataset (15). Some reported incidence of bone metastases ranged from 0.96% to 11.1% in CRC patients (16, 17). In addition, it was suggested that the distant metastasis site was associated with the primary site. For colon cancer patients, there is a high incidence of abdominal metastases, whereas for rectal cancer patients, there are more extra-abdominal metastases such as in the lungs and brain (11). In our study, the liver was the most common metastatic site in the four sites (7,165/57,835, 12.39%), followed by the lungs (1,897/57,835, 3.28%), bone (342/57,835, 0.59%), and brain (96/57,835, 0.17%), the proportion of which was consistent with the finding (18).

The prognosis of metastatic CRC is poor. According to the results of analysis based on SEER, the 5-year relative survival rate is 13.5%, which is much lower than that of other high-metastasis cancers such as breast cancer. Our results, based on a large population analysis in the real world, identified a distant metastasis and poor prognosis in patients with a median OS of 30 months at most. The more metastatic sites in CRC patients, the worse their prognosis was. It should be noted that once the patients were diagnosed with brain metastasis, their median survival time is shorter than those with extracranial metastases. Compared with other organ metastases, lung metastases grow slower, and the OS rate is higher. So lung metastasis is the subtype with the best prognosis among metastasis types (19). However, patients with bone or brain metastases had the worst median survival and had little progress over time, which is similar to the prior studies (20, 21). Moreover, it was shown in our study that the prognosis of patients with rectal cancer and left colon cancer was better significantly than that of persons with right colon cancer. The reason might be that they have different embryonic sources, which affect biological habits, leading to significantly different epidemiology and clinical manifestations (22–25).

A series of prognostic factors for CRC patients with distant metastasis were found in the present research. In this study, patients with older age, unmarried status, elevated serum CEA, larger tumor size, N2 stage, poorly differentiated or undifferentiated grade, more metastatic sites, and right colon site might be related to higher cancer-specific mortality, which was similar to the results from a prior study (15). TNM staging of CRC is an important factor that significantly affects distant metastasis. The larger the tumor, the greater the tendency to have distant metastasis, and the shorter the OS rate, as a study reported (26). Tumor grading and staging have a reference value for clinically developing treatment plans and estimating prognosis, and especially tumor staging is more important. It is obvious that the higher the stage of the CRC, such as the N2 stage and more metastatic sites, the worse the prognosis (27). Simultaneously, poor differentiation of the CRC indicates an unfavorable prognosis. Hsu et al. (10) reported that CEA is elevated in approximately 40% of CRC, and it is still an independent factor influencing survival. Moreover, the prognosis of unmarried patients is worse than that of married patients, probably because spouses can provide social support and encourage patients to seek medical attention (28). Also, it has been previously reported that age and ethnicity were factors that influence the prognosis of patients with distant metastasis of CRC (29). Chan et al. (30) believed that the prognosis of the younger group was worse in the older age group, which was inconsistent with this study, and more studies are needed to further confirm these results.

The abovementioned clinical prognostic factors were analyzed from the macro level through the SEER database. In order to further and comprehensively explore the mechanism of CRC metastasis, related differential genes were studied from the micro level through the GEO database, because by studying the macro influencing factors, clinicians can more reasonably predict the prognosis risk from the external characteristics of patients. At the same time, the study of micro gene levels could enable clinicians to make accurate treatment plans according to the pathogenesis of patients. In this way, the combination of macro and micro levels could better contribute to the diagnosis and treatment of patients. Therefore, we compared CRC tissues with liver metastasis and CRC tissues without metastasis by mining the GEO database and obtaining 158 DEGs. The top 10 hub genes were screened by the PPI network according to the Degree algorithm, and it was found that the hub genes were mainly concentrated in liver function and coagulation function. A prospective cohort study supported that there is a correlation between liver function and CRC (31). ALB is synthesized by liver substantive cells, and lower circulating levels of ALB are associated with a higher risk of CRC (31). AHSG is primarily produced by the liver. It can modulate the etiology of diabetes and other metabolic diseases (32) and promote the invasion of tumor cells (33). ApoA1 and APOC3 belong to the lipoprotein family, and their biological functions are mainly involved in lipoprotein metabolism and cholesterol transport (34). Studies have shown that lipoproteins play a role in the occurrence and development of various malignant tumors (35). A study showed that serum APOA1 in CRC was significantly reduced (36). A low serum APOA1 expression level was associated with poor survival and advanced stage in CRC (37). All SERPINC1, FGA, FGG, FGB, and F2 genes regulate the expression of coagulation factors. SERPINC1 inhibits thrombin-induced tumor growth and angiogenesis, impairing proliferation and migration of cancer cells (36). High levels of phosphorylated FGA have been observed in CRC tissues (38). FGA protein consists of 2 subunits, each composed of Aα, Bβ, and γ3 polypeptides encoded by FGA, FGB, and FGG genes, respectively (39). Proteolytic cleaving of F2 generates activated serine protease thrombin. Overproduction of thrombin not only increases blood coagulation but also promotes the growth and metastasis of tumors. A study indicated that LGR5+ cell expansion is a hallmark of CRC tumorigenesis occurring during progression to adenoma, which may be related to the change of glandular structure (40). In our study, it was also found that LGR5 gene increased, but it was not obvious enough, which may be affected by some confounding factors such as gene interaction.

The most significant module was filtered from the PPI network, among which the majority of the corresponding genes were mostly associated with complement and coagulation cascades. It was demonstrated that cancer increases the risk of thrombosis by 4.1-fold (41) and results in the hyperactivation of coagulation and clotting abnormalities in cancer. The evidence has demonstrated that hypercoagulation and activation of complement cascades promote the pro-tumorigenic phenotype of immune cells and protect tumor cells from immune attack, ultimately favoring tumor development, progression, and metastasis formation (42). As an important component of tumor-promoting inflammation, activation of the complement system promotes cancer cell proliferation, dedifferentiation, and migration (43). Furthermore, specific experimental and clinical evidence suggests a reciprocal interaction between complement and coagulation. Complement may induce hyperactivation of the coagulation cascade by modifying cellular membranes, inducing platelet activation and aggregation, and stimulating the production of tissue factors in human neutrophils (42).

This study is a recent comprehensive analysis of distant metastasis patterns and prognostic prediction models of CRC patients. The population-based nature of the registry mirrors the real-world outcomes. Mortalities of all causes and cancer-specific causes were reported over a 5-year period. Also, the sample size is larger enough in a high degree of statistical power. Nevertheless, regardless of the strengths mentioned above, this study has several limitations as well. First, it is necessary to mention that the SEER database does not contain some important information that was relevant to the diagnostic method of tumor metastases and treatment. Thus, the specific treatment modalities on the survival of CRC patients with distant metastasis could not be captured in our analysis. Then, we only have information on synchronous metastasis to the liver, lung, bone, and brain, a relative minority compared to that of patients who will develop metachronous lesions, which may lead to an underestimation of other sites of metastasis. Finally, this study constructed nomograms based on retrospective analysis, and the level of research evidence was low, so our findings need further verification through prospective studies. These limitations have to be weighed against the strengths of the presented analysis.



5 Conclusion

In this study, based on big data mining, we described the distant metastasis pattern of CRC, screened the risk factors, constructed prognosis prediction models, and explored the hub gene affecting liver metastasis. The findings hopefully could help clinicians identify newly diagnosed CRC patients with distant metastasis and deliver appropriate treatment.
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Long non-coding RNAs (LncRNAs) act as competing endogenous RNAs (ceRNAs) in colon cancer (CC) progression, via binding microRNAs (miRNAs) to regulate the expression of corresponding messenger RNAs (mRNAs). This article aims to explore the detailed molecular mechanism of ceRNA in CC. Top mad 5000 lncRNAs and top mad 5000 mRNAs were used to perform weighted gene co-expression network analysis (WGCNA), and key modules were selected. We used 405 lncRNAs in the red module and 145 mRNAs in the purple module to build the original ceRNA network by online databases. The original ceRNA network included 50 target lncRNAs, 41 target miRNAs, and 34 target mRNAs. Fifty target lncRNAs were used to establish a prognostic risk model by univariate and least absolute shrinkage and selection operator (LASSO) Cox regression analyses. LncRNAs in the risk model were used to build the secondary ceRNA network, which contained 9 lncRNAs in the risk model, 35 miRNAs, and 29 mRNAs. Survival analyses of 29 mRNAs in the secondary ceRNA network have shown HOXA10 and NHLRC3 were identified as crucial prognostic factors. Finally, we constructed the last ceRNA network including 5 lncRNAs in the risk model, 8 miRNAs, and 2 mRNAs related to prognosis. Quantitative real-time polymerase chain reaction (qRT-PCR) results revealed that DNMBP-AS1 and FAM87A were down-regulated in CC cells and tissues. Function assays showed that over-expression of DNMBP-AS1 and FAM87A inhibited CC cells proliferation and migration. Mechanism study showed that DNMBP-AS1 served as miR-93-5p/17-5p sponges and relieved the suppression effect of miR-93-5p/17-5p on their target NHLRC3. Our study suggested that DNMBP-AS1 inhibited the progression of colon cancer through the miR-93-5p/17-5p/NHLRC3 axis, which could be potential therapeutic targets for CC.
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Introduction

According to Global Cancer Statistics 2020, colon cancer (CC) ranks third in terms of incidence but second in terms of mortality. Parts of Europe, Australia/New Zealand, Northern America, and Eastern Asia have the highest incidence of colon cancer (1). Furthermore, incidence rates of colon cancer have been still steadily rising in many countries (1). Colon adenocarcinoma (COAD) accounts for more than 90% of colon cancer (2). COAD is prone to metastases, leading to a poor prognosis for colon cancer patients despite improved diagnosis and treatment techniques (3, 4). Therefore, it is critical to further explore the molecular mechanism of CC and find new therapeutic targets to improve prognosis.

Long non-coding RNAs (LncRNAs) are identified as a group of RNAs without protein-coding ability and larger than 200 nucleotides to distinguish them from small non-coding RNAs (5). LncRNA plays a key role in gene regulation, as they can affect cellular proliferation, migration, and genomic stability (6). In recent years, transcriptome sequencing has revealed that thousands of lncRNAs with aberrant expression are related to different cancers (6). Mechanisms of lncRNAs function in carcinogenesis include enhancing the chromatin state and methylation, maintaining the stability of proteins or protein complexes, and acting as a sponge for microRNA (miRNA) inhibition (7). Some lncRNAs have already been linked to poor prognosis in multiple tumors (8). A previous study has shown that linc-UBC1 over-expression is associated with poor overall survival (OS) and advanced tumor stage in various cancers (9). The high expression level of lncRNA SNHG6 is correlated with tumor invasion and advanced Tumor-Node-Metastasis (TNM) stage in human cancers (10).

As mentioned above, lncRNAs act as competing endogenous RNAs (ceRNAs) in many kinds of cancers, by sponging miRNAs and reducing inhibition of their target messenger RNAs (mRNAs) (8). A recent study has shown that lncRNA DNAJC3-AS1 may promote colon cancer progression via regulating the miR-214-3p/LIVIN axis (11). LncRNA MINCR could up-regulate CTNNB1 expression by sponging miR-708-5p to promoting colon cancer cell proliferation and migration (12).

In this study, we used weighted gene co-expression network analysis (WGCNA) to identify the lncRNAs and mRNAs most associated with COAD clinical traits. We constructed the prognostic risk model based on lncRNAs and performed survival analysis of related mRNAs. Thus, the ceRNA network associated with survival in COAD was established. Finally, we further studied the functions and mechanisms of DNMBP-AS1 and FAM87A in colon cancer to find effective therapeutic targets for CC patients.



Materials and Methods


Data Pre‐Processing

We downloaded RNA-seq data including lncRNAs and mRNAs expression data and clinical information of colon cancer patients from The Cancer Genome Atlas (TCGA) dataset (https://cancergenome.nih.gov/). In this study, inclusion criteria were as follows: (1) patients with a diagnosis of COAD; (2) patients with complete clinical information on age, gender, vital status, pathologic T stage, pathologic N stage, pathologic M stage, and tumor stage; (3) patients with specific follow‐up time. Then, we treated the RNA matrix in the following way: (1) same RNA with more than one row were averaged; (2) RNAs with low value (expression <1) were excluded; (3) edgeR package of R software was used to normalized the RNA-seq data of ‘Level‐3’ read counts.



WGCNA of lncRNAs and mRNAs

WGCNA is a systems biology method for finding gene modules with highly correlated expression levels and for relating them to clinical traits. Therefore, WGCNA is widely used to identify and screen biomarkers or therapeutic targets (13). Top 5000 mad lncRNAs and mRNAs were selected for further analysis with WGCNA package. First, all samples were clustered to construct a sampleTree and detect outliers based on cut height. Sample dendrogram and trait heatmap were used to develop networks to investigate the relationship between the corresponding sample gene expression data and clinical phenotypes. Then we selected β = 4 for lncRNAs and β = 6 for mRNAs as the soft‐thresholding parameters to construct the adjacency matrix. Next, we transformed the adjacency matrix into the topological overlap matrix. According to the topological overlap matrix (TOM)‐based dissimilarity measure, genes with highly absolute correlations were clustered into the same module to generate a cluster dendrogram (deep-split = 2, minimum cluster size = 30, cut height = 0.25). To visually represent the relationships between modules and clinical features of COAD, we calculated the Pearson correlation coefficient and plotted heatmap. Gene modules were significantly correlated with traits when P-value < 0.05. High correlation modules were selected as key modules for further analysis.



Construction of ceRNA Network

We constructed the ceRNA network based on lncRNAs and mRNAs in the key modules. The MiRcode (http://www.mircode.org/) database was used to predict lncRNA-miRNA interactions according to lncRNAs in the key module. StarBase (http://starbase.sysu.edu.cn/index.php) database was used to transform candidate miRNAs into human mature miRNA names. TargetScan (http://www.targetscan.org/vert_72/), miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/search.php), and miRDB (http://www.mirdb.org/) databases were used to predict miRNA-mRNA interactions, which must exist in three databases simultaneously. Finally, we obtained the overlaps between the candidate mRNAs and mRNAs in the key module. Cytoscape 3.7.1 software was used to construct and visualize the lncRNA‐miRNA ‐mRNA network.



Functional Annotation Analysis

We used Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses to deeply understand the biological function of target mRNAs. Then, the clusterProfiler package was used to conduct functional enrichment analyses of target mRNAs, and the enrichplot package and ggplot2 package were used to visualize the results of the enrichment analyses. Top enriched terms with P-value <0.05 were selected.



Construction of lncRNAs-Based Prognostic Risk Model

In order to construct a lncRNA-based risk model to predict OS of COAD patients, the following steps were performed with survival package, glmnet package, survminer package, and time receiver operating characteristic (ROC) package. Firstly, univariate COX regression analysis was used to select lncRNAs from the original ceRNA network. Next, lncRNAs with P-value <0.1 were included in the least absolute shrinkage and selection operator (LASSO) regression analysis. Lambda.min of LASSO analysis was used to construct lncRNA prognostic signature. The following formula was used to calculate the risk score of patients: Risk score = βRNA1 * expRNA1 + βRNA2 * expRNA2 + … + βRNAn * expRNAn, where β RNA indicated the prognostic coefficient of lncRNA, and expRNA stood for the expression level of lncRNA. At last, the risk score of every COAD patient was calculated based on the prognostic signature. All patients were divided into high-risk and low-risk sets according to the median risk score value. The Kaplan–Meier curve was used to evaluate OS, and ROC curve and areas under the curve (AUC) were used to evaluate the predictive accuracy of the prognostic risk model. Heatmap of clinical traits and the expression levels of lncRNAs was constructed by pheatmap package.



Construction of Nomogram

Nomogram was used to demonstrate a risk model based on lncRNAs and clinical characteristics for assessing OS in COAD patients. Univariate and multivariate COX regression analyses were performed for clinical characteristics using survival package. The P-value equal to 0.05 was selected to be the significant threshold. Clinical features with a significant threshold in multivariate analysis were identified as independent prognostic factors and included in nomogram. Finally, rms package was used to establish a nomogram. The C-index, calibration curve, and ROC analysis were used to describe the prediction value of the nomogram.



Survival Analysis of mRNAs

We integrated mRNA expression and clinical prognostic information (vital status and follow‐up time) of COAD patients. Survival package in R software was used to perform survival analysis. The mRNAs with P-value <0.05 were considered as crucial prognostic factors.



Tissue Samples

Colon cancer and adjacent normal tissues were collected from patients undergoing radical resection and with a postoperative pathology diagnosis of colon cancer at Zhongnan Hospital of Wuhan University from October 2019 to September 2020. Written informed consent was obtained from each patient before surgery and the patient protocols were approved by the hospital’s ethics committee. The samples were stored at −80°C immediately after resection until use.



Cell Culture

Colon cancer cell lines (SW480, HCT 116, SW620, HT-29, and DLD-1) and normal human colon mucosal epithelial cell line (NCM460) were purchased from the Cell Bank of the Chinese Academy of Sciences. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; BI, Israel) supplemented with 10% fetal bovine serum (FBS; BI, Israel) at 37°C with 5% CO2.



Total RNA Extraction, Reverse Transcription, and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The EASYspin RNA Mini Kit (Aidlab Biotechnologies Co., Ltd, China) was used for total RNA extraction according to the manufacturer’s instructions. Reverse transcription was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA) with 2 µg total RNA. PCR was conducted using the SYBR Green qPCR Mix (High ROX) (Monad, China) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 were used as internal controls and relative RNA expression was quantified using the 2-ΔΔCt method (14). The primers (Tsingke, China; RiboBio, China) were listed in Supplementary Table 1.



Transfection

To over-expressed DNMBP-AS1 and FAM87A, lentivirus was designed and constructed by the Genechem Company (China). Stable transfected SW480 cells were obtained by selection with puromycin after lentivirus infection according to the manufacturer’s protocol. The miR-93-5p/17-5p mimics and mimics negative control (GenePharma, China) were transfected into SW480 cells using Lipofectamine 3000 (Invitrogen, USA) following the manufacturer’s instructions.



Cellular Proliferation Assays

In the Cell Counting Kit-8 (CCK-8) assay, stable transfected SW480 cells were seeded into 96-well plates at a concentration of 2x103 cells/well. 10 µL of CCK-8 reagent were added to each well and the cells were incubated for a further 2 h. To estimate cell viability, the absorbance of each well was measured at 450 nm every 24 h for 4 days.

In clone-formation assay, 1x103 cells were plated in each well of a six-well plate. After culturing for 10 days, the cells were fixed with 4% paraformaldehyde for 30 minutes, stained with 0.1% crystal violet for 30 minutes, photographed, and counted the number of clones in each plate.



Wound-Healing Assay and Transwell Assay

In the wound-healing assay, stable transfected SW480 cells were seeded into six-well plates. After culturing for 24 h, the cells were scratched with a linear wound with a 200 µL pipette tip, washed with phosphate buffered saline (PBS), imaged with an inverted microscope (Nikon, Japan) at 0 and 24 h, and measured the wound width using Image J software (version 1.53).

In the transwell assay, cellular invasion and migration assays were performed using transwell inserts (Corning, USA) coated with or without Matrigel, respectively. Stable transfected SW480 cells suspension (5×104 cells) was added to the upper chamber, and DMEM containing 20% FBS was added to the lower chamber. After culturing at 37°C for 24 h, cells that had migrated or invaded to the lower chambers were fixed with 4% paraformaldehyde for 30 minutes and stained with 0.1% crystal violet for 30 minutes. Afterward, the stained cells were photographed under an inverted microscope (Leica, Germany) and counted using Image J software (version 1.53).



Dual-Luciferase Reporter Assay

Bioinformatics analysis was applied to predict the potential binding sites of DNMBP-AS1/NHLRC3 and miR-93-5p/17-5p. Wild-type or mutant fragment of DNMBP-AS1 and NHLRC3 were constructed and inserted into the pmirGLO plasmid. Then the report plasmids and negative control or miR-93-5p/17-5p mimics were co-transfected into SW480 cells using Lipofectamine 3000 (Invitrogen, USA). After 24 h, the Dual-Luciferase Reporter Assay System (Promega, USA) was applied to detect Firefly and Renilla luciferase activity.



Murine Xenograft Model

SW480 cells transfected with DNMBP-AS1 or control vector were harvested and suspended in PBS. Five-week-old male BALB/c nude mice (SPF Biotechnology Co., Ltd, China) were injected subcutaneously with stably transfected SW480 cells (1×106), termed as vector or over-DNMBP-AS1 group (n = 3 per group). Tumor volume was monitored weekly and calculated using the formula: volume (mm3) = width2×length/2. After 5 weeks following the inoculation, the mice were euthanized and tumor samples were excised and weighted. The experiment was approved by the Animal Ethical and Welfare Committee of Zhongnan Hospital of Wuhan University and conducted following the ethics guidelines of the use of laboratory animals.



Statistical Analysis

The data were analyzed using R (version 3.6.3) and GraphPad Prism 9 software. Differences between the two groups were assessed by unpaired Student’s t-test and those among multiple groups were assessed by one-way analysis of variance (ANOVA). The correlations were analyzed by Pearson’s test (r). The data are expressed as the mean ± standard deviation. P-value <0.05 indicated that the difference is statistically significant.




Results


Clinicopathological Characteristics of Included Patients

The workflow of this study is shown in Figure 1. Expression matrices of lncRNAs and mRNAs were collected from 320 patients, who were pathologically diagnosed as COAD. Specific clinical and pathological characteristics of all COAD patients are shown in Table 1, including age, gender, vital status, pathologic T stage, pathologic N stage, pathologic M stage, and tumor stage.




Figure 1 | Flowchart of the study. TCGA, The Cancer Genome Atlas; COAD, colon adenocarcinoma; WGCNA, weighted gene co-expression network analysis; lncRNAs, long non-coding RNAs; miRNAs, microRNAs; mRNAs, messenger RNAs; ceRNA, competing endogenous RNA; OS, overall survival; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.




Table 1 | Clinicopathological characteristics of 320 COAD patients.





Weighted co‐Expression Network Construction and Key Module Identification

We selected the top 5000 mad lncRNAs and mRNAs for co‐expression analysis with WGCNA package. The cut heights were set as 55000 (lncRNA) and 2000000 (mRNA) to remove the outliers in sampleTree (Figures 2A, B). The sample dendrogram and trait heatmap split the selected samples into the different clusters and provided the distribution map of clinical trait data (Figures 2C, D). We found that when the power was equal to 4 in lncRNAs, the scale R2 = 0.91 (Figures 3A, B); when the power was equal to 6 in mRNAs, the scale R2 = 0.91 (Figures 3C, D). Therefore, we selected β= 4 as soft-thresholding in lncRNAs, and β= 6 as soft-thresholding in mRNAs co‐expression analysis. Dendrogram of the gene modules was based on a TOM-based dissimilarity measure. Sixteen modules were screened out in lncRNAs and twenty-three modules in mRNAs were shown in different colors (Figure 4). The heatmap of module-trait relationships was used to select the key modules for further research. The red and purple modules were the key modules for lncRNAs and mRNAs, respectively. Both of them showed a significantly positive correlation with stage and M stage (Figures 5A, B). Subsequently, scatter plots of Gene Significance (GS) vs. module membership (MM) were shown in the key module. The plots revealed that MM in red module was significantly correlated with the tumor stage (cor=0.42,p=7.5e-18), and M stage (cor=0.35,p=4.1e-13). We found that MM in the purple module was significantly correlated with the tumor stage (cor=0.53,p=7.1e-12), and M stage (cor=0.54,p=2.4e-12) (Figures 5C-F).




Figure 2 | Sample cluster analysis based on RNA data from the TCGA database. (A, B) Sample clustering to detect outliers based on lncRNA data (A) and mRNA data (B). The red line represents the cut-off of data filtering in the step of data preprocessing. (C, D) Sample dendrogram and trait heatmap based on lncRNA (C) and mRNA (D) expression data and clinical data (age, gender, vital_status, T, N, M, stage). TCGA, The Cancer Genome Atlas; lncRNA, long non-coding RNA; mRNA, messenger RNA.






Figure 3 | Determination of soft-thresholding power in the WGCNA. (A) Analysis of the scale-free topology model fit index and the mean connectivity for various soft-thresholding powers (β) in lncRNAs. (B) Checking the scale‐free topology when β = 4 in lncRNAs. (C) Analysis of the scale-free topology model fit index and the mean connectivity for various soft-thresholding powers (β) in mRNAs. (D) Checking the scale‐free topology when β = 6 in mRNAs. WGCNA, weighted gene co-expression network analysis; lncRNAs, long non-coding RNAs; mRNAs, messenger RNAs.






Figure 4 | (A) Dendrogram of lncRNAs clustered based on a dissimilarity measure (1‐TOM). (B) Dendrogram of mRNAs clustered based on a dissimilarity measure (1‐TOM). The branches of the cluster dendrogram correspond to the different gene modules. Each piece of the leaves on the cluster dendrogram corresponds to a gene. lncRNAs, long non-coding RNAs; TOM, topological overlap matrix.






Figure 5 | Module-trait relationships and Scatter plot of module eigengenes in key modules. (A, B) Heatmap of the correlation between module eigengenes and clinical traits of COAD in lncRNA data (A) and mRNA data (B). (C) Scatter plot of GS for tumor stage vs. MM in the red module of lncRNAs. (D) Scatter plot of GS for M stage vs. MM in the red module of lncRNAs. (E) Scatter plot of GS for tumor stage vs. MM in the purple module of mRNAs. (F) Scatter plot of GS for M stage vs. MM in the purple module of mRNAs. COAD, colon adenocarcinoma; lncRNAs, long non-coding RNAs; mRNAs, messenger RNAs; GS, Gene Significance; MM, Module Membership.





Network Analysis and Enrichment Analysis

The ceRNA network was built using 405 lncRNAs in red module and 145 mRNAs in purple module. We used miRcode database to match miRNAs with 405 lncRNAs. We got 687 lncRNA‐miRNA pairs containing 57 candidate lncRNAs and 87 candidate miRNAs. Then, based on three databases of TargetScan, miRDB, and miRTarBase, we obtained 5813 miRNA‐mRNA pairs including 87 miRNAs and 2556 candidate mRNAs. Finally, we picked out 34 target mRNAs overall after matching the 2556 candidate mRNAs with the 145 mRNAs in the purple module. Based on the above results, we constructed a lncRNA‐miRNA‐mRNA network with 50 target lncRNAs, 41 target miRNAs, and 34 target mRNAs and visualized the network using Cytoscape (Supplementary Figure 1A). The detailed correspondences of the original ceRNA network are shown in Supplementary Table 2. The GO analysis results showed that target mRNAs were chiefly enriched in steroid hormone receptor signaling pathway, negative regulation of GTPase activity, negative regulation of B cell apoptotic process, transcription factor complex, and steroid hormone receptor binding. KEGG analysis results were significantly involved in hippo signaling pathway, longevity regulating pathway - multiple species, and microRNAs in cancer (Supplementary Figures 1B, C).



Prognostic Risk Model of lncRNAs

Univariate COX regression analyses for all 50 target lncRNAs were conducted to evaluate the associations between lncRNAs expression and OS. Eleven lncRNAs with a P-value < 0.1 in the univariate analyses were included in the LASSO regression (Figure 6A). Then, 9 lncRNAs (SNHG11, STK24-AS1, AL590483.1, MIR210HG, DNMBP-AS1, AL928654.1, AC019330.1, FAM87A, and HAR1A) were selected to construct a prognostic risk model for COAD after LASSO regression analysis (Figure 6B). The risk score of the model for OS was calculated in the following way: risk score = (-0.117 × expression level of SNHG11) + (-0.103 × expression level of STK24-AS1) + (-0.153 × expression level of AL590483.1) + (0.090 × expression level of MIR210HG) + (-0.024 × expression level of DNMBP-AS1) + (0.122 × expression level of AL928654.1) + (-0.048 × expression level of AC019330.1) + (-0.110 × expression level of FAM87A) + (0.064 × expression level of HAR1A). All 320 COAD patients were separated into high-risk and low-risk sets based on the median risk score. Vital status, survival time, and risk score levels were presented in Figure 6C. Survival analysis of OS showed that COAD patients with high-risk scores had a worse prognosis (P-value < 0.0001) (Figure 6D). The ROC curves of the risk model indicated that the values of AUC for 3-, 5-, and 10- year were 0.7, 0.696, 0.774, respectively (Figure 6E). From the above, the risk model based on the 9 lncRNAs revealed good performance in estimating OS. To explore the relationship between the 9 lncRNAs expression and clinical factors, we made a hierarchical cluster diagram (Supplementary Figure 2).




Figure 6 | Establishment and validation of the nine-lncRNA prognostic signature. (A) Univariate Cox regression analyses of lncRNAs in the ceRNA network associated with overall survival. (P<0.1) (B) LASSO regression analysis of lncRNAs in the ceRNA network. (C) Performance of the prognostic signature in distinguishing patients into low-risk and high-risk groups. (D) Overall survival curves according to the nine-lncRNA prognostic signature of colon cancer patients with low or high risk. (E) ROC curves with calculated AUCs for risk prediction in 3-,5-, and 10- year. lncRNAs, long non-coding RNAs; ceRNA, competing endogenous RNA; LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic; AUC, area under the curve.





Nomogram Construction

We identified age, stage, and risk score as independent clinical prognostic factors by univariable and multivariable Cox regression analyses. All of the factors showed that high expression had a worse prognosis (Table 2). Moreover, a nomogram was built based on the three independent prognostic factors (Figure 7A). The C-index for the nomogram was 0.823 and the calibration curves for predicting 3-, 5-, and 10-year OS were closely matched with actual survival outcomes (Figures 7B–D). The values of age AUC for 3-year survival, 5-year survival, and 10-year survival were 0.569, 0.619, and 0.517, respectively. The values of stage AUC for 3-year survival, 5-year survival, and 10-year survival were 0.779, 0.71, and 0.681, respectively. The values of whole nomogram AUC for 3-year survival, 5-year survival, and 10-year survival were 0.862, 0.808, and 0.852, respectively (Figures 7E–G). These validate results indicated that the nomogram combined with the lncRNA prognostic signature and clinical factors provided a greater performance for OS prediction than a single factor.


Table 2 | The selection of independent clinical prognostic factors.






Figure 7 | Construction of a nomogram for overall survival prediction in COAD. (A) The nomogram consists of age, stage, and the risk score based on the nine-lncRNA prognostic signature. (B–D) Calibration curves of the nomogram for the estimation of survival rates at 3- (B), 5- (C),10- (D) year. The 45-degree line indicated the actual survival outcomes. (E–G) ROC curves with calculated AUCs for age (E), stage (F), and all factors (G) of the nomogram in 3-, 5-,10- year. COAD, colon adenocarcinoma; lncRNA, long non-coding RNA; ROC, receiver operating characteristic; AUC, area under the curve.





Survival-Related ceRNA Network

Based on the lncRNAs in the prognostic risk model, the ceRNA network further shrank with 9 lncRNAs, 35 miRNAs, and 29 mRNAs (Figure 8A). The specific correspondences of the ceRNA network are shown in Supplementary Table 3. Survival analyses for 29 mRNAs was then applied and Kaplan ‐Meier curves show that HOXA10 and NHLRC3 with low expression had a worse prognosis in OS (Figure 8B). Therefore, we finally constructed a survival-related ceRNA network including 5 lncRNAs (SNHG11, FAM87A, DNMBP-AS1, MIR210HG, and AL928654.1), 8 miRNAs (hsa-mir-424-5p, hsa-mir-195-5p, hsa-mir-497-5p, hsa-mir-16-5p, hsa-mir-93-5p, hsa-mir-519d-3p, hsa-mir-96-5p, and hsa-mir-17-5p), and 2 mRNAs (HOXA10 and NHLRC3) (Figure 8C). FAM87A could form a ceRNA network with any of the miRNAs and mRNAs.




Figure 8 | Construction of survival-related ceRNA network. (A) The ceRNA network constructed by 9 lncRNAs in the risk model, 35 miRNAs, and 29 mRNAs. (B) Kaplan‐Meier survival curves of HOXA10, NHLRC3. (C) The ceRNA network constructed by 5 lncRNAs in risk model, 8 miRNAs, and 2 mRNAs related to prognosis. Purple node was mRNA, green node was miRNA, and yellow node was lncRNA. ceRNA, competing endogenous RNA; lncRNAs, long non-coding RNAs; miRNAs, microRNAs; mRNAs, messenger RNAs.





DNMBP-AS1 and FAM87A Are Down-Regulated in Colon Cancer

Based on qRT-PCR results, DNMBP-AS1 and FAM87A were indicated to be down-regulated in colon cancer cells and tissues. Compared with that in NCM460 cells, DNMBP-AS1 expression was significantly down-regulated in SW480 and DLD-1, and FAM87A expression was notably down-regulated in SW480, HT-29, and DLD-1 (Figure 9A). Therefore, the SW480 cell line was selected for further analysis. The results of 30 pairs of human colon cancer tissues and their adjacent normal tissues showed that DNMBP-AS1 and FAM87A expression were elevated in normal tissues (Figure 9B).




Figure 9 | DNMBP-AS1 and FAM87A are down-regulated in colon cancer. (A) qRT-PCR analysis of DNMBP-AS1 and FAM87A expression in colon cancer cell lines (SW480, HCT 116, SW620, HT-29, and DLD-1) and normal human colon mucosal epithelial cell line (NCM460). (B) Relative expression of DNMBP-AS1 and FAM87A in colon cancer tissue samples and noncancerous tissue samples. qRT-PCR, quantitative real-time polymerase chain reaction. *P < 0.05, **P < 0.01 and ***P < 0.001.





Over-Expression of DNMBP-AS1 and FAM87A Inhibit Colon Cancer Cell Proliferation and Metastasis

To determine the function of DNMBP-AS1 and FAM87A in colon cancer, a series of assays was performed using stable transfected SW480 cells. Firstly, qRT-PCR was used to detect the expression levels of DNMBP-AS1 and FAM87A in SW480 cells transfected with control vector (vector), DNMBP-AS1 (over-DNMBP-AS1), or FAM87A (over-FAM87A). The results demonstrated that both DNMBP-AS1 and FAM87A expression significantly increased (Figures 10A, B). Then, CCK-8 assay and clone-formation assay were used to reveal that cell proliferative potential. Up-regulation of DNMBP-AS1 and FAM87A both significantly decreased the cell viability of SW480 cells (Figure 10C). Stable ectopic expression of DNMBP-AS1 and FAM87A reduced the number of clone spot than those stably transfected with the control vector (Figure 10D). Subsequently, wound-healing assay and transwell assay were carried out to evaluate the effects of DNMBP-AS1 and FAM87A on cell metastasis. After up-regulating lncRNA expression, both DNMBP-AS1 and FAM87A, the wound healing rates were remarkably decreased (Figure 10E). In transwell assay without Matrigel, migrated SW480 cells in over-lncRNA groups were less than those in the vector group (Figure 10F). In transwell assay with Matrigel, invaded cells were evidently decreased in over-lncRNA groups compared with that in vector group (Figure 10G). Finally, the animal experiment was performed to reveal the effect of stable transfected DNMBP-AS1 on cellular proliferation in vivo. Five weeks after subcutaneous injection, both xenograft tumors size and weight in over-DNMBP-AS1 group were obviously reduced (Figure 10H). On the contrary, these results suggested that over-expression of DNMBP-AS1 evidently suppressed the growth of colon cancer in vitro and in vivo.




Figure 10 | Over-expression of DNMBP-AS1 and FAM87A inhibit colon cancer cell proliferation and metastasis. (A, B) The expression levels of DNMBP-AS1 and FAM87A were verified after stable transfected with control vector, DNMBP-AS1 (A) or FAM87A (B) in SW480 cells. (C) CCK-8 assay was used to determine the viability of SW480 cells following transfection. (D) Colony formation in SW480 cells following transfection. (E) Wound healing assays in SW480 cells following transfection. Scale bars: 100 μm. (F, G) Transwell assays were used to assess the migration (F) and invasion (G) capacities of SW480 cells with DNMBP-AS1or FAM87A over-expression. Magnification: x100. (H) Representative, in vivo growth curve, and weight at the end points of xenograft tumors formed by subcutaneous injection of SW480 cells stable transfected with control vector or DNMBP-AS1, n=3. CCK-8, Cell Counting Kit-8. **P < 0.01 and ***P < 0.001.





DNMBP-AS1 Serves as miR-93-5p/17-5p Sponges

Through the previous bioinformatics analysis, we predicted potential miRNAs and mRNAs that bind to DNMBP-AS1 and FAM87A. In the final ceRNA network, three miRNAs (hsa-mir-17-5p, hsa-mir-519d-3p, and hsa-mir-93-5p) and one mRNA (NHLRC3) were related to DNMBP-AS1; eight miRNAs (hsa-mir-424-5p, hsa-mir-195-5p, hsa-mir-497-5p, hsa-mir-16-5p, hsa-mir-93-5p, hsa-mir-519d-3p, hsa-mir-96-5p, and hsa-mir-17-5p), and two mRNAs (HOXA10 and NHLRC3) were related to FAM87A (Figure 8C). Afterward, those candidate miRNAs and mRNAs were evaluated in validation assays in SW480 cells. We found that over-expression of DNMBP-AS1 decreased the expression levels of miR-93-5p/17-5p and increased the expression level of NHLRC3, while the expression of miR-519d-3p was not affected (Figure 11A). As for FAM87A, the qRT-PCR results showed that the expression levels of most miRNAs were elevated and all mRNAs were significantly decreased in over-FAM87A groups (Figure 11B), which were not consistent with our prediction and the literature reported. Therefore, further analyses were performed to explore the effects of DNMBP-AS1 acting as ceRNA on miR-93-5p/17-5p and NHLRC3. In addition, to further excavate more miRNAs that were sponged by DNMBP-AS1 and more downstream mRNAs, we also verified the expression of miRNAs and mRNA in the secondary ceRNA network. Compared with that in the vector group, the expression of miR-106a-5p, miR-192-5p, miR-214-3p, and miR-217 were reduced, and the expression of AKAP11, RB1, NFIC, and DACH1 were increased in the over-lncRNA group (Supplementary Figures 3A, B). All of these results are consistent with the theoretical results of DNMBP-AS1 acting as ceRNA, so those candidate miRNAs and mRNAs are worth further vitro and vivo study.




Figure 11 | DNMBP-AS1 is a sponge of miR-93-5p/17-5p. (A, B) Relative expression of RNA related to DNMBP-AS1 (A) and FAM87A (B) in the final ceRNA network. (C) The potential binding sites of DNMBP-AS1 and miR-93-5p/17-5p were predicted. (D) Luciferase activity was analyzed in SW480 cells after co-transfected with DNMBP-AS1 wild-type (DNMBP-AS1 wt) or DNMBP-AS1 mutant (DNMBP-AS1 mut) and miR-93-5p mimic (miR-93-5p), miR-17-5p mimic (miR-17-5p) or miRNA negative control (miR-NC). (E) Relative miR-93-5p/17-5p expression in NCM460 cells and SW480 cells. (F) Relative miR-93-5p/17-5p expression in colon cancer tissue samples and noncancerous tissue samples. (G) Pearson correlation analysis determined the significant negative correlation between the levels of DNMBP-AS1 and miR-93-5p/17-5p in 30 colon cancer tissues. ceRNA, competing endogenous RNA; miRNA, microRNAs. *P < 0.05 and **P < 0.01.



The diagrammatic sketch of the binding sites for miR-93-5p/17-5p in DNMBP-AS1 is shown in Figure 11C. To find evidence of direct binding between DNMBP-AS1 and miR-93-5p/17-5p based on their complementary sequences, miRNA negative control (miR-NC), miR-93-5p mimics (miR-93-5p), or miR-17-5p mimics (miR-17-5p) were co-transfected with the wild-type or mutant DNMBP-AS1 dual-luciferase reporter, respectively. Obvious reductions in luciferase activity were observed when wild-type DNMBP-AS1 and miR-93-5p/17-5p mimics were co-transfected, but no significant change was observed in the mutant DNMBP-AS1 group (Figure 11D). Next, we identified miR-93-5p/17-5p were up-regulated both in colon cells (SW480) and colon tumorous tissue samples (Figures 11E, F). In colon cancer tissues, a negative correlation was observed between the expression of DNMBP-AS1 and miR-93-5p, and also of DNMBP-AS1 and miR-93-5p (Figure 11G). Taken together, this series of evidence strongly indicated that DNMBP-AS1 could act as miR-93-5p/17-5p sponges.



miR-93-5p/17-5p Reverse the Inhibition Function of DNMBP-AS1 Over-Expression in Colon Cancer Cells

qRT-PCR analysis was performed to further confirm that over-expression of DNMBP-AS1 could decrease the miR-93-5p/17-5p expression levels (Figure 12A) while miR-93-5p/17-5p expression levels could markedly rise when transfected with miR-93-5p/17-5p mimics (Figure 12A). To confirm whether DNMBP-AS1 exerts its biological function by sponging miR-93-5p/17-5p, the CCK-8 assay and transwell assay were conducted for rescue experiments. We observed that when DNMBP-AS1 and miR-93-5p/17-5p mimics were co-transfected, the reduced cell viability mediated by DNMBP-AS1 over-expression could be reversed (Figure 12B). The number of migrated cells and invaded cells were elevated in DNMBP-AS1 and miR-93-5p/17-5p co-transfected groups compared to those in DNMBP-AS1 and miR-NC co-transfected group (Figures 12C, D). This evidence suggested that DNMBP-AS1 affected colon cancer cell proliferation and metastasis by sponging miR-93-5p/17-5p.




Figure 12 | miR-93-5p/17-5p reverse the inhibition effects of DNMBP-AS1 over-expression in colon cancer cells. (A) Relative miR-93-5p/17-5p expression in SW480 cells transfected with control vector and miRNA negative control (Vector + miR-NC), DNMBP-AS1 and miRNA negative control (Over-lnc + miR-NC), and DNMBP-AS1 and miR-93-5p/17-5p mimics (Over-lnc + miR-93-5p/17-5p). (B) CCK-8 assay was used to determine the viability of SW480 cells following transfection. (C, D) Transwell assays were used to assess the migration (C) and invasion (D) capacities of SW480 cells following transfection. Magnification: x100. miRNA, microRNAs; CCK-8, Cell Counting Kit-8. *P < 0.05 and **P < 0.01.





DNMBP-AS1 Promotes NHLRC3 Expression Through Sponging miR-93-5p/17-5p

The bioinformatics prediction results demonstrated that there were binding sites between miR-93-5p/17-5p and 3′UTR of NHLRC3 (Figure 13A). The results of the dual luciferase reporter assay revealed that luciferase activity was reduced after co-transfection of wild-type NHLRC3 and miR-93-5p/17-5p mimics, while no reduction in luciferase activity was observed in the mutant group (Figure 13B). In order to further explore the interactions among DNMBP-AS1, miR-93-5p/17-5p, and NHLRC3, we detected NHLRC3 expression in co-transfected miR-NC, miR-93-5p, or miR-17-5p with vector or over-lncRNA. We found that in the cells transfected with DNMBP-AS1 and miRNA negative control (Over-lncRNA + miR-NC), the expression of NHLRC3 was up-regulated in SW480 cells (Figure 13C). On the contrary, in the cells transfected with DNMBP-AS1 and miR-93-5p/17-5p mimic (Over-lncRNA + miR-93-5p/17-5p), the expression of NHLRC3 was down-regulated compared with Over-lncRNA + miR-NC group (Figure 13C). The mRNA expression of NHLRC3 was examined by qRT-PCR, NHLRC3 were down-expressed both in colon cells and colon cancer tissues (Figures 13D, E). Pearson correlation results manifested that NHLRC3 expression were negatively correlated with miR-93-5p/17-5p and that was positively correlated with DNMBP-AS1 in 30 pairs of human colon samples (Figure 13F). All of the results illustrated that DNMBP-AS1 competitively bound to miR-93-5p/17-5p and acted as ceRNA to boost NHLRC3 expression.




Figure 13 | DNMBP-AS1 promotes NHLRC3 expression through sponging miR-93-5p/17-5p. (A) The potential binding sites of NHLRC3 and miR-93-5p/17-5p were predicted. (B) Luciferase activity was analyzed in SW480 cells after co-transfected with Luciferase activity was analyzed in SW480 cells after co-transfected with NHLRC3 wild-type (NHLRC3 wt) or NHLRC3 mutant (NHLRC3 mut) and miR-93-5p mimics (miR-93-5p), miR-17-5p mimics (miR-17-5p) or miRNA negative control (miR-NC). (C) Relative NHLRC3 expression in SW480 cells transfected with control vector and miRNA negative control (Vector + miR-NC), DNMBP-AS1 and miRNA negative control (Over-lnc + miR-NC), and DNMBP-AS1 and miR-93-5p/17-5p mimic (Over-lnc + miR-93-5p/17-5p). (D) Relative NHLRC3 expression in NCM460 cells and SW480 cells. (E) Relative NHLRC3 expression in colon cancer tissue samples and noncancerous tissue samples. (F) Pearson correlation analysis determined the significant negative correlation between the levels of NHLRC3 and miR-93-5p/17-5p and positive correlation between the levels of DNMBP-AS1 and NHLRC3 in 30 colon cancer tissues. miRNA, microRNAs. *P < 0.05 and **P < 0.01.






Discussion

In the present study, top mad 5000 lncRNAs and top mad 5000 mRNAs were used to perform WGCNA analysis. We then selected 405 lncRNAs in the red module and 145 mRNAs in purple module to build the original ceRNA network, which contained 50 target lncRNAs, 41 target miRNAs, and 34 target mRNAs. The results of GO and KEGG analyses showed that target mRNAs were significantly enriched in hippo signaling pathway. It has been identified that the hippo signaling pathway could regulate multiple biological processes and was a key cancer signaling network in humans (15). Besides, a study has shown that the hippo signaling pathway could inhibit the proliferation of stem cells and progenitor cells (16). We selected 9 lncRNAs (SNHG11, STK24-AS1, AL590483.1, MIR210HG, DNMBP-AS1, AL928654.1, AC019330.1, FAM87A, and HAR1A) to construct a prognostic risk model for COAD. The secondary ceRNA network included 9 lncRNAs in the risk model, 35 miRNAs, and 29 mRNAs. Survival analyses of the 29 mRNAs have shown HOXA10 and NHLRC3 were identified as crucial prognostic factors. Finally, we constructed the last ceRNA network related to survival including 5 lncRNAs, 8 miRNAs, and 2 mRNAs. As relevant experimental studies of the effect of FAM87A and DNMBP-AS1 on colon cancer progression have not been published, we performed further assays to research function and underlying mechanisms of these lncRNAs in colon cancer. Our study elucidated that DNMBP-AS1 and FAM87A were down-regulated in CC cells and tissues, and that over-expression of DNMBP-AS1 and FAM87A inhibited CC cells proliferation and migration. Mechanistically, DNMBP-AS1 up-regulated the expression of NHLRC3 through sponging miR-93-5p/17-5p in CC.

LncRNA SNHG11 (also known as small nucleolar RNA host gene 11) is found to facilitate cell proliferation and migration in a variety of cancers, such as lung cancer (17), glioma (18), and hepatocellular carcinoma (HCC) (19). High SNHG11 expression promotes proliferation and metastasis in colorectal cancer (CRC) by targeting the hippo pathway (20). SNHG11, which is highly expressed in CRC, promotes the stability of c-myc by binding to IGF2BP1, and c-myc in turn could act as a transcription factor to promote the expression of SNHG11 (21). High expression AL590483.1 has been found to be correlated with the good prognosis of patients with COAD (22). AL590483.1 was included in a 15-lncRNA signature to predict the OS of patients with CRC, and it may function as a ceRNA to regulate the p53 and Wnt signaling pathways and thus regulate tumor progression (23). There are also some studies on MIR210HG in ceRNA network. For example, the upregulation of MIR210HG could promote cervical cancer progression by regulating miR-503-5p/TRAF4 axis (24). Moreover, MIR210HG promotes tumor metastasis via binding miR-1226-3p to regulate MUC1-C and EMT pathway in invasive breast cancer (25). MIR210HG also sponges miR-503 to promote osteosarcoma cell invasion and metastasis (26). FAM87A (also known as family with sequence similarity 87 member A) could regulate the progression of tongue squamous cell carcinoma (TSCC) through ceRNA network, and high expression of FAM87A is associated with poor prognosis of TSCC patients (27). Highly accelerated region 1A (HAR1A), also known as HAR1F and LINC00064, shows that decreased HAR1A indicates advanced histological grade, advanced TNM stage, and poor prognosis in HCC (28). Up-regulation of HAR1A is thought to improve the survival of diffusing glioma patients who received chemotherapy and radiotherapy (29). There have been no studies on lncRNA STK24-AS1, DNMBP-AS1, AL928654.1, and AC019330.1, which were, for the first time, reported in our article.

A study uncovered that highly expressed miR-17-5p promotes gastric cancer proliferation and invasion by negatively regulating RUNX3 (30). Long non-coding RNA HOTAIR up-regulates the expression of p21 via miR-17-5p to promoted myeloid differentiation in acute myeloid leukemia (31). Hsa_circ_0107593 could directly sponge miR-93-5p to suppress the progression of cervical cancer (32). cESRP1 could enhance chemosensitivity in small cell lung cancer by sponging miR-93-5p and thereby inhibiting the TGF-β pathway (33).

Homeobox A10 (HOXA10) may function in fertility, embryo viability, and regulation of hematopoietic lineage commitment. MiR-27b-3p promotes cell migration and invasion in CRC by targeting HOXA10 (34). In addition, LINC00355 and LINC00461 act as a miR-195 sponge to promote cell proliferation, invasion, and migration to up-regulate HOXA10 in head, neck squamous cell carcinoma, and lung adenocarcinoma, respectively (35, 36). NHL repeat containing 3(NHLRC3), is involved in the development of a prognostic model based on seven-gene signature in CRC (37).



Conclusion

In summary, we identified that 9 lncRNAs (SNHG11, STK24-AS1, AL590483.1, MIR210HG, DNMBP-AS1, AL928654.1, AC019330.1, FAM87A, and HAR1A) in the prognostic risk model could be used to predict survival rates, and that 2 mRNAs (HOXA10 and NHLRC3) are related to the prognosis of COAD. We indicated that DNMBP-AS1 inhibited the growth and metastasis of CC through a novel regulatory axis formed by DNMBP-AS1/miR-93-5p/17-5p/NHLRC3. This study constructed a survival-related lncRNA-miRNA-mRNA network and provided a new direction for exploring the molecular mechanisms of colon cancer progression.
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Background

The long non-coding RNA (lncRNA) RP9 pseudogene (RP9P) is a pseudogene-derived lncRNA that has never been reported in cancer, and its function underlying tumorigenesis in colorectal cancer (CRC) remains unknown.



Methods

RP9P and miR-133a-3p were filtered through bioinformatics analysis. The level of RP9P, miR-133a-3p, and FOXQ1 in CRC cell lines was detected by real-time PCR. Cell Counting Kit-8 and flow cytometric analyses were used to detect cell proliferation and apoptosis, respectively. Interactions between RP9P, miR-133a-3p, and FOXQ1 were confirmed by a dual-luciferase reporter assay.



Results

RP9P was overexpressed in CRC compared to normal control tissues and cells. Knockdown of RP9P inhibited CRC cell viability. RP9P directly interacted with miR-133a-3p, and miR-133a-3p downregulation abrogated the tumor-suppressing effect of RP9P knockdown. miR-133a-3p directly targeted FOXQ, which was positively regulated by RP9P. RP9P knockdown decreased FOXQ1 expression levels in CRC cells by directly targeting miR-133a-3p via a sponge mechanism. In addition, in vivo experiments in a xenograft model revealed that downregulated RP9P expression inhibited CRC cell tumorigenesis.



Conclusion

RP9P promotes colorectal cancer progression by regulating the miR-133a-3p/FOXQ1 axis.
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Introduction

Colorectal cancer (CRC) is one of the most common cancers in the United States, with 147,950 new cases and 53,200 deaths in 2020 (1). Although there has been great progress in CRC treatments, including surgery, chemotherapy, radiotherapy, anti-EGFR therapy, anti-VEGF, and immunotherapy, patients with CRC exhibit poor survival times (2). Thus, it is urgent to discover new therapeutic targets in CRC.

Long non-coding RNAs (lncRNAs) are a class of RNAs with non-coding domains comprising more than 200 nucleotides. Increasing evidence indicates that lncRNAs are widely implicated in cancer initiation and progression as oncogenic or tumor suppressor genes by interacting with DNA and RNA (3). Competing endogenous RNAs (ceRNAs), also called endogenous microRNA (miRNA) sponges, are one of the most common mechanisms in lncRNAs (4). The ceRNAs hypothesis stems from the studies of miRNAs, which usually block translation and accelerate degradation of target mRNAs by binding to miRNA recognition elements (MRE) and forming an RNA-induced silencing complex (RISC). The transcripts including lncRNAs, transcribed pseudogenes, circular RNAs and mRNAs can competitively bind to same MRE and affect the regulation of miRNAs on target mRNAs, thereby forming a complex RNA regulatory network (5, 6). An accumulating number of lncRNAs have been found to support this mechanism, such as the HAND2‐AS1/miR‐340‐5p/BCL2L11 axis in ovarian cancer (7) and the RPL34‐AS1/miR‐3663‐3p/RGS4 axis in papillary thyroid cancer (8). Pseudogenes are a special group of non-coding genes that have a similar DNA segment to the homologous coding gene. It has been recently recognized that pseudogenes can be transcribed into lncRNAs and interact with coding genes by competing for the same miRNA (9), such as PTENP1 (10) and DUXAP8 (11). The lncRNA RP9 pseudogene (RP9P) is a novel pseudogene-derived lncRNA located at chromosome 7:32,916,815-32,943,176.

Here, we report the first investigation of the role of RP9P in CRC development. In this study, we explored the role of the RP9P/miR-133a-3p/FOXQ1 axis in CRC. Our data suggest that RP9P serves as an oncogenic lncRNA. Furthermore, a high level of RP9P predicts worse survival in CRC. In vitro, loss-of-function experiments on lncRNAs indicated that RP9P played pro-tumorigenic roles in CRC by sponging hsa-miR-133a-3p/FOXQ1. In summary, these results provide neoteric insights into the treatment and diagnosis of CRC.



Materials and Methods


Bioinformatics Analyses

Data for bioinformatics analyses were obtained from The Cancer Genome Atlas (TCGA) database downloaded from the Xena website (https://xenabrowser.net/datapages/). TCGA-COADREAD data were selected that included 383 primary CRC and 51 non-cancer tissues. All data were normalized using R 3.5.1 with the limma package. The GTF gene annotation file (Gene transfer format) downloaded from Ensembl (http://uswest.ensembl.org/index.html) was used for differential ncRNAs screening. Furthermore, survival and survminer packages were used for survival curve analyses, and ggsurvplot package was used for visualization. Weighted Correlation Network Analysis was constructed to find downstream functional genes of RP9P and we used TCGA-Coadread and GSE121842 sequencing data to screen miRNAs associated with RP9P.



Cell Culture

The human CRC cell lines, namely HCT116, SW620, HT29, and HCT8, and control NCM460 cells, were purchased from the Cell Bank of the Chinese Academy of Sciences. All cells were cultured in RPMI-1640 (PM150115, Procell, Wuhan, China) supplemented with 10% fetal bovine serum (085-060, WISENT, Nanjing, China) and the antibiotics penicillin and streptomycin (c125c5, NCM Biotech, Suzhou, China). Cells were cultured in a 37°C humidified incubator with 5% CO2.



Cell Transfection

Specific short hairpin RNAs (shRNAs) against RP9P (shRP9P-1: GATCCGCTACAAAGAATGCCCTTTCTCTCGAGAGAAAGGGCATTCTTTGTAGCTTTTTG; shRP9P-2: GATCCGCACATGAGGATTTCATGTATCTCGAGATACATGAAATCCTCATGTGCTTTTTG) and FOXQ1 (shFOXQ1: GATCCGCACATCATCCGGCACCATTTCTCGAGAAATGGTGCCGGATGATGTGCTTTTTG) were synthesized by Tsingke (Beijing, China). The miR-133a-3p mimic and inhibitor were purchased from General Biol (Anhui, China); their sequences were as follows: miR-133a-3p mimic: UUUGGUCCCCUUCAACCAGCUG; miR-133a-3p inhibitor: CAGCUGGUUGAAGGGGACCAAA. CRC cells were plated on 6-well plates to 60–70% confluence and transfected with Lipofectamine 2000 (11668019, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.



Cell Counting Kit-8 Assay

Cell proliferation rates were detected by the CCK-8 assay (96992-100TESTS-F, Sigma-Aldrich, St. Louis, MO, USA). After digestion with 0.25% trypsin (c125c1, NCM Biotech), 5 × 103 cells were plated in each well of a 96-well culture plate and incubated overnight at 37°C. At 0, 24, 48, and 72 h after transfection, 10 µL of the CCK-8 solution was added to each well and incubated for 2 h at 37°C. The optical density of each well was detected at 450 nm using a microplate reader (PerkinElmer, Waltham, MA, USA).



Apoptosis Assays

Cell apoptosis was detected with the Annexin-V-FITC Apoptosis Detection Kit (KGA108-1, KeyGEN, China). Transfected cells were collected and resuspended in binding buffer. Next, cells were stained in sequence with 5 μL Annexin V-FITC and 5 μL propidium iodide for 15 min at room temperature in the dark. Lastly, the cells were subjected to flow cytometry analysis (ACEA Biosciences, San Diego, CA, USA). Collected data was analyzed with NovoExpress software.



Nuclear and Cytoplasmic Fractions

A Cytoplasmic and Nuclear RNA Purification Kit (21000, Norgen, Belmont, CA, USA) was used to isolate and purify nuclear and cytoplasmic RNA fractions. Cells (3 × 106) were lysed using lysis buffer on ice and then centrifuged at 14,000 × g for 10 min. The supernatant and pellet were separated to isolate the cytoplasmic and nuclear RNA fractions, respectively.



Real-Time-PCR

Total RNA was isolated using TRIzol reagent (15596026, Thermo Fisher Scientific) and then reversed transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit (qp006, GeneCopoeia, Guangzhou, China). Subsequently, RT-PCR was performed on a Fluorescence quantitative PCR instrument (qTower 3.2G, Analytik Jena, Thuringia, Germany). The RT-PCR protocol was as follows: 1) 95°C for 2 min, 2) 95°C for 15 s, 3) 60°C for 30 s, 4) repeat steps 1–3 for 40 cycles. All primers used for the RT‐PCR are listed in Table 1. The relative expression levels were counted by a 2−ΔΔCt method.


Table 1 | Primers used in this study.





Western Blotting Analyses

Tissue samples and cultured cells were lysed with a RIPA lysis buffer kit (P0013B, Beyotime, Haimen, China). Proteins were quantified using a bicinchoninic acid protein quantification kit (P0010S, Beyotime). Cell lysates were separated electrophoretically on 10% or 15% SDS-PAGE and transferred onto PVDF membranes (EMD Millipore, Billerica, MA, USA). These membranes were then incubated with rabbit monoclonal antibodies against BAX, BCL2, MCM2, PCNA, FOXQ1, and GAPDH (Proteintech, Rosemont, IL, USA) after being blocked with 5% skim milk for 2 h at room temperature. The membranes were then incubated with anti-rabbit IgG (H+L) (Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature. Finally, signals were detected using an enhanced chemiluminescence kit (P10100, NCM Biotech). All results were analyzed using the ImageJ software (National Institutes of Health, Bethesda, MD, USA), and the densities of target bands were normalized to GAPDH.



Immunohistochemical Staining

All specimens were fixed in 10% formaldehyde, paraffin embedded, and then sectioned at 4 µm. Paraffin slices were dewaxed and rehydrated, and antigen retrieval was performed using routine methods. Endogenous peroxidases were blocked with 3% H2O2. After the blocking step, sections were incubated with anti-MCM2, -PCNA, -BAX, and -BCL2 antibodies (Proteintech) overnight at 4°C and then with a secondary antibody (A0208, Beyotime) for 20 min. Subsequently, 3,3′-diaminobenzidine (P0202, Beyotime) and hematoxylin (BA4041, BASO, China) were used to visualize antigen–antibody complexes. A NEXcope microscope (Ningbo Yongxin Optics, Ningbo, China) was used to capture images.



Dual-luciferase Reporter Assay

The binding sites between RP9P or FOXQ1 and miR-133a-3p were analyzed using the Targetscan online software (http://www.targetscan.org/vert_72/). The 3′-untranslated region (UTR) or mutant gene fragments of RP9P or FOXQ1 were inserted into the pGL3 promoter vector (Promega, Madison, WI) to construct wild-type and mutant reporter plasmids. For the luciferase reporter assay, CRC cells were co-transfected with the miR-133a-3p mimic, miR-133a-3p inhibitor, or miR nonsense control (NC) together with wild-type and mutant reporter plasmids for RP9P or FOXQ1 using Lipofectamine 2000. Firefly and Renilla luciferase signals were measured 48 h after transfection using a Dual Luciferase Reporter Assay Kit (rg027, Beyotime), and the optical density of each well was detected using a microplate reader (PerkinElmer). Relative luciferase activity was normalized against Renilla luciferase activity.



Tumorigenicity in Xenograft Nude Mice

Twelve male BALB/c nude mice (5 to 6 weeks old) were used in this experiment. After being divided randomly into RP9P and NC groups, the mice were subcutaneously injected with 5 × 106 CRC cells to induce subcutaneous tumors. Tumor length (L) and width (W) were measured every 3 to 4 days once visible tumors appeared, and the tumor volume (V) was calculated according to the formula: V = L × W2/2. The mice were sacrificed after the experiment, and the tumor tissues were weighed and fixed in paraffin.



Statistical Analyses

All data were analyzed with GraphPad Prism 8 software. Student’s t-test was conducted for comparisons between two groups. Comparisons among multiple groups were performed with a one- or two-way analysis of variance. Multi-weight comparisons were made using Dunnett’s test. Kaplan-Meier and log-rank tests were used for survival analyses. p <0.05 was considered statistically significant.




Results


RP9P is Highly Expressed in CRC and Correlates With Worse Prognosis

To investigate the effect of RP9P, we analyzed TCGA data (COADREAD) of 383 CRC and 51 non-cancer tissues. The RP9P mRNA level was markedly elevated in CRC compared to normal tissues (Figure 1A); this finding was verified in four other databases (Figure 1B). Cell experiments also showed that CRC cell lines had high RP9P expression compared to control NCM460 cells (Figure 1C). The survival analysis revealed that higher RP9P level was linked to poorer overall survival in CRC patients (p = 0.0092, Figure 1D); this finding was also verified by two other databases (Figures 1E, F). Therefore, RP9P overexpression might be a potential indicator for worse prognosis in CRC.




Figure 1 | Expression of RP9P in colorectal cancer (CRC) based on The Cancer Genome Atlas (TCGA) database. (A) Heat map of different lncRNA expression levels in CRC detected using TCGA-COADREAD data. (B) RP9P level in CRC tissues compared with normal CRC tissues detected using GSE32323, GSE41657, GSE44076, and GSE8671 data. (C) RP9P level in CRC cell lines (HCT116, SW620, HT29, and HCT8) compared with the NMC460 cell line (*p < 0.05, ***p < 0.001, vs. NMC460) (D–F). Correlation of the RP9P level with overall survival in CRC patients using the Kaplan-Meier analysis from TCGA-COADREAD (D), GSE24551 (E), and GSE30378 (F) data.





RP9P Knockdown Inhibits Cell Proliferation and Induces Apoptosis in CRC Cells

Specific shRNAs were used to downregulate RP9P in HCT8 and HT29 cells. RT-PCR showed that these shRNAs decreased the RP9P mRNA level in HCT8 and HT29 cells (Figure 2A). To explore the function of RP9P, we measured the proliferation of HCT8 and HT29 cells following RP9P inhibition using the CCK-8 assay. RP9P knockdown significantly suppressed HCT8 and HT29 cell growth (Figures 2B, C). Western blotting showed that expression of the proliferation-related genes MCM2 and PCNA decreased in lncRNA-shRNA cells (Figures 2D, E). Thus, RP9P has critical effects on the growth of CRC cells, and RP9P knockdown suppresses the proliferation of these cells.




Figure 2 | Effect of downregulated RP9P on colorectal cancer cell viability. (A) Expression of RP9P in HCT8 and HT29 cells with RP9P stably silenced was confirmed using real-time PCR. (B, C) HCT8 (B) and HT29 (C) cell proliferative ability with RP9P stably silenced was analyzed using the CCK-8 assay. (D, E) The levels of BAX, BCL2, MCM2, PCNA, and GAPDH were measured through western blotting (D). Data are presented as means ± standard deviation (E–G) Percentages of apoptotic HCT8 and HT29 cells (F) were measured using flow cytometry. The histograms show the average numbers of apoptotic cells (G) (*p < 0.05, **p < 0.01, ***p < 0.001 vs. HCT8 + shNC; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HT29 + shNC).



We next determined the effects of RP9P on CRC cells using flow cytometry. As shown in Figures 2F, G, RP9P depletion promoted apoptosis in both HCT8 and HT29 cells. Western blotting showed that the apoptosis-related genes BAX and BCL2were increased and suppressed, respectively, in RP9P-knockdown CRC cells (Figures 2D, E). These results suggest that RP9P inhibits apoptosis of CRC cells.



RP9P Inhibition Decreases Cell Growth in a Xenograft Model

To confirm the role of RP9P in CRC in vivo, we injected HCT8 cells with stable silenced RP9P, or control cells, subcutaneously into BALB/c nude mice to generate a xenograft model. As shown in Figures 3A–E, tumors with RP9P knockdown had a smaller size and lower weight compared to controls. Furthermore, downregulation of RP9P expression in RP9P-knockdown cell tumors was confirmed with the RT-PCR assay. The results of immunohistochemistry indicated that the expression of the apoptosis-related genes BAX and BCL2 increased and decreased, respectively, whereas that of the proliferation-related genes MCM2 and PCNA decreased in RP9P-knockdown cell tumors. These findings suggest that knockdown of RP9P inhibits CRC cell growth in vivo.




Figure 3 | RP9P knockdown suppresses colorectal cancer cell proliferation in a xenograft model. (A) Representative images of transplanted tumors in nude mice. (B, C) Tumor volume (B) and tumor weight (C). (D) RP9P level in transplanted tumors. (E) Levels of proliferation- and apoptosis-related genes were examined by immunohistochemistry (*p < 0.05, ***p < 0.001).





miR-133a-3p Is a Downstream Target of RP9P

We detected the subcellular localization of RP9P in CRC cells to investigate its mechanisms. The results of the subcellular fractionation assay revealed that more than 70% of RP9P was distributed in the cytoplasm (Figure 4A). As lncRNAs are associated with miRNAs, we used TCGA-COADREAD and GSE121842 data to screen miRNAs related to RP9P. The results revealed that RP9P might directly target miR-133a-3p (Figures 4B, C). Potential binding sites were predicted using starBase software (Figure 4D), and the low level of miR-133a-3p was confirmed in CRC cell lines (Figure 4E). The dual-luciferase reporter assay showed that the miR-133a-3p mimic remarkably decreased (Figure 4F) while the inhibitor increased (Figure 4G) the relative luciferase intensity of the reporter containing wild-type RP9P in CRC cells; however, no significant changes were found in the mutant group. Furthermore, knockdown of RP9P upregulated miR-133a-3p expression in CRC cells (Figure 4H). These findings show that RP9P targets miR-133a-3p.




Figure 4 | Identification of miR-133a-3p as a direct target gene of RP9P. (A) Subcellular localization of RP9P in colorectal cancer (CRC) cells. (B, C) The relationship between RP9P and miR-133a-3p was determined using TCGA-COADREAD (B) and GSE121842 (C) data. (D) miR-133a-3p level in CRC cells identified using real-time (RT)-PCR (***p < 0.001 vs. NCM460 cells). (E) Predicted binding sites of RP9P and miR-133a-3p and mutated sites in the 3′-untranslated region (UTR) of RP9P. (F, G) Luciferase activity in nonsense control (NC)-, miR-133a-3p mimic- (F), and miR-133a-3p inhibitor (G)‐treated CRC cells with wild-type or mutant RP9P 3′-UTR gene fragments (**p < 0.01, ***p < 0.001). (H) The miR-133a-3p level in CRC cells with RP9P silenced was examined using RT-PCR (*p < 0.05, **p < 0.01 vs. HCT8 + shNC; ##p < 0.01 vs. HT29 + shNC).





The miR-133a-3p Inhibitor Restored the Reduced CRC Cell Viability Caused by shRP9P

To confirm the influence of miR-133a-3p on the function of RP9P, shRP9P and the miR-133a-3p inhibitor or NC were co-transfected into HCT8 cells. RP9P and miR-133a-3p levels in shRP9P-, miR-133a-3p inhibitor-, or nonsense control (NC)- transfected CRC cells were confirmed using RT-PCR assay (Figure 5A). CCK-8 and flow cytometry assay results showed that the miR-133a-3p inhibitor alleviated the anti-proliferation effect of RP9P knockdown (Figure 5B) while restoring its pro-apoptotic effect (Figures 5C, D). Altogether, the above results indicate that RP9P promotes the viability of CRC cells by targeting miR-133a-3p via a sponge mechanism.




Figure 5 | RP9P affects colorectal cancer (CRC) cell viability via miR-133a-3p. (A) RP9P and miR-133a-3p levels in shRP9P-, miR-133a-3p inhibitor-, or nonsense control (NC)- transfected CRC cells. (B) Cell proliferation was measured using the CCK-8 assay. (C, D) Apoptosis after cell transfection was analyzed using flow cytometry (C). The histograms show the average numbers of apoptotic cells (D) (***p < 0.001).





miR-133a-3p Directly Binds FOXQ1 and Affects Its Function

Previous results have demonstrated that RP9P can function as a ceRNA by binding miR-133a-3p. Thus, we investigated the target of miR-133a-3p (Figure 6A). FOXQ1, which is positively correlated with RP9P (Figures 6B, C), has a potential miR-133a-3p-binding region (Figure 6D). The RT-PCR assay indicated that the FOXQ1 mRNA level was higher in CRC cells than that in NCM460 cells (Figure 6E). The dual-luciferase reporter assay revealed that the miR-133a-3p mimic significantly reduced and the inhibitor increased the luciferase intensity of the reporter containing wild-type FOXQ1 in CRC cells, while no significant change was found in the mutant group (Figures 6H, I).




Figure 6 | miR-133a-3p directly binds to FOXQ1. (A) Target genes of miR-133A-3p with RP9P as the center were constructed using cytoscape. (B, C) The relationship between FOXQ1 and miR-133a-3p was analyzed using GSE44076 (B) and TCGA-COADREAD (C) data. (D) Predicted binding sites of miR-133a-3p and FOXQ1, and mutated sites in the 3′-untranslated region (3′-UTR) of FOXQ1. (E) FOXQ1 level in colorectal cancer (CRC) cell lines detected through western blotting (***p < 0.001 vs. NCM460 cells). F,G. Protein and mRNA expression of FOXQ1 in CRC cells with RP9P knockdown was detected using western blotting (F) and real-time PCR (G), respectively (**p < 0.01, ***p < 0.001 vs. HCT8 + shNC; ##p < 0.01, ###p < 0.001 vs. HT29 + shNC). H,I. Luciferase activity in nonsense control (NC)-, miR-133a-3p mimic- (H), and miR-133a-3p inhibitor (I)-treated CRC cells with wild-type or mutant FOXQ1 3′-UTR gene fragments (**p < 0.01).



To probe the influence of miR-133a-3p and FOXQ1 on CRC cell viability, the CCK-8 and apoptosis assays were performed. The expressions of FOXQ1 and miR-133a-3p in miR-133a-3p inhibitor-, shFOXQ1-, or nonsense control (NC)-transfected CRC cells were shown in Figures 7A–C. The results suggested that inhibiting miR-133a-3p blocked the negative effect of shFOXQ1 on HCT8 cell proliferation (Figure 7D), while it reversed the pro-apoptotic effect on CRC cells (Figures 7E, F). Furthermore, knockdown of RP9P suppressed the FOXQ1 level in CRC cells (Figures 6E–G), consistent with previous findings. In summary, these results indicate that silencing miR-133a-3p enhances CRC cell viability by diminishing binding to FOXQ1.




Figure 7 | FOXQ1 affects colorectal cancer (CRC) cell viability via miR-133a-3p. (A–C). Expression of FOXQ1 (A, B) and miR-133a-3p (C) in miR-133a-3p inhibitor-, shFOXQ1-, or nonsense control (NC)-transfected CRC cells. (D) Cell proliferation was measured using the CCK-8 assay. (E, F). Apoptosis following cell transfection was analyzed through flow cytometry (E). Histograms showing the average numbers of apoptotic cells (F) (**p < 0.01, ***p < 0.001).






Discussion

Numerous studies have demonstrated that lncRNAs are closely related to CRC pathogenesis and development (12). For instance, the lncRNA SATB2-AS1 is low expressed in CRC and can regulate the function of immune cells by targeting SATB2 (13). The lncRNA LINRIS interacts with IGF2BP2 and affects glycolysis in CRC cells (14), whereas GAS5 inhibits progression of CRC by regulating phosphorylation of YAP (15). Here, we evaluated the function of RP9P in CRC. RP9P is a pseudogene-derived lncRNA, located at chromosome 7:32,916,815-32,943,176, that has never been reported previously in cancer. We found that the RP9P level was higher in CRC tissues, and the high level of RP9P was associated with worse prognosis. Furthermore, knockdown of RP9P in vitro repressed CRC cell growth. We also confirmed that downregulating the RP9P level suppressed tumor growth in xenograft nude mice. In summary, this study reveals that RP9P has pro-tumorigenic effects in CRC.

lncRNAs play different functional roles according to their locations (3). Growing evidence indicates that cytoplasmic lncRNAs can serve as miRNA sponges, modulating the mRNA level by binding to miRNAs (6). Here, the results of subcellular fractionation assay suggest that RP9P may act as a ceRNA in the cytoplasm of CRC cells. To verify this supposition, we attempted to identify miRNAs that could bind to RP9P. The bioinformatics analysis predicted that miR-133a-3p had an interaction effect with RP9P. The functions of miR-133a-3p in cancers have been widely reported. miR-133a-3p is decreased in CRC and is considered to exert a tumor suppressor effect by targeting SENP1 (16). miR-133a-3p can also inhibit the proliferation and autophagy in gastric cancer (17). In addition, miR-133a-3p decreases viability, migration, and invasion in gallbladder carcinoma (5).

The expression of RP9P and miR-133a-3p were inverse in CRC cell lines, in a similar fashion to the bioinformatics analysis. We confirmed a direct interaction between miR-133a-3p and RP9P. Additionally, the miR-133a-3p level was decreased by RP9P in CRC cells. Furthermore, downregulating miR-133a-3p expression rescued the tumor-suppressive effect caused by RP9P knockdown alone. These results indicate that RP9P promotes CRC progression via sponging miR-133a-3p.

Our further exploration with a bioinformatics analysis indicated that FOXQ1 is a downstream molecular target of miR-133a-3p. FOXQ1, a member of the large forkhead transcription factor family, is expressed at a high level in CRC and exerts as an oncogene. Previous study has shown that miR-133 exhibits tumor inhibition by directly binding FOXQ1 in lung cancer (18). This study confirmed that FOXQ1 can directly interact with miR-133a-3p in CRC. Functional experiments showed that miR-133a-3p knockdown rescued the anti-proliferation and pro-apoptotic effects induced by inhibiting FOXQ1 alone. Consistent with these results, RP9P knockdown also decreased the FOXQ1 level in CRC. Therefore, miR-133a-3p performs its functions dependent on FOXQ1 in CRC. However, the effects of RP9P on the function of FOXQ1 is unknow, which needs further experimental researches.

Taken together, our research reveals that RP9P is expressed at a low level in CRC and is involved in cell proliferation and apoptosis. RP9P promotes FOXQ1 expression by directly targeting miR-133a-3p via a sponge mechanism. Finally, this study indicates that RP9P is a novel oncogenic lncRNA in CRC that can be used as a therapeutic target.
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Background

Most prognostic signatures for colorectal cancer (CRC) are developed to predict overall survival (OS). Gene signatures predicting recurrence-free survival (RFS) are rarely reported, and postoperative recurrence results in a poor outcome. Thus, we aim to construct a robust, individualized gene signature that can predict both OS and RFS of CRC patients.



Methods

Prognostic genes that were significantly associated with both OS and RFS in GSE39582 and TCGA cohorts were screened via univariate Cox regression analysis and Venn diagram. These genes were then submitted to least absolute shrinkage and selection operator (LASSO) regression analysis and followed by multivariate Cox regression analysis to obtain an optimal gene signature. Kaplan–Meier (K–M), calibration curves and receiver operating characteristic (ROC) curves were used to evaluate the predictive performance of this signature. A nomogram integrating prognostic factors was constructed to predict 1-, 3-, and 5-year survival probabilities. Function annotation and pathway enrichment analyses were used to elucidate the biological implications of this model.



Results

A total of 186 genes significantly associated with both OS and RFS were identified. Based on these genes, LASSO and multivariate Cox regression analyses determined an 8-gene signature that contained ATOH1, CACNB1, CEBPA, EPPHB2, HIST1H2BJ, INHBB, LYPD6, and ZBED3. Signature high-risk cases had worse OS in the GSE39582 training cohort (hazard ratio [HR] = 1.54, 95% confidence interval [CI] = 1.42 to 1.67) and the TCGA validation cohort (HR = 1.39, 95% CI = 1.24 to 1.56) and worse RFS in both cohorts (GSE39582: HR = 1.49, 95% CI = 1.35 to 1.64; TCGA: HR = 1.39, 95% CI = 1.25 to 1.56). The area under the curves (AUCs) of this model in the training and validation cohorts were all around 0.7, which were higher or no less than several previous models, suggesting that this signature could improve OS and RFS prediction of CRC patients. The risk score was related to multiple oncological pathways. CACNB1, HIST1H2BJ, and INHBB were significantly upregulated in CRC tissues.



Conclusion

A credible OS and RFS prediction signature with multi-cohort and cross-platform compatibility was constructed in CRC. This signature might facilitate personalized treatment and improve the survival of CRC patients.





Keywords: colorectal cancer, risk score, overall survival, recurrence-free survival, prognostic signature



Introduction

Colorectal cancer (CRC) is the third most common cancer in the world and the second leading cause of cancer-related death (1). In the last few decades, a decreased incidence and improved prognosis have been achieved in CRC through accurate screening and comprehensive management, namely, surgical resection, chemoradiotherapy, and immunotherapy (2, 3). However, the survival of advanced CRC patients is still grim, especially for the 20–25% of patients with distant metastases at the diagnostic stage (4–6). For patients with surgical indications, early postoperative recurrence is pretty difficult to prevent, which is largely responsible for the poor prognosis (7). Therefore, there is a significant need to identify novel, reliable biomarkers for survival assessment and recurrence prediction in CRC management.

As CRC treatment has entered the era of precision medicine, many studies have endeavored to accurately evaluate patient survival in various ways. Traditional clinicopathological features, such as C-reactive protein (8), tumor size (9), and lymph node metastasis (10), have been proven to be independent prognostic factors in CRC. Nevertheless, due to the remarkably high genetic and genomic heterogeneity in CRC patients, these factors are not effective enough in terms of survival prediction (11). Recent studies suggest that the establishment of gene signatures based on large-scale gene expression datasets is a promising tool for survival assessment in various cancers (12, 13). As previously reviewed (14), multiple prognostic gene models with enormous clinical value have been established in the context of CRC. Intriguingly, these models are developed primarily to predict overall survival (OS), and few of them predict recurrence-free survival (RFS). Considering recurrence after surgery is a feature of CRC and it hinders long-term patient survival, RFS prediction is of considerable significance. Thus, it is essential to identify a reliable gene signature for both OS and RFS prediction.

As far as we know, only three gene signatures have previously predicted both OS and RFS, and the accuracy remains to be improved (15–17). In this study, we systematically analyzed the correlation between gene expression and OS or RFS of patients and established an 8-gene signature with enhanced performance for both OS and RFS prediction. The proposed model was superior to several previously reported models for predicting survival. Moreover, this signature was closely associated with DNA replication, cell division, and cell adhesion. These findings might provide valuable guidance for personalized treatment and optimal management of CRC patients.



Methods


Data Collection

Two public CRC cohorts with clinical and gene expression data were used for survival analyses in this study. Among them, the GSE39582 cohort (N = 536) was retrieved from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database and used as the training set. The TCGA cohort (N = 368) was downloaded from the TCGA hub at UCSC Xena (https://tcga.xenahubs.net) and used for external validation.

In each cohort, patients with incomplete clinical information, OS time <1 month or RFS time <1 month were strictly excluded. Additionally, 72 formalin-fixed and paraffin-embedded CRC tissues and matched adjacent non-tumor tissues were collected at the Department of Colorectal Surgery at Shanghai Changhai Hospital. None of the patients received preoperative chemotherapy or radiotherapy. Written informed consent was obtained from all patients. This study was conducted and approved in accordance with the Declaration of Helsinki and the Ethics Committee of Shanghai Changhai Hospital.



Construction of the 8-Gene Signature

To screen candidate genes for signature construction, univariate Cox regression analysis was first conducted to identify genes significantly associated with OS or RFS (p <0.05) in the GSE39582 and TCGA cohorts. Then, a Venn diagram (18) was employed to select common survival-related genes in these two cohorts. Credible prognostic genes were submitted to the Metascape database (19) for function annotation and pathway enrichment. Subsequently, they were submitted to the least absolute shrinkage and selection operator (LASSO) regression analysis and the following multivariate Cox regression analysis using OS events and time to generate an optimal risk signature with the minimum Akaike Information Criterion (AIC) value. Based on the expression level and the corresponding coefficient of each prognostic gene generated from the multivariate Cox regression analysis, the risk score of each sample was computed as follows: Risk score = (coefficient 1 ∗ expression value of gene 1) + (coefficient 2 ∗ expression value of gene 2) +… + (coefficient n ∗ expression value of gene n).



Prognostic Performance of the 8-Gene Signature

Patients in each cohort were then assigned matched risk scores and they were divided into low- and high-risk groups based on the medium value of these risk scores. Kaplan–Meier (K–M) survival curves, univariate Cox analyses, and calibration curves were adopted to evaluate the prognostic performance of this signature. Time-dependent area under the curve (AUC) values were employed to compare the predictive accuracy of clinical predictors and the risk signature. Moreover, receiver operating characteristic (ROC) curves were used to compare the predictive ability of our signature with nine recently published prognostic signatures for CRC patients (20–28).



Nomogram Construction in GSE39582 Training Cohort

The nomogram is a widely used method to quantitatively predict patient survival. To facilitate the clinical application of this signature, we established the nomogram based on prognostic variables derived from univariate Cox regression analysis in the GSE39582 training cohort to predict 1-, 3-, and 5-year survival probabilities. The predictive performance of the Nomogram was validated in the TCGA cohort through ROC curves.



Functional Annotation and Pathway Enrichment of the 8-Gene Signature

To preliminarily clarify the underlying mechanism of the high risk score-resulted unfavorable prognosis, genes significantly correlated with risk scores (p <0.05) were identified by the Pearson correlation analysis in the GSE39582 and TCGA cohorts, respectively. A Venn diagram was applied to determine common correlated genes. These genes were then submitted to Gene Ontology-Biological Process (GO-BP) analysis and The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis on the DAVID website (29, 30), respectively.



Immunohistochemical (IHC) Staining

IHC assays were performed as previously reported (31). To quantify the expression of these molecules, IHC scores were determined by two independent observers using the index of H-Score. H-SCORE = ∑(PI × I) = (percentage of cells of weak intensity × 1) + (percentage of cells of moderate intensity × 2) + percentage of cells of strong intensity × 3), where PI indicates the proportion of positive signal pixel area; and I represents the coloring intensity. The final staining scores from two observers were averaged and rounded to the nearest whole number.



Statistical Analysis

The statistical analyses and graphic study were conducted using R software (version 3.5.2). K–M survival curves with log-rank tests were executed by the ‘survival’ package. ROC analyses were plotted by the ‘survivalROC’ package. Time-dependent AUC values were generated using the ‘timeROC’ package. In Cox regression analyses, we estimated the hazard ratios (HRs) of CRC subgroups with standard clinicopathological variables: age at diagnosis (≥65 vs <65), gender, and tumor size (≥T2 vs <T2), lymph node invasion (≥N1 vs <N1), metastatic spread (M1 vs M0), disease stage (≥II vs <II), chemotherapy and resection margin (>R0 vs R0). Continuous risk scores were classified into low- and high-risk groups according to the medium value of their risk scores. Parameters in univariate and multivariate Cox analyses were generated from the ‘survival’ package and were visualized using the ‘forestplot’ package. LASSO regression analysis was conducted by the ‘glmnet’ package. The nomogram and calibration curves were produced by the ‘rms’ R package. Boxplots depicting the distribution of gene expression and risk scores were derived from the ‘ggpubr’ package. P <0.05 was considered significant.




Results


Construction of the 8-Gene Signature in the GSE39582 Training Cohort

Figures 1A, B illustrated the workflow of credible prognostic gene identification. A total of 132 protective genes (Hazard ratio <1, Figure 1A) and 54 risky genes (Hazard ratio >1, Figure 1B) were screened by univariate Cox regression analysis and a Venn diagram. Function annotation and pathway enrichment analyses jointly showed that these genes were primarily associated with epithelial–mesenchymal transition in colorectal cancer, the Notch signaling pathway, and multiple cancer-related pathways (Figure 1C). These 186 genes were subsequently subjected to LASSO regression analysis and 15 candidate genes with the most powerful predictive features were identified (Figures 1D, E). Following multivariate Cox regression analysis, the optimal 8-gene signature was finally selected in the avoidance of overfitting (Figure 1F). Based on the expression and matched coefficients of these eight genes, an individual risk score was calculated as follows: Risk score = −0.16788 ∗ expression value of ATOH1 + 0.431768 ∗ expression value of CACNB1 − 0.15152 ∗ expression value of CEBPA − 0.18303 ∗ expression value of EPPHB2 + 0.475006 ∗ expression value of HIST1H2BJ + 0.338153 ∗ expression value of INHBB − 0.31889 ∗ expression value of LYPD6 − 0.28645 ∗ expression value of ZBED3. Additionally, the risk scores were significantly higher in patients with a high TNM (Tumor, Node, Metastasis) stage in the GSE39582 and TCGA cohorts, suggesting that the 8-gene signature was associated with tumor progression (Figures 1G, H).




Figure 1 | Construction of the 8-gene signature in the GSE39582 training cohort. (A) A Venn diagram screened 132 protective genes that were significantly associated with both OS and RFS in two CRC cohorts. (B) A Venn diagram identified 54 risky genes that were significantly related to both OS and RFS. (C) Enriched pathways of abovementioned 186 credible prognostic genes. (D) Cross-validation for tuning parameter (lambda) screening in the LASSO regression model. (E) LASSO coefficient profiles of 15 prognostic genes. (F) Forest plot of the eight genes. (G) Distribution of risk scores in different TNM stage of GSE39582 samples. (H) Distribution of risk scores in different TNM stage of TCGA samples.





Prognostic Performance of the 8-Gene Signature in the GSE39582 Training Cohort

K–M survival analysis demonstrated that patients in the high-risk group had a significantly decreased OS (Figure 2A). The distribution of the risk scores and overall survival status is illustrated in Figure 2B. The results demonstrated that patients with a low-risk score had a markedly decreased mortality rate compared with patients with a high-risk score. The calibration curves showed that the predicted OS by this signature was in good accordance with the observed OS (Figure 2C). The results of univariate Cox regression analysis suggested that this signature was an independent risk factor for OS (Figure 2D). Apart from the 8-gene signature, several clinical features, namely, age, T stage, N stage, and M stage, could also indicate unfavorable outcomes (Figure 2E). However, as shown in Figure 2E, the AUC values of the risk signature for OS prediction were higher than those of clinical features over time, indicating that this signature outperformed clinical predictors in prognosis assessment. In addition to OS, this model could also effectively stratify patients with different RFS. Figures 2F, G showed that patients in the high-risk group had remarkably decreased RFS time and elevated recurrence rate compared with patients in the low-risk group. Calibration curves showed that the predicted RFS by this signature agreed well with the observed RFS (Figure 2H). Figures 2I, J jointly proved that the 8 gene signature was a more effective RFS predictor.




Figure 2 | Prognostic performance of the 8-gene signature in the GSE39582 training cohort. (A) K–M curves evaluate the OS difference between low- and high-risk groups. (B) From top to bottom are the risk score distribution and overall survival status distribution. (C) Calibration curves reflect the accordance between observed OS and predicted OS. (D) Univariate Cox regression analysis examines prognostic roles of risk score and clinical features for OS. (E) Time-dependent AUC values illustrate the OS predictive accuracy of gene signature and clinical predictors over time. (F) K–M curves evaluate the RFS difference between low- and high-risk groups. (G) From top to bottom are the risk score distribution and recurrence-free survival status distribution. (H) Calibration curves represent the agreement between observed RFS and predicted RFS. (I) Univariate Cox regression analysis examines prognostic roles of risk score and clinical features for RFS. (J) Time-dependent AUC values show the RFS predictive accuracy of gene signature and clinical predictors over time.





Prognostic Performance of the 8-Gene Signature in the TCGA Validation Cohort

We next verified the prognostic performance of this signature in the TCGA validation cohort. The K–M curves estimated a remarkably shorter OS (Figure 3A) and RFS (Figure 3F) in patients with high-risk. Patients with a high-risk score had a significantly elevated mortality rate (Figure 3B) and recurrence rate (Figure 3G) compared with patients with a low-risk score. The calibration curves indicated that the predicted survival probability through this signature exhibited good consistency with the observed survival probability (Figures 3C, H). The results of the univariate Cox regression analyses confirmed that the 8-gene signature and several clinical indicators were risk factors for OS (Figure 3D) and RFS (Figure 3I). Time-dependent AUC values further demonstrated that the 8-gene signature was not inferior to clinical parameters for OS prediction (Figure 3E) and RFS prediction (Figure 3J).




Figure 3 | Prognostic performance of the 8-gene signature in the TCGA validation cohort. (A, F) K–M survival curves of OS (A) and RFS (F), respectively. (B, G) From top to bottom are the risk score distribution and OS status distribution (B) or RFS status distribution (G). (C, H) Calibration curves of OS (C) and RFS (H), respectively. (D, I) Univariate Cox regression analysis identifies independent risk factors of OS (D) and RFS (I), respectively. (E, J) Time-dependent AUC values compare the OS predictive ability (E) and RFS predictive ability (J) of gene signature and clinical predictors.





Predictive Ability of the 8-Gene Signature and Previously Reported Signatures

We proved that the 8-gene signature outperformed clinical indicators regarding survival prediction. Through AUC value analysis, we subsequently compared the predictive ability of our signature with nine recently published signatures. The higher the AUC value is, the stronger the prediction ability is. Results showed that our gene signature had the highest predictive accuracy for 3-year OS prediction in the GSE39582 cohort (0.74, Figure 4A), 5-year OS prediction in the GSE39582 cohort (0.726, Figure 4B), 3-year OS prediction in the TCGA cohort (0.735, Figure 4E), 3-year RFS prediction in the TCGA cohort (0.739, Figure 4G), and 5-year RFS prediction in the TCGA cohort (0.757, Figure 4H). This gene signature had the second highest predictive accuracy for 3-year RFS prediction in the GSE39582 cohort (0.688, Figure 4C), 5-year RFS prediction in the GSE39582 cohort (0.668, Figure 4D), and 5-year OS prediction in the TCGA cohort (0.69, Figure 4F). These findings suggest that the 8-gene signature could provide an enhanced survival prediction for CRC patients.




Figure 4 | Predictive ability of the 8-gene signature compared with previous signatures. ROC curves of different prognostic signatures in predicting 3-year OS (A), 5-year OS (B), 3-year RFS, (C) and 5-year RFS (D) in the GSE39582 cohort, and 3-year OS (E), 5-year OS (F), 3-year RFS (G), and 5-year RFS (H) in the TCGA cohort.





Nomogram Construction

A graphic nomogram, namely, T stage, N stage, M stage, TNM stage, and risk score, was developed in the GSE39582 cohort to predict 1-, 3-, and 5-year OS (Figure 5A). ROC curves verified the high predictive accuracy (AUC value no less than 0.7) of this nomogram in the GSE39582 (Figure 5B) and TCGA (Figure 5C) cohorts. Similarly, a graphic nomogram integrating N stage, T stage, TNM stage, and risk score was constructed in the GSE39582 cohort to predict 1-, 3-, and 5-year RFS (Figure 5D). Following ROC curve analyses, further confirmation was obtained of the moderate accuracy of this nomogram for RFS prediction (Figures 5E, F).




Figure 5 | A nomogram based on the gene signature. (A) A nomogram integrating N stage, T stage, M stage, TNM stage, and risk score for OS prediction. (B, C) ROC curves of OS predictive nomogram in the GSE39582 (B) and TCGA (C) cohorts. (D) A nomogram integrating N stage, T stage, TNM stage, and risk score for RFS prediction. (E, F) ROC curves of RFS predictive nomogram in the GSE39582 (E) and TCGA (F) cohorts.





Biological Process and Pathway Enrichment Analyses of the 8-Gene Signature

A total of 2,289 negatively correlated genes and 2,736 positively correlated genes with risk scores were identified through a Venn diagram (Figures 6A, B). These genes were then submitted for function annotation and pathway enrichment. For biological processes, negatively correlated genes were primarily involved in DNA replication, cell division, and the cell cycle (Figure 6C), whereas positively correlated genes were mainly associated with cell adhesion and angiogenesis (Figure 6D). For pathway enrichment, negatively correlated genes were primarily involved in metabolic pathways and oxidative phosphorylation (Figure 6E), while positively correlated genes were mainly related to PI3K–Akt signaling pathway, Rap1 signaling pathway, Ras signaling pathway, and MAPK signaling pathway (Figure 6F).




Figure 6 | Functions and pathways related to the signature. (A) A Venn diagram for common genes with negative correlation to risk scores. (B) A Venn diagram for common genes with positive association with risk scores. (C) Top 10 GO-BP terms of genes negatively associated with risk scores. (D) Top 10 GO-BP terms of genes positively associated with risk scores. (E) Top 10 KEGG terms of genes negatively associated with risk scores. (F) Top 10 KEGG terms of genes positively associated with risk scores.





CACNB1, HIST1H2BJ and INHBB Were Significantly Upregulated in CRC Tissues

The expressive levels of three risky genes (Hazard ratio >1) in human CRC tissues and matched adjacent normal tissues were detected through IHC analyses. The results showed that CACNB1, HIST1H2BJ, and INHBB were significantly overexpressed in CRC tissues (Figures 7A–C). These findings suggest that CACNB1, HIST1H2BJ, and INHBB might play oncogenic roles in CRC development.




Figure 7 | CACNB1, HIST1H2BJ, and INHBB were significantly upregulated in CRC tissues. (A–C) IHC staining and H-score of CACNB1 (A), HIST1H2BJ (B), and INHBB (C), respectively. *p < 0.05; **p < 0.01; ***p < 0.001.






Discussion

CRC is a lethal disease with high molecular heterogeneity that requires optimized treatment to prolong patient survival (32). Currently, the TNM staging system largely informs patient prognosis and treatment decisions. However, the suitability of this system for patients at the same stage is questionable because of intra-stage discrepancy caused by tumor heterogeneity (33). Therefore, acquiring effective prognostic biomarkers is critical to stratifying survival risk and tailor-specialized treatment. Thanks to significant advances in high-throughput sequencing and bioinformatics, prognostic gene signatures that translate tumor genetic and genomic features into a clinical application have emerged as a practical tool for survival prediction (34).

During the construction of the 8-gene risk signature, we initially identified and overlapped genes associated with both OS and RFS of CRC patients in two large cohorts. A total of 186 genes were screened, and the following LASSO regression analysis, together with multivariate Cox regression analysis, determined an optimal 8-gene signature. These eight genes had a minimal overlap with previous gene signatures. The K–M survival and calibration curves revealed that the signature could powerfully classify CRC patients with different outcomes. ROC analyses showed that the signature could provide better survival prediction than clinical predictors and previous models. A nomogram efficaciously predicts survival probabilities, strengthening the clinical applicability of the signature. Functional analyses suggest that the signature is positively associated with several oncogenic pathways, namely, cell division, cell adhesion, and DNA replication. In addition to the prognostic value, we observed that CACNB1, HIST1H2BJ, and INHBB were significantly upregulated in CRC tissues. These findings provide not only a supplement to the current TNM staging system for survival assessment but also multiple potential therapeutic targets and biomarkers for CRC.

Among the eight genes, four genes, namely, ATOH1, CACNB1, EPHB2, and IHNBB, are reported to be involved in CRC tumorigenesis. ATOH1 is frequently downregulated and plays a tumor suppressive role in CRC (35). It serves as a novel factor downstream of the Wnt pathway that is capable of suppressing anchorage-independent growth of colon cancer cell lines (36). As EPHB2 is also a tumor suppressor gene for CRC, it is downregulated in CRC tissues, and low levels of EPHB2 expression are associated with a shorter mean duration of survival (37, 38). In vitro biological studies demonstrated that overexpression of EPHB2 inhibited CRC cell proliferation and migration (39). INHBB is a novel prognostic biomarker and its overexpression in CRC tissues indicates a poor prognosis (40). Additionally, the overexpression of INHBB is significantly positively correlated with the depth of invasion, distant metastasis, and CRC stage (41). Similar to INHBB, elevated CACNB1 expression in CRC is associated with poor patient survival (42). The other four genes also have some tumor-specific functions, but their biological roles in CRC remain largely unknown.

Considerable progress in bioinformatics and high-throughput sequencing enables the novel development of prognostic models in human cancers (43). In CRC, many powerful gene signatures have been established to predict OS or RFS, while risk models for both OS and RFS prediction are rare (44). This study is the first to establish OS and RFS prediction models for CRC patients via credible prognostic genes. Stratifying CRC patients according to the predicted survival probability and recurrence risk may facilitate individual therapy and surveillance imaging. Validation in the two largest CRC cohorts, including American and European populations, reinforces the reliability of this signature. We hope that this model can be transformed into a PCR-based rapid detection kit. It may offer potential value for saving public health resources and for exempting patients from the heavy financial burden and unnecessary cytotoxicity of overtreatment.

However, there are still many limitations to this study. First, this signature is based on retrospective data, and needs to be verified in more prospective cohorts. Second, the cohorts enrolled in this study are relatively small, so this signature needs further validation in more large-sized cohorts in the future. Third, tumor infiltrative immune cells and immune-related genes have been proved to play critical roles in the development and progression of tumors (45), but there are only minor intersected differences in immune cell infiltration between low-risk and high-risk groups in both training and validation cohorts (data not shown). Furthermore, we have only preliminarily experimentally verified the abnormal expression of CACNB1, HIST1H2BJ, and INHBB without exploring their biological functions. Therefore further in vivo and in vitro experiments are needed to illuminate their potential functions in CRC progression.

In conclusion, we proposed a novel gene signature for both OS and RFS prediction and confirmed the efficient predictive ability of this signature. The risk signature is beneficial for increasing treatment precision and maximizing survival benefit and quality of life. After all, this signature was based on retrospective cohorts and needed to be further validated in more prospective cohorts.
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Accumulating evidence indicates that lncRNAs are potential biomarkers and key regulators of tumor development and progression. The present study aimed to screen abnormal expression lncRNAs and investigate the mechanisms underlying the function in the progression of colorectal cancer (CRC). Potential CRC prognosis-associated dysregulated lncRNAs were screened and identified using bioinformatics analysis. Loss/gain-of-function experiments were performed to detect the biological roles of FAM222A-AS1 in CRC cell phenotypes in vitro and in vivo. The potential microRNAs that interact with FAM222A-AS1 were identified using online tools and were verified using qRT-PCR and luciferase reporter assay. The expression of FAM222A-AS1 is significantly upregulated in CRC tumor samples and cell lines. CRC patients with elevated FAM222A-AS1 expression in the tumor samples had unfavorable overall survival and disease-free survival. Silencing FAM222A-AS1 expression significantly inhibited CRC cell proliferation, migration, and invasion both in vitro and in vivo. Furthermore, FAM222A-AS1 was mainly distributed in the cytoplasm. It may directly bound to miR-let-7f and inhibit its expression and upregulate MYH9. In summary, FAM222A-AS1, as a novel oncogene in CRC, may promote the CRC progression by inhibiting miR-let-7f/MYH9 axis. The FAM222A-AS1/miR-let-7f/MYH9 signaling pathway may be a novel valuable target for inhibiting CRC.
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Introduction

Colorectal cancer (CRC) is the second leading cause of tumor death worldwide, accounting for approximately 10% of all cases (1). An estimated 1.8 million new colorectal cancer cases and 881,000 deaths were recorded globally in 2018 (1). The incidence of CRC worldwide is predicted to increase to 2.5 million new cases in 2035 (2). However, only highly developed countries have stabilized or decreased trends in the past decades. A large number of patients initially or sequentially suffer from distant metastases, leading to a poor 5-year cancer-specific survival rate of 10-20%, which greatly hinders treatment success (3). Moreover, many CRC biomarkers have been explored, but few have been validated. Hence, it is urgent to explore and elucidate more valid prognosis-associated biomarkers of CRC.

Long noncoding RNAs (lncRNAs) are transcripts with more than 200 nucleotides that have no protein-coding capacity, and were previously regarded as transcription “noise” (4). In recent years, there has been growing evidence that lncRNAs play critical regulatory roles in diverse biological processes and the occurrence and development of cardiovascular disease (5), cardiomyopathy (6), and mesenchymal stem cells (7). Dysregulation of lncRNAs has been discovered in various human cancers (8–11). Emerging studies have suggested that lncRNAs are involved in patient outcome (12), as well as cell proliferation (13), cell migration, invasion (14), apoptosis (15) and drug resistance (16) of patients with cancer. For instance, lncRNA MALAT1 is overexpressed in colon cancer and facilitates cell proliferation by sponging miR-129-5p (17). LncRNA SNHG1 overexpression inhibits apoptosis in colon cancer, possibly via the Wnt/β-catenin signaling pathway (18). LncRNA ZEB1-AS1 promotes cell migration and invasion by increasing PAK2 expression and sponging miR-455-3p (12). In addition, numerous dysregulated lncRNAs are reportedly correlated with CRC prognosis. High expression of lncRNA ZEB1-AS1 was associated with metastasis and poor overall survival of CRC, similar to FAM83H-AS1, LINC01296, LINC01234, PCAT6, and PVT1 (11). However, there are still many unknown lncRNAs in CRC, and their roles require urgent investigation.

In the present study, we analyzed a bioinformatics database to screen lncRNAs that are differentially expressed in CRC and associated with the prognosis of CRC. LncRNAs FAM222A-AS1, FEZF1-AS1, and FAM83H-AS1 were significantly overexpressed in CRC tissues and associated with poor prognosis in CRC patients. Through reviewing relevant literature, we found that FAM222A-AS1 is the most novel lncRNA that has not been thoroughly studied, so this study selected FAM222A-AS1 for in-depth exploration of its functions and mechanisms. We found that FAM222A-AS1 may function as a tumor promoter by sponging miR-let-7f to protect MYH9 from degradation, promoting the growth and progression of CRC cells in vitro and in vivo. Moreover, FAM222A-AS1 overexpression could highly activate AKT1/2 and GSK-3α/β signaling, implying that FAM222A-AS1 may promote CRC via a more complex signaling pathway. In conclusion, FAM222A-AS1 may serve as a prognosis and therapy target for CRC.



Materials and Methods


Bioinformatic Analysis

Based on previous studies (19), a list of 861 CRC-associated dysregulated lncRNAs was obtained from The Cancer LncRNome Atlas (TCLA) (http://tcla.fcgportal.org/). The information on lncRNA names were confirmed using the GENCODE data databasehttps://www.gencodegenes.org/# FPKM RNA expression values of 861 lncRNAs were accessed from the MiTranscriptome (http://mitranscriptome.org/) database. They were collated with the patients’ ID of 268 CRC cases (196 colon cancer and 72 rectal cancer) from the 7256 RNA sequencing library obtained in previous studies (20). Finally, the CRC dysregulated lncRNAs (including upregulated and downregulated lncRNAs) with prognostic information were obtained. The optimal cutoff point values of the lncRNA expressions were calculated using R (“Maxstat” package). Kaplan-Meier curves were generated to evaluate the association of these lncRNAs with the overall survival of patients with colorectal cancer using R (“survminer” and “survival” survival’ packages). The expression of candidate lncRNAs was downloaded from UCSC Xena (https://xena.ucsc.edu/) to verify the differential expression of lncRNAs in colorectal cancer and normal tissues.



Patients and Samples

Fifty pairs of colon cancer and matched para-carcinoma tissues were acquired at Changhai Hospital, Second Military Medical University, from colon cancer patients who underwent surgical resection between January 2015 and January 2020. Two pathologists independently identified the resected samples. Baseline information on the patients included age, sex, disease location, tumor family history, CEA, CA-199, mutation of B-raf and K-ras, postoperative therapy, tumor size, depth of invasion, and number of examined lymph nodes. None of the patients received local or systemic therapy before surgery. This study conformed to the standards set by the Declaration of Helsinki and was reviewed and approved by the Ethics Committee of Changhai Hospital. Written informed consent was obtained from all participants.



Cell Lines

Human CRC cells (SW620, RKO, HT29, SW480, HCT116, and Caco2), a normal colorectal cell line (FHC), and HEK293T cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The above cell lines were authenticated using short tandem repeat analysis by the Genetic Testing Biotechnology Corporation (Suzhou, China). The RKO, HCT116, HEK293T, SW620, and HT29 cells were maintained in RPMI-1640 medium (Gibco, US), and SW480 and Caco2 cells were maintained in DMEM (Gibco, US) supplemented with 10% fetal bovine serum (FBS) (Gibco, US) and 1% penicillin/streptomycin (Gibco, US). All cells were cultured at 37°C in a humidified incubator with 5% CO2.



Total RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from human CRC tissues or cultured cell lines using RNAiso Plus reagent (Takara, Shiga, Japan) according to the manufacturer’s instructions. RNA concentration and purity were evaluated using a Nanodrop 2000 (Thermo Scientific, Wilmington, DE, USA). An aliquot of 2 μg total RNA was reverse-transcribed into complementary DNA (cDNA) according to the manufacturer’s protocol using a PrimeScript RT reagent kit (Takara, Shiga, Japan). The relative expression levels of lncRNAs were examined by qRT-PCR using TB Green Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Shiga, Japan) in a LightCycler 480II system (Roche, Basel, Switzerland). The candidate lncRNA expression levels were calculated using the 2−ΔΔCt method, which was normalized to β-actin mRNA. All assays were performed in triplicate. The details of the qRT-PCR primers used in this study are listed in Table S1.



siRNA Design Transient Transfection

Two pairs of siRNAs targeting FAM222A-AS1 were designed on an online website (http://sirna.wi.mit.edu/home.php) and synthesized at Shanghai Genepharma (Shanghai, China). The siRNA-FAM222A-AS1 and siRNA control sequences were as follows: siRNA1, 5’-CAGCUUCAGUACUACGAUGUU-3’; siRNA2, 5’-UCUGAGAAUCGAUACUGAAUU-3’; siRNA-control, 5’-UUCUCCGAACGUGUCACGUTT-3’. Transient transfection of small interfering RNAs was performed using the Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) at a final concentration of 20nM, according to the manufacturer’s instructions.



Construction of Stable Cell Lines

To construct FAM222A-AS1 stably silenced colon cancer cells, the shRNA targeting FAM222A-AS1 was generated and synthesized as previously described (21) based on the sequence of siRNA1. The templates were subjected to PCR amplification with primers containing XhoI or EcoRI restriction sites (the details of the primers are listed in Table S1). The PCR products were purified and cloned into the pINDUCER10 vector (22). Lentiviruses were packaged into HEK293T cells using the Lenti-X HTX Packaging System (Clontech Laboratories, Inc., CA, USA) to produce lentiviral particles. SW620 and HCT116 cells were infected with FAM222A-AS1 shRNA lentivirus. Ninety-six hours after infection, the cells were treated with puromycin (2.5 μg/ml) for four weeks to select FAM222A-AS1 depleted cells. The shFAM222A-AS1 sequence used was: AGCCACAGATGTAAAGTTAACGTATGGCGAGATCTGCCTACTGCCTCGGA.

To construct colon cancer cells with stably overexpressed FAM222A-AS1, the total length cDNA sequence of FAM222A-AS1 (NCBI reference sequence NR_026661.2 for variant 1) was synthesized and commercially confirmed (Sangon Biotech, Shanghai), and was subcloned into the pENTR3C entry vector. Thereafter, sequences of FAM222A-AS1 in pENTER3C were Gateway-recombined into the pINDUCER20 vector (22). All recombinant vectors were re-sequenced by Sangon Biotech (Shanghai, China). FAM222A-AS1 overexpression plasmid pINDUCER20-FAM222A-AS1 was transfected into HT29 and Caco2 cells. Forty-eight hours after transfection, HT29 and Caco2 cells were treated with G418 (1000 μg/ml) for four weeks to select FAM222A-AS1 overexpressed cells. FAM222A-AS1 depleted cells and FAM222A-AS1 overexpressed cells were induced using 2.5 μg/mL doxycycline (Dox). The overexpression and depletion efficiencies were verified using qRT-PCR, as described above.



Cell Proliferation, Migration, and Invasion Assays

A Cell Counting Kit 8 (CCK8) assay (Dojindo, Kumamoto, Japan) was used to measure cell proliferation in 96-well plates. Cells were seeded in triplicate at 2500 cells per well. CCK8 reagent was added at 0, 24, 48, and 72 h after transfecting FAM222A-AS1 siRNA and control siRNA, and incubated at 37°C for 2 h. Cell numbers were determined by measuring the absorbance at 450 nm using the Multiskan FC 96-well plate reader (ThermoFisher, USA). In the transwell invasion assay, 1 × 105 CRC cells were seeded into the upper chamber of an insert (24‐well plates, 8 μm pore size; Corning, NY, USA) coated with Matrigel (BD Biocoat, Corning) in serum-free media, which is unnecessary for the migration assay. Media containing 20% FBS was added to the lower chamber. After culturing for 24 h at 37°C, the cells remaining on the upper membrane were removed with cotton swabs, and migrated or invaded cells were fixed and stained with 0.1% crystal violet and counted in three random high magnification fields by microscopic observation. About 2 × 105cells were seeded in 12-well plates to do the wound healing assay. Draw three parallel lines on the bottom of the 12-well plates before seeding cells, and three parallel lines perpendicular to it in order to accurately locate the cell imaging area when taking pictures later. A straight scratch was made using a 10 μl pipette tip before imaging. The scratch areas were photographed again after 24h, 48h, 72h, and analyzed. For the colony formation assay, CRC cells (500 cells/well) transfected with the indicated vector were plated in 6 cm culture dish and incubated at 37°C. The cell medium was replaced every three days. Two weeks later, the cells were fixed and stained with 0.1% crystal violet. The number of visible colonies was counted using the ImageJ software.



Animal Studies

Male BALB/c nude mice (4-5 weeks old) were purchased from the SLAC Laboratory Animal Co. (Shanghai, China). All mice were housed in laminar flow cabinets under specific pathogen-free conditions at room temperature with a 12 h light/dark cycle, with food and water available ad libitum. To establish human tumors in nude mice, SW620 and HCT116 cells (1 × 107 cells) with or without FAM222A-AS1 knock down and HT29 cells with or without FAM222A-AS1 overexpression were suspended in 200 μl PBS and subcutaneously injected into the right back flank of mice. The mice were then divided into treatment (+Dox) and control groups (-Dox) (five mice per group). The mice were fed water with 2 mg/mL Dox and 5% sucrose (+Dox) or standard water and 5% sucrose (-Dox). The tumor volume was measured every three days using external measurements. The mice were sacrificed after 27 days, and the tumor volume was calculated by a formula {1/2[length(mm) × width(mm)2]}. The efficiency of FAM222A-AS1 knockdown was examined by qRT-PCR using tissue lysates. All procedures were performed in accordance with the National Research Council’s Guide for the Care and Use of Laboratory Animals.



RNA Fluorescence In Situ Hybridization (FISH)

Cell smears were prepared for FISH using standard methods. HCT116 cells were washed twice with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde at room temperature for 15 min. The pre-hybrid solution was added to the slides and incubated at 37°C for 1 h. The slides were incubated overnight at 60°C in a hybridization solution with the probe, washed, and dehydrated. After staining with DAPI, the slices were scanned and imaged using a fluorescence microscope (Nikon, Japan). FAM222A-AS1 emits green light, and the cell nucleus emits blue light. All experiments were repeated three times. All FISH probes were commercially synthesized by Zeheng Co., Ltd. The sequence probe used was 5’-AGTGTCATCTGGTGGCATCCCTCCTTCCCTCTTTTGGTCTCCATTTCCAT-3’.



RNA Pull-Down for miRNA

The RNA pulldown assay was performed using an RNA pulldown kit. All subsequent experiments were performed following the manufacturer’s instructions. The sequence of the biotin-coupled FAM222A-AS1 probe was AACTTCTGAACTTGCCATCC. The sequence of the negative control probe was TTCTCCGAACGTGTCACGT. Cells were crosslinked with formaldehyde, equilibrated in glycine buffer, and scraped with lysis buffer. The cell samples were sonicated and centrifuged. The supernatant was transferred to a 2 ml tube, and separately saved 50 μl as input analysis. Cell lysates were incubated with a biotin-tagged specific probe or control probe for 3 h. The supernatant lysate was incubated with streptavidin beads for 1 h with rotation. The bead-sample mixture was washed. Subsequently, 10% of the bead sample mixture was re-purified using TRIzol. The purified mRNA was detected using qRT-PCR. The bead-sample mixture (90%) was resuspended in DNase buffer, and protein was eluted with a cocktail of RNase A, RNase H, and DNase I at 37°C for 30 sec. To explore the molecular characteristics of proteins between samples, the protein eluent was analyzed using liquid mass spectrometry (LC-MS/MS). Thereafter, GO and KEGG pathway analyses were performed to describe and analyze the basic information and functions of FAM222-AS1.



Luciferase Reporter Assay

The human genes FAM222A-AS1, and MYH9 3’-UTR sequences were synthesized. Synthesized sequences were ligated into the pmiR-GLO dual luciferase miRNA target expression vector (Promega, Madison, WI, USA) to obtain the recombinant vectors which were named pmiR-GLO-222A and pmiR-GLO-MYH9, respectively. Luciferase reporter assays were performed as described previously (23). Cells plated in a 48-well plate were co-transfected with 50 nM miRNA mimics or negative control oligonucleotides and, 50 ng of firefly luciferase reporter using the JetPRIME reagent (Polyplus-transfection). Cells were collected 36 h after the last transfection and analyzed using the Dual-Luciferase Reporter Assay System (Promega). All experiments were performed in triplicate. The sequences of miR-let-7f and control mimics were as follows: miR-let-7f mimics, 5’-UGAGGUAGUAGAUUGUAUAGUU-3’ and 5’-CUAUACAAUCUACCUCAUU-3’; negative control mimics, 5’-UUCUCCGAACGUGUCACGUT-3’ and 5’-ACGUGACACGUUCGGAGAATT-3’.



The Human Phospho-Kinase Array

The human phospho-kinase array kit (Art.No.: ARY003B; R&D Systems; MN Minnesota) was used to identify the FAM222A-AS1-relatived phospho-kinase proteins according to the instruction. Briefly, 1.0 mL of array buffer was first added to each well for 1 h at room temperature. After washing, CRC cell lysates (400μg/well) were added to each well overnight in the array membranes at 4°C. The membranes were then washed and incubated with the detection antibodies for 2 h at room temperature. Next, the membranes were exposed to streptavidin-HRP for 30 min on a rocking platform. After washing, protein bands were detected by enhanced chemiluminescence for 1 min and exposed to the film. The experiment was performed in triplicate.



Statistical Analysis

All statistical analyses were performed using SPSS version 21.0 software (SPSS, IBM, Armonk, NY, USA), R (R, Version 4.0.1), and GraphPad Prism 7 software (La Jolla, USA). Data represent the mean ± standard deviation (SD). The significance of the differences between the groups was evaluated using a paired two-tailed Student’s t-test or χ2 test. The optimal cut-off values of the relative expression of candidate lncRNAs in CRC were determined by R software using “maxstat,” “survival”, and “survminer” packages. The Kaplan-Meier method was used to evaluate overall survival (OS), and the differences were compared using the log-rank test. The Cox proportional hazards model was used to determine independent factors, which were based on the variables selected by univariate analysis. Differences were considered statistically significant at p < 0.05.




Results


FAM222A-AS1 Is Overexpressed in CRC Tissues and Significantly Correlated With Poor Prognosis

To explore the CRC prognosis-associated lncRNAs, we utilized bioinformatics analysis and discovered that 18 candidate lncRNAs were differentially expressed between normal colorectal cells and CRC cells, among which 11 lncRNAs were downregulated and 7 lncRNAs were upregulated (Figures 1A, B). The details of these lncRNAs are shown in Tables S2, S3. In addition, compared to low FAM222A-AS1 expression, high FAM222A-AS1 expression in CRC patients was significantly associated with a lower overall survival rate and a lower disease-free survival rate (Figure 1C). FAM222A-AS1, FAM83H-AS1, and FEZF1-AS1 were the most upregulated lncRNAs among the 18 candidates (Figure 1D). According the previous study, FAM222A-AS1 was the only unexplored lncRNA in CRC, suggesting that FAM222A-AS1 may be a potential target of CRC.




Figure 1 | The screening of the CRC prognosis-relative dysregulated lncRNAs. (A) The colorectal cancer-related dysregulation lncRNAs based on the bioinformatic screening. (B) 18 colorectal cancer prognosis-associated lncRNAs, including 11 downregulation and 7 upregulation. (C) The Kaplan-Meier curves of FAM222A-AS1 based on the TCGA database. (D) The expression of FAM222A-AS1 in the colorectal normal tissues, para-carcinoma tissues and tumor tissues from the TCGA database. (E) The expression of FAM222A-AS1 in the 50 pairs clinical colorectal para-carcinoma and cancer tissues. (F) Kaplan-Meier analysis showed the association between FAM222A-AS1 expression and overall survival of CRC patients (n = 50).FC, Fold change. ***P < 0.001.



To validate the bioinformatics results, we assessed the expression of FAM222A-AS1 in 50 CRC samples and pair-matched normal samples using qRT-PCR. FAM222A-AS1 expression in CRC tissues was higher than that in para-carcinoma tissues (Figure 1E) and higher FAM222A-AS1 expression was associated with poor overall survival of CRC patients (Figure 1F). The results of GEPIA also showed that the expression of FAM222A-AS1 in tumor tissues was higher than that in normal tissues (Figure S1). However, there were no significant differences in the characteristics of CRC patients with high and low FAM222A-AS1 levels (Table S4).

Further sequence analysis showed that FAM222A-AS1 was 868 nt long and contained four exons. The secondary structure and minimum free energy of FAM222A-AS1 according to the RNAfold database (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) are shown in Figure S2.



FAM222A-AS1 Promote the Proliferation, Migration, and Invasion of CRC Cells

Furthermore, we investigated the expression of FAM222A-AS1 in six CRC cell lines (RKO, SW480, SW620, Caco2, HCT116 and HT29) and a normal colorectal cell line (FHC). The results showed that FAM222A-AS1 expression in the RKO, SW480, SW620, Caco2, and HCT116 cell lines was higher than that in FHC and HT29 cells (Figure 2A).




Figure 2 | FAM222A-AS1 knockdown inhibited CRC cell proliferation, migration and invasion in vitro. (A) The expression of FAM222A-AS1 in normal colorectal cell (FHC) and six CRC cells (HT29, Caco2, SW620, SW480 and HCT116). (B) The expression of FAM222A-AS1 in SW480 and HCT116 after transfection with si-NC or si-FAM222A-AS1 were detected by RT-PCR. (C-D). The effects of FAM222A-AS1 knockdown on the proliferation of SW480 and HCT116 cells were examined by CCK-8 assay (C) and colony formation assays (D). Experiments were performed in triplicate. (E) Transwell assays were used to detect the migration and invasion of SW480 and HCT116 cells after FAM222A-AS1 knockdown. Columns are the average of three independent viewing fields. (F) RT-PCR was used to determine the knockdown efficiency of the FAM222A-AS1-shRNA vector in HCT116 and SW620 cells after induced by Dox (2.5 ug/mL). (G) The effects of FAM222A-AS1 knockdown (induced by Dox) on the proliferation of SW620 and HCT116 cells were examined by CCK-8 assay. Experiments were performed in triplicate. (H) The effects of FAM222A-AS1 knockdown (induced by Dox) on the proliferation of HCT116 cells were examined by colony formation assays. (I) Transwell assays were used to detect the migration and invasion of HCT116 cells after FAM222A-AS1 knockdown induced by Dox. Columns are the average of three independent viewing fields. (J) RT-PCR was used to determine the overexpression efficiency of the FAM222A-AS1-overexpression vector in Caco2 and HT29 cells after induced by Dox (2.5 ug/mL). (K) The effects of FAM222A-AS1 overexpression (induced by Dox) on the proliferation of Caco2 and HT29 cells were examined by colony formation assay. (L) Scratch assays were used to detect the migration of Caco2 and HT29 cells after FAM222A-AS1 overexpression induced by Dox. Columns are the average of three independent viewing fields.NC, si-NC; siRNA, si-FAM222A-AS1. Caco2-OE, Caco2 stable cells transinfected with FAM222A-AS1 overexpression vectors. HT29-OE, HT29 stable cells transinfected with FAM222A-AS1 overexpression vectors; -Dox, the control group without Dox; +Dox, FAM222A-AS1 was knockdown or overexpressed induced by Dox (2.5μg/mL). (Ns, no significantly difference; *P<0.05, **P < 0.01 and ***P < 0.001).



To identify the biological function of FAM222A-AS1, we designed and synthesized siRNAs (siRNA1 and siRNA2) specifically targeting FAM222A-AS1 and found that siRNA stably inhibited the expression of FAM222A-AS1 in two CRC cell lines (Figure 2B). Among the siRNAs, siRNA-1 had the highest knockdown efficiency. We then investigated the effect of FAM222A-AS1 on CRC cell proliferation. A CCK-8 assay demonstrated that knockdown of FAM222A-AS1 slowed the growth of CRC cells (Figure 2C). Colony formation assays showed that colony numbers were significantly reduced after FAM222A-AS1 silencing (Figure 2D). Transwell assays were performed to detect the effects of FAM222A-AS1 on the migration and invasion of CRC cells. Our results showed that the migration and invasion abilities of CRC cells were significantly decreased by FAM222A-AS1 downregulation (Figure 2E). Taken together, these results indicate that FAM222A-AS1 knockdown repressed CRC cell proliferation, invasion, and migration.

To investigate the role of FAM222A-AS1 in the growth of CRC in vivo, stable HCT116 and SW620 cell models transfected with Dox-inducible shFAM222A-AS1 were constructed. To identify the knockdown effect and the cell function of the stable cell model, we performed qRT-PCR to assess the expression of CRC cells before and after Dox induction. Our results demonstrated that Dox-induced efficiency was more than 95% (Figure S3), and the FAM222A-AS1 expression in the stable cell model after 2.5 µg/ml Dox induction was lower than that in the non-Dox-induced group (Figure 2F). The CCK-8 assays and colony assays (Figures 2G, H) showed that FAM222A-AS1 knockdown inhibited CRC cell proliferation, while transwell assays demonstrated that the migration and invasion abilities decreased in the FAM222A-AS1 knockdown group (Figure 2I).

To confirm the effect of FAM222A-AS1 upregulation on CRC growth in vitro, we constructed a stable cell model transfected with the Dox-induced pINDUCER20 plasmid containing the FAM222A-AS1 sequence. After Dox induction, FAM222A-AS1 expression was significantly higher, approximately 200-fold (Figure 2J), in CRC cells than in the control group (-Dox). The colony assays showed that the colony numbers and size were larger for FAM222A-AS1 overexpression (+Dox) than in the control group (-Dox) (Figure 2K). The scratch assays demonstrated that FAM222A-AS1 overexpression (+Dox) promoted CRC cell migration (Figure 2L).



FAM222A-AS1 Promote CRC Tumor Growth In Vivo

The stable cell models HCT116 and SW620 were injected into nude mice to establish a xenograft tumor model. In the xenograft tumor model, the Dox-induced group tumors (+Dox) derived from cells transfected with shFAM222A-AS1 were smaller than those without Dox induction (-Dox). Knockdown of FAM222A-AS1 significantly suppressed tumor volume. The body weights of nude mice in the two groups did not differ significantly (Figures 3A, B). This study demonstrated that FAM222A-AS1 may play an important role in promoting CRC growth in vivo.




Figure 3 | The FAM222A-AS1 knockdown inhibits tumour growth in vivo, and overexpression of FAM222A-AS1 promote the tumour growth in mice. (A) HCT116 cells were stably transfected with the FAM222A-AS1-shRNA vector and injected subcutaneously into nude mice. Compared with the control group (-Dox), FAM222A-AS1 downregulation (+Dox) inhibited tumor growth. (B) SW620 cells were stably transfected with the FAM222A-AS1-shRNA vector and injected subcutaneously into nude mice. Compared with the control group (-Dox), FAM222A-AS1 downregulation (+Dox) inhibited tumor growth. (C) HT29 cells were stably transfected with the FAM222A-AS1-overexpression vector and injected subcutaneously into nude mice. Compared with the control group (-Dox), FAM222A-AS1 overexpression (+Dox) promote tumor growth. HT29-OE, HT29 stable cells transinfected with FAM222A-AS1 overexpression vectors. (*P < 0.05, **P < 0.01).



Furthermore, a subcutaneous xenograft model was constructed to validate the biological function of FAM222A-AS1 overexpression in vivo. Consistent with the in vitro results, FAM222A-AS1 overexpression (+Dox) significantly increased tumor volume compared to that in the control group (-Dox). The body weights of mice in the two groups were not significantly different (Figure 3C). Our findings indicated that FAM222A-AS1 upregulation promoted CRC cell proliferation both in vitro and in vivo.



FAM222A-AS1 May Target MYH9 by Functioning as a miR-Let-7f Sponge

To elucidate the molecular mechanism underlying FAM222A-AS1, we performed FISH and bioinformatic analysis to detect the subcellular localization of FAM222A-AS1. As shown in Figure 4A, we found that FAM222A-AS1 was predominantly located in the cytoplasm, indicating that FAM222A-AS1 may act as a ceRNA to capture miRNAs, leading to the release of specific miRNA-targeted transcripts. To investigate this hypothesis, we carried out RNA pull-down assays and found that miR-let-7f had the highest abundance among 21 potential binding miRNAs (Figure 4B and Table 1). In addition, we constructed FAM222A-AS1 luciferase reporters to detect the role of miR-let-7f in the regulation of FAM222A-AS1 activity. After FAM222A-AS1 was knockdown by transfecting the siRNA of FAM222A-AS1, the expression of MYH9 was assessed by qRT-PCT. We found that MYH9 was downregulated when the FAM222A-AS1 was silenced (Figure 4D). After transfection, we observed that overexpression of miR-let-7f significantly inhibited FAM222A-AS1 luciferase reporter activity (Figures 4E, F). These experiments revealed that FAM222A-AS1 may function as a sponge for miR-let-7f.




 Figure 4 | FAM222A-AS1 may directly interacted with miR-let-7f and MYH9 is a target of miR-let-7f. (A) The location of FAM222A-AS1 (green) in HCT116 cells was determined by FISH assay. DAPI-stained nuclei are blue. (B) qRT-PCR of multiplex miRNA data of FAM222A-AS1 probe affinity purification, in HCT116 cells. Data shown are normalized values for the enriched miRNAs (>10 fold). (C) The MYH9 was the target of miR-let-7f based on three miRNA target prediction websites (TarBase, microRNAorg and miRTarget). (D) MYH9 was downregulated when the FAM222A-AS1 was silenced by siRNA. (E) Schematic representation of pmiGLO firefly luciferase reporter construction. 868 bp FAM222A-AS1 sequence and 1391 bp of MYH9 3’-UTR sequence were cloned and constructed in pmiGLO firefly luciferase reporter. (F, G) Luciferase activity analysis of HCT116 cells co-transfected with pmirGLO dual luciferase miRNA target expression vector, together with negative control and miR-let-7f mimics. "(**P < 0.01 and ***P < 0.001).




Table 1 | The results of RNA-pulldown for miRNA assay in HCT116 cells using FAM222A-AS1 probes (FAM222A-AS1/control >10).



Based on the interaction between FAM222A-AS1 and miR-let-7f, we explored the potential roles of miR-let-7f in CRC. A previous study indicated that miR-let-7f acts as a tumor suppressor in the progression of CRC, inhibiting the proliferation, migration, and invasion of CRC cells. Furthermore, miRNAs can regulate the expression of their target mRNAs by binding to the 3’-UTR of mRNA. We predicted the target genes of miR-let-7f via three miRNA prediction websites (TarBase, microRNAorg, and miRTarget) (Figure 4C), and found that MYH9, which was previously shown to be involved in the promotion of CRC cancer cell migration or invasion, was one of the target genes of miR-let-7f. To confirm that MYH9 is a possible target of miR-let-7f, a sequence of the 3’-UTR of MYH9 containing the miR-let-7f-binding sequence was employed to synthesize a luciferase reporter plasmid. The results of luciferase reporter analysis showed that co-transfection of a miR-let-7f mimic and an MYH9 plasmid strongly decreased luciferase activity (Figure 4G).



FAM222A-AS1 May Regulate the AKT1/2 and GSK3α/β Signaling Pathways

To explore which signaling pathway FAM222A-AS1 can regulate, we screened human protein kinase phosphorylation variation with the overexpression of FAM222A-AS1. We found that the phosphorylation of AKT1/2 (S473) and GSK3α/β (S21/S9) was upregulated, along with the overexpression of FAM222A-AS1 in CRC cells (Figure S4A), which indicates that FAM222A-AS1 may regulate CRC cell proliferation and invasion via downstream AKT- and GSK3α/β-associated pathways. The results of western blotting verified that phosphorylation of AKT1/2 (S473) was indeed altered along with the expression of FAM222A-AS1 (Figure S4B).




Discussion

Increasing evidence demonstrates that lncRNAs play key roles in the pathogenesis and progression of human cancers, including the prognosis of cancer patients. lncRNAs can regulate the biological functions of tumors by integrating them with other cellular miRNAs or proteins (24–26). In this study, we identified that FAM222A-AS1, FAM83H-AS1, and FEZF1-AS1 were upregulated in CRC tissues. Furthermore, patients with higher FAM222A-AS1, FAM83H-AS1, and FEZF1-AS1 had poor overall survival and disease-free survival compared to those with lower levels. Functional studies revealed that FAM222A-AS1 promoted growth and progression of CRC cells in vitro and in vivo by sponging miR-let-7f to promote the expression of MYH9, indicating a tumor-accelerant role in CRC. Although several CRC prognosis-associated dysregulated lncRNAs have also been identified, various studies have elucidated their function.

The biological functions of lncRNAs are based in no small part on their different subcellular localizations. Accumulating evidence has shown that lncRNAs located in the cytoplasm can regulate gene expression at the post-transcriptional level, such as acting as a ceRNA to protect the target gene from repression (27). Using bioinformatics analysis and RNA FISH assays, we found that FAM222A-AS1 was mainly localized in the cytoplasm, indicating its potential for functioning as a miRNA sponge. Subsequently, the RNA pull-down for miRNA indicated that FAM222A-AS1 was highly associated with miR-let-7f, which was further validated by a luciferase reporter assay. Together, our results revealed that FAM222A-AS1 could act as a ceRNA by sponging miR-let-7f in CRC.

MiR-let-7f involved in various physiological and pathological processes, including neural stem cell differentiation (28), angiogenesis (29), immunocyte regulation (30) and carcinogenesis (31). Let-7f is downregulated in various cancers and is associated with poor overall survival. Low plasma miR-let-7f levels in patients with non-small cell lung cancer (NSCLC) and ovarian cancer are associated with poor outcomes (32, 33). In addition, a study revealed that miR-let-7f-5p was simultaneously downregulated in plasma and stool samples from early-stage colorectal cancer (34). Our study indicated that FAM222A-AS1 can act as a ceRNA by sponging miR-let-7f to regulate the function of miR-let-7f in CRC.

MYH9 is closely related to the progression and poor prognosis of gastric and esophageal cancers, suggesting its potential role in promoting cancer. A previous study indicated that MYH9 has a key role in tumor cell invasion (35, 36). Previous studies have shown that MYH9 overexpression correlates with clinicopathological parameters and poor prognosis in gastric cancer (37) and epithelial ovarian cancer (38). LncRNA HULC knockdown repressed gastric cancer progression, at least partly by regulating the miR-9-5p/MYH9 axis (39). MYH9 was also highly expressed in most colorectal cancer patients, and was significantly associated with patient age, clinical stage, lymph node metastasis, and metastasis distance (40). The positive rates of MYH9 protein in colorectal adenocarcinoma tissues and para-cancerous tissues were 51.6% and 11.5%, respectively. Furthermore, a proteogenomic analysis of CRC also revealed that high MYH9 expression was associated with shorter overall survival and disease-free survival (41). Qing Liao and Park et al. provided evidence that MYH9 may serve as a novel CRC metastasis-associated protein (40, 42). In short, MYH9 plays an important role in CRC metastasis. A previous study illustrated that miR-let-7f can suppress the invasion and metastasis of gastric cancer by directly binding to the 3’UTR of MYH9 (43). However, the association of miR-let-7f and MYH9 in CRC has not been examined. Our results, which showed that the FAM222A-AS1/miR-let-7f/MYH9 axis promotes CRC cell proliferation and invasion, provided the first evidence that the tumor metastasis-associated gene MYH9 is a target of miR-let-7f in CRC, and that FAM222A-AS1 may be a novel prognosis-associated lncRNA and therapeutic candidate for CRC. An in-depth study of the association between FAM222A-AS1, miR-let-7f, and MYH9, and the detailed mechanism will be investigated in our future studies.

A recent study reported that MYH9 promotes CRC cell growth and metastasis via activation of MAPK/AKT signaling in colorectal cancer (44). Our human phosphorylation protein screening assay indicated that FAM222A-AS1 was significantly associated with the variations in AKT1/2 (S473) and GSK3α/β phosphorylation, implying that FAM222A-AS1 may regulate the progression of CRC via AKT1/2 and GSK3α/β-associated signaling pathways, which needs to be verified in a future study.

There are several limitations in our study. First, the lack of important clinical-pathological features of clinical patients in our study, such as tumor invasion depth, distant metastasis, histological type, and TNM stage, influenced the results of the correlation between the expression of FAM22A-AS1 and the prognosis of CRC patients. Second, the sample size of clinical tumor tissues was too small, limiting the further analysis of clinical data. Third, there were several mice with varying degrees of scratch during the experiment, resulting a different number of tumor samples in mice between the two groups. Fourth, we only explored the possible potential mechanism of FAM222A-AS1 promoting the progression of CRC from multiple dimensions. However, more studies are needed to confirm the specific regulatory mechanisms.



Conclusions

In conclusion, we identified three prognosis-related lncRNAs, FAM222A-AS1, FAM83H-AS1, FEZF1-AS1 as oncogenes in CRC, and upregulation of these lncRNAs was associated with poor prognosis. High expression of FAM222A-AS1 promoted tumor growth in vivo and CRC cell proliferation, migration, and invasion. FAM222A-AS1 may act as a sponge for miR-let-7f to attenuate its repressive effect on MYH9. Our results provide a better understanding of the role of lncRNAs in CRC progression and a potential therapeutic target and prognostic predictor of this malignancy. Further study needs to be done to reveal the specific molecular mechanism.
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It was highly controversial whether fermented dairy foods protect against colorectal cancer (CRC) because of conflicting results from current human epidemiologic studies; we therefore conducted this meta-analysis based on the case–control and cohort studies to estimate the holistic analyses. Finally, a total of seven case–control studies and ten cohort studies comprising a total of >20,000 cases were incorporated in the quantitative synthesis. Specifically, statistical evidence of significantly decreasing CRC risk in case–control studies was found to be associated with cheese intake (OR = 0.89, 95% CI = 0.82–0.97). In a subgroup analysis, cheese intake was correlated with lower colon cancer (OR = 0.89, 95% CI = 0.79–1.00) and rectal cancer (OR = 0.86, 95% CI = 0.74–1.00) risk in case–control studies. Furthermore, we also found that the higher intake of yogurt may lower the risk of rectal cancer (OR = 0.75, 95% CI = 0.65–0.88) in cohort studies. The consumption of fermented dairy foods may be relevant to decrease CRC risk in this meta-analysis.


Systematic Review Registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021269798, CRD42021269798.
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Introduction

In 2020, colorectal cancer (CRC) was the third most leading cause of cancer death in the Western world. Results of epidemiological studies show that a multitude of risk factors are relevant to colorectal cancer, including a lifestyle, diet, genetics, and obesity, and diet played a pivotal role for the disease (1). There was a general consensus in the diet with colorectal cancer—high red meat and processed meat consumption has been consistently associated with an increased risk of developing colorectal cancer; however, dietary fiber intake can protect from colorectal cancer (2). In addition, with the explosion of food processing in technologies, better seeking of new risk factors in diet associated with colorectal cancer is necessary to prevent the disease. Currently, a wide variety of milk and dairy products are consumed by over 6 billion people worldwide (3); against this background, greatly meeting the increasing demand for wide-ranging practical value in novel dairy products had attracted a great deal of attention in clinical practice. Fermented dairy foods were a traditional fresh dairy fermented by complex microorganisms, generating a significant amount of probiotics (4). The latter played an essential role in modulating the host gut microbiota for preventing carcinogenesis (5). Yogurt and cheese were exemplified in fermented dairy foods.

Increasing data had supported a role for the imbalances gut microbiota played on colorectal carcinogenesis (6). Multiple studies have lately shown that the gut microbiota dysbiosis can be remodeled through short-term effects of probiotic-enriched dietary intervention (7). Studies have also found recently that the consumption of fermented dairy foods was closely linked to colorectal cancer, yet the overwhelming majority of analyses were the consequences of negative or neutral results from the previous systematic review and meta-analysis (8–10). These apparent differences between theoretical and experimental results were intriguing but require validation. Since dietary interventions were the most practical and economical approach than other treatment modalities, further analysis was demanded.

In this study, yogurt and cheese were chosen typically represented on fermented dairy foods in order to ascertain the concrete links in colorectal cancer. We developed this comprehensive meta-analysis on published cohort and case–control studies according to the PROSPERO guidelines https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021269798 to evaluate the impact of the fermented dairy foods intake on colorectal cancer (CRC).



Methods


Publication Search and Inclusion Criteria

Three databases (PubMed, Embase, Web of Science) were searched for all articles in English language since database inception in July 2021. We employed the following terms in the analysis: “fermented food or fermented milk or cultured milk or cheese or yogurt or lactic acid bacteria” and “Colorectal Neoplasm” or “Colorectal Cancer” or “Colonic Cancer” or “Rectum Cancers” and so on. The study design was not restricted during the retrieval of process in order to gain a comprehensive search of literature.

If a study meets the following criteria, the results could be incorporated for inclusion in the meta-analysis: (1) a topic of the association about yogurt or cheese consumption and CRC, colon, or rectal cancer risk; (2) the outcome relied on dietary information from questionnaires; (3) odds ratio (OR), hazard ratio (HR), and relative risk (RR) with 95% CIs can be acquired through reading full-text articles; (4) original articles were published in English; and (5) the study of design was a cohort or case–control study. In addition, we may exclude some articles that meet our exclusion criteria. (1) Duplicate articles in different databases; (2) cell or animal experiments; (3) meta-analysis studies; (4) reviews, letters, and commentaries; and (5) articles lacking specific data.



Data Extraction

First of all, duplicate literature from the databases was removed from this study. Then, two authors (ZL and JW) independently screened the titles and abstracts to exclude some works of data that did not meet our eligibility. In parallel, based on the inclusion and exclusion criteria, the outcome of specific information can be acquired through reading the full texts, such as first author of the works, year of publication, sex, country of recruitment, follow-up period, dairy type, and the number of cases or controls.



Study Quality Assessment

The Newcastle–Ottawa Scale (NOS) was performed for some cohort or case–control studies. Two reviewers (ZL and JW) determined the quality of the included studies independently. The Newcastle–Ottawa Scale (NOS) of the maximum score was 9, and a high score (≥6) indicated high quality in this study. If there were any discrepancies, disagreements were addressed through discussion.



Statistical Analysis

We calculated the consumption of yogurt or cheese in the highest compared with the lowest categories to computer odds ratios or (case–control studies) rr and hr (cohort studies) corresponding to the 95% confidence interval (95% CI). The study of heterogeneity was assessed with the Cochran’s Q statistic and I2 statistics. If I2 ≥ 50% from the statistics analysis, the fixed-effects model was performed for calculation; otherwise, the random-effects model was employed. In order to explore the sources of heterogeneity, we also performed a sensitivity analysis by logistic meta-regression analyses. In addition, we examined prespecified stratified analyses for different study characteristics: region, dairy type, sex, and tumor location (colorectal cancer, colon cancer, proximal or distal colon cancer, and rectal cancer). The funnel plot and Begg’s rank correlation method were employed to assess publication bias.

The statistical analyses were performed by STATA 16.0 software (Stata Corp, College Station, TX).




Results


Study Selection

The flow diagram of the steps was presented as a flowchart in Figure 1. Of the 17 reports remaining after 2005 abstracts were screened, the studies were included in the meta-analysis: 10 prospective cohort studies (11–20) and 7 case–control studies (21–27).




Figure 1 | Flowchart for identification of studies.





Study Characteristics

The main characteristics of the studies are depicted in Table 1 and Table 2. Simultaneously, 6,968 cases and 8,536 controls were included in the case–control studies (Table 1). A total of 1,310,276 participants with 14,944 cases were recorded in this cohort studies (Table 2). The case–control studies were conducted in five countries (Netherland, Moroccan, France, the United States, Canada). In addition, for the cohort studies, many countries were incorporated in this analysis, including 2 from the United States, 3 from Sweden, 1 from Italy, 1 from Japan, and 2 from each of the 10 different European countries. Two types of studies were conducted in adults.


Table 1 | Characteristics of literatures included in the meta-analysis.




Table 2 | Characteristics of literatures included in the meta-analysis.





Quantitative Synthesis

Yogurt The outcome of the high consumption compared with low consumption on yogurt is shown in Table 3 and Figure 2. In case–control studies, we included seven quantitative studies to assess the joint association of yogurt consumption with colorectal cancer which was not statistically significant in the outcome (OR = 0.91, 95% CI = 0.79–1.04), as is shown in Table 3, in terms of subgroup analysis by region, sex, and tumor location. The results from subgroups of region and sex had no statistical difference; however, there were two different outcomes on tumor location, rectal cancer (OR = 0.75, 95% CI = 0.65–0.88) and colon cancer (OR = 0.96. 95% CI = 0.77,1.19). In cohort studies, we enrolled 10 quantitative studies to analyze the incidence and mortality between consumption of yogurt and colorectal cancer. In addition, we also formed subgroups regarding region and tumor location, as shown in Table 3. Overall, yogurt intake levels were not statistically significant in mortality (HR = 1.09, 95% CI = 0.89,1.35) and incidence (RR = 0.89, 95% CI = 0.77,1.03).


Table 3 | Yogurt.






Figure 2 | Yogurt: forest plot of case–control studies (A–G) and cohort studies (H–K) in yogurt examining the association between consumption of yogurt and risk of colorectal cancer as well as the consumption of yogurt in the mortality of colorectal cancer (L). CRC, colorectal cancer; CC, colon cancer; DC, distal colon cancer; R, rectal cancer; M, man; W, woman; NL, subjects in Newfoundland and Labrador; ON, subjects in Ontario. Case–control studies: (A) total CRC; (B) CRC in man; (C) CRC in woman; (D) US; (E) Canada; (F) colon cancer; (G) rectal cancer; Cohort studies: (H) total CRC; (I) Sweden; (J) colon cancer; (K) rectal cancer; (L) mortality of CRC.



Cheese The outcome of the high consumption compared with low consumption on yogurt is shown in Table 4 and Figure 3. In case–control studies, seven quantitative studies were included to analyze the joint association of cheese consumption with colorectal cancer. The result of the consumption of total cheese with colorectal cancer was a statistical difference (OR = 0.89, 95% CI = 0.82,0.97). In addition, there was a statistically significant difference in tumor location with cheese of consumption between colon cancer (OR = 0.89, 95% CI = 0.79,1.00) and rectal cancer (OR = 0.86, 95% CI = 0.74,1.00). However, systematic analyses of different countries based on extant data were not statistically significantly different. In cohort studies, interestingly, no statistically significant differences in outcome were found; only one country (Sweden) was a statistically significantly different in consumption of yogurt (RR = 0.72, 95% CI = 0.56,0.94).


Table 4 | Cheese.






Figure 3 | Cheese: forest plot of case–control studies (A–E) and cohort studies (F–J) in yogurt examining the association between consumption of yogurt and risk of colorectal cancer. CRC, colorectal cancer; CC, colon cancer; DC, distal colon cancer; R, rectal cancer; M, man; W, woman; NL, subjects in Newfoundland and Labrador; ON, subjects in Ontario. Case–control studies: (A) total CRC; (B) US; (C) Canada; (D) colon cancer; (E) rectal cancer. Cohort studies: (F) total CRC; (G) US; (H) Sweden; (I) colon cancer; (J) rectal cancer.





Evaluation of Heterogeneity

We will consider heterogeneity among studies in overall comparisons and choose the random-effects model (P heterogeneity< 0.001 and I2 > 50%.). In order to comprehensively analyze the outcome, we formed subgroups on sex, countries, and tumor location.



Sensitivity Analysis

In order to understand the meta-stability of the associations observed, we omit one study at a time from the outcome in cohort and case–control studies. If the observation did not appreciably change, we confirmed the reliability of the data analysis.



Publication Bias

The publication bias of selecting literature was evaluated by Begg’s test. Figure 4 exhibits two funnel plots of yogurt and cheese of case–control included in the meta-analysis. There was no apparent publication bias in yogurt (P = 1.000) and cheese (P = 0.251).




Figure 4 | Funnel plot of colorectal cancer risk associated with consumption of yogurt in case–control (A); Begg’s and Egger’s funnel plot for publication bias test on consumption of yogurt in case–control (a1 and a2). Each point represents a separate study for the indicated association. s.e., standardized effect. Funnel plot of colorectal cancer risk associated with consumption of cheese in case–control (B); Begg’s and Egger’s funnel plot for publication bias test on consumption of cheese in case–control (b1 and b2). Each point represents a separate study for the indicated association. s.e., standardized effect.






Discussion

Here, we developed this meta-analysis on 17 cohorts and case–control studies with more than 1,310,276 participants and 14,944 cases. By comparing the high consumption with low consumption in two distinct study designs, we attempted to identify the link of fermented food such as yogurt and cheese in association with colorectal cancer. We discovered new associations, some of which have not previously been published. In general, whereas our results from this meta-analysis are consistent with the observation that the consumption of yogurt and cheese remained unclear connection for previous studies, we discovered some novel links in different study designs and subgroups.

For example, we observed that different primary tumor sites were associated with yogurt consumption. Results of the case–control study found yogurt intake to be associated with a decreased risk of rectal cancer, but not colon cancer. The reason for this disparity in the outcome was unclear. Furthermore, we found that there is an inverse association between dietary intake of cheese in case–control and the risk of colorectal cancer. There are several reasons that could account for these outcomes. Compared to other fermentation products such as yogurt, having greater viable probiotics in cheese is advantageous. The reason for these differences was interpreted with unique characteristics in higher pH and buffering capacity and lower oxygen and salt levels. In these settings, the long-term survival of probiotics was observed in the center of the cheese. Theoretically, it may also play a protective role in storage and passage through the gastrointestinal tracts (28). From the field of microbial ecology perspective, it is suggested that the administration of sufficient amounts of diet rich in probiotics may be associated with a lower incidence of colorectal cancer (29). There was a marked regional difference in consumption of cheese such as Sweden from Europe which was distinct from other countries. Simultaneously, consumption of cheese in a cohort study is negatively associated with the risk of colorectal cancer. Swedish people are well known to have healthy and fixed dietary habits, particularly breakfast, at which they prefer to consume them as daily dietary activities, so they gain more probiotics from cheese compared to other countries. This resulted in a lower incidence of CRC in Swedish people.

Epidemiologic studies have shown that fermented dairy foods such as yogurt and cheese, the main sources of probiotics in human diets, have proved to be one source of calcium in Western populations (30). Therefore, there are several possible reasons that could explain the consumption of fermented dairy foods associated with CRC. A recent meta-analysis showed that dietary patterns rich in calcium in dairy foods may decrease the incidence of colorectal adenomas, which was precancerous lesions of colorectal cancer (31). The underlying mechanism could arrest excessive proliferation and mutation in the gut epithelium by binding to toxic bile acids and long-chain fatty acids (32). Some studies argued that high physiological concentrations of bile acids in the colorectal epithelium may initiate carcinogenesis (Figure 5) (33). Moreover, probiotics in fermented dairy foods may also play a pivotal role in colorectal cancer. There have been some animal models of evidence which have suggested that probiotics can competitively adhere to intestinal mucus to prevent colonization of pathogens (34). Probiotics may regulate the imbalance of intestinal microflora to suppress tumorigenesis via multiple mechanisms (Figure 5) (35–40). Hence, consumption of calcium in fermented dairy foods may decrease the incidence of CRC and lower the risk of developing colorectal tumors.




Figure 5 | The probiotics play essential roles in host metabolism, immune modulation, and colonization resistance to pathogens, suppressing the CRC progression. On the one hand, there were studies demonstrating that probiotics can prevent the attachment of pathogenic bacteria to gut epithelia. On the other hand, short-chain fatty acids (SCFAs), mainly acetate, butyrate, and propionate, are major metabolic products of probiotics, promoting probiotics growth and reproduction, protecting the intestinal barrier function. Probiotics may represses toxic bacterial metabolites by indirectly inhibiting the growth of pathogens. Toxic bacterial metabolites can induce DNA damage in epithelial cells; indirectly impaired barrier function was among the constellation of accepted pathologies in CRC and generated local or chronic inflammation by producing inflammatory cytokines (IL-6, TNF). In addition, pathogenic bacteria may also exert pro-inflammatory effects via microorganism-associated molecular patterns (MAMPs) by Toll-like receptors (TLRs), which lead to detection by dendritic cells (DC) as well as activation of Th-17 cells, and the latter will promote the expression of the pro-inflammatory mediator IL-23 and block the expression of the anti-inflammatory mediator IL-10. However, probiotics also bound the Toll-like receptor (TLR), which activated the TLR–NF-kB signal transduction pathway to inhibit the inflammatory effects.



In this meta-analysis, there were some inadequacies, although we enrolled a great deal of high-quality studies. No apparent publication bias has not been perceived, yet its impact may remain. Besides this, there was a marked heterogeneity throughout this analysis. The reason could be attributed to the difference in food products, regular and prolonged dietary habits, and the sample size of this study. Finally, the smaller sample sizes of the relevant analysis allows us not to fully account for mortality in colorectal cancer. We hope more experimental and theoretical evidence will be able to verify the outcome.

In conclusion, our meta-analysis suggests that fermented dairy food intake may have an impact on the incidence of colorectal cancer. Besides, the economic approach applied to convey health benefits by way of modifying the gut microbiota has been used to ferment dairy foods, which could markedly prevent colorectal cancer in the near future. It may thus be an effective strategy to integrate fermented dairy foods into eating habits for the early prevention of colorectal cancer. In parallel, we wished to see what role this meta-analysis could play in the dietary management of future outbreaks in colorectal neoplasms.
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Background

Individual immune-related alternative splicing (AS) events have been found to be significant in immune regulation and cancer prognosis. However, a comprehensive analysis of AS events in cancer cells based on immune-related genes (IRGs) has not been performed, and its clinical value is unknown.



Methods

Colon cancer cases with AS data were obtained from TCGA, and then, we identified overall survival-related AS events (OS-ASEs) based on IRGs by univariate analyses. Using Lasso regression, multivariate Cox regression, Kaplan–Meier analysis and nomograms, we constructed an AS risk model based on the calculated risk score. Furthermore, associations of the risk score with clinical and immune features were confirmed through the Wilcoxon rank sum test, association analysis, etc. Finally, by qRT–PCR, cell coculture and CCK-8 analyses, we validated the significance of OS-ASEs in colon cancer cell lines and clinical samples.



Results

A total of 3,119 immune-related AS events and 183 OS-ASEs were identified, and 9 OS-ASEs were ultimately used to construct a comprehensive risk model for colon cancer patients. Low-risk patients had better OS and DFS rates than high risk patients. Furthermore, a high risk score corresponded to high numbers of multiple tumour-infiltrating immune cells and high expression of HLA-D region genes and immune checkpoint genes. Notably, we identified for the first time that anti-PD-L1 or anti-CTLA-4 antibodies may decrease the OS of specific colon cancer patients in the low-risk group. Additionally, the in vitro experiment validated that CD46-9652-ES and PSMC5-43011-ES are positively correlated with the infiltration of immune cells and promote the growth of colon cancer cells. CD46-9652-ES can contribute to T cell-mediated tumour cell killing. PSMC5-43011-ES was observed to induce M2 polarization of macrophages.



Conclusions

This study identified and validated immune-related prognostic AS signatures that can be used as a novel AS prognostic model and provide a novel understanding of the relationship between the immune microenvironment and clinical outcomes.
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Introduction

Colon cancer is one of the most common malignancies worldwide. Its incidence and mortality rate have both continuously increased in recent years (1–3). The 5-year overall survival (OS) for persons with colon cancer is approximately 65% in the United States (4). Effective prognostic evaluation is necessary to provide precise and personalized treatment for colon cancer patients and improve patient outcomes. In recent years, tumour-node-metastasis (TNM) pathological staging has been recommended as a common staging method (5, 6). Patients with different TNM stages have approximately distinguishing prognoses. However, individual differences in colon cancer patients within the same TNM pathological stage cause significant differences in OS and recurrence outcomes (7). Thus, it is necessary to develop a meaningful prognostic model based on molecular signatures to improve the accuracy of prediction and treatment strategies for colon cancer.

Alternative splicing (AS) is a common process by which a pre-messenger RNA (pre-mRNA) can be spliced at different sites to produce at least two different mRNA splicing isoforms, increasing protein diversity (8). Aberrant AS can generate abnormal isoforms that affect the development and prognosis of cancer (9). For example, a specific AS event of PKM pre-mRNA produces PKM2, which contributes to a poor prognosis in multiple myeloma by promoting aerobic glycolysis (10). Abnormal AS of CD44 pre-mRNA produces the oncogenic isoform CD44v6, which promotes colorectal cancer (CRC) metastasis, and the overexpression of the CD44v6 isoform predicts poor overall survival (OS) in CRC patients (11). Given the influence of AS events (ASEs) in cancer, the use of gene-specific AS isoforms as prognostic predictors and therapeutic targets for cancer is promising.

Recently, studies have suggested that complex and dynamic relationships between cancer progression and immune genes exist at all clinical stages (12, 13). The use of changes in immune gene AS as promising diagnostic and therapeutic targets in cancer has attracted attention. For example, variable 5’-UTR splicing at exon 1 of the immune gene HLA-C produces different HLA-C isoforms that affect natural killer (NK) cell function, and different isoforms likely act as biomarkers that reflect NK cell activity in multiple cancers (14, 15). Moreover, in CRC, exon skipping in the 5’ coding region of the immune gene PD-L1 can generate splicing isoform b, which has a more significant inhibitory impact on T cells than the typical PD-L1 protein and may be a new biomarker for the efficacy of anti-PD-1/PD-L1 immunotherapy (16). However, current studies have mainly focused on the importance of individual ASEs of immune genes in only a few cases; a comprehensive overview of ASEs based on a large-scale cohort in cancer is still lacking.

In this study, we systematically profiled the immune-related ASEs of colon cancer patients and then constructed comprehensive and respective prognostic models based on 7 types of immune-related ASEs. We investigated the potential value of a comprehensive risk model in predicting prognosis, evaluating the immune microenvironment and guiding clinical treatment. Finally, we validated the immune-related function of significant ASEs in colon cancer cell lines and clinical samples. Our study provides novel insights into AS, cancer processes and the immune microenvironment.



Materials and Methods


Acquisition and Processing of Data

First, the RNA-seq data, single nucleotide polymorphisms (SNPs) data, copy number variations (CNVs) data and clinical information of colonic adenocarcinoma (COAD) patients were downloaded from the TCGA database (https://portal.gdc.cancer.gov/). A total of 473 COAD cases and 41 normal cases were obtained, and cases with an OS of at least 90 days were retained. Second, ASEs with percent spliced in (PSI) values for COAD were extracted from the TCGA SpliceSeq (17) website (https://bioinformatics.mdanderson.org/TCGASpliceSeq/). The PSI value is an objective ratio from 0 to 1 for quantifying an ASE. We stringently filtered PSI values for all ASEs (samples with PSI values ≥75% and average PSI values of samples ≥0.05).

We next screened for ASEs involving immune-related genes (IRGs) with appropriate PSI values via the ImmPort data portal (https://www.immport.org/shared/home). The filtered ASEs were divided into the following 7 specific types (Figure 1B): alternate acceptor site (AA); alternate donor site (AD); alternate promoter (AP); alternate terminator (AT); exon skip (ES); mutually exclusive exon (ME); and retained intron (RI). The differential expression of the 7 AS sets between normal and tumour samples was visualized in a heatmap (log FC > 0.5 and false discovery rate (FDR) < 0.05) and presented in an UpSet plot for quantitative analysis. The procedures were performed using the limma, pheatmap and UpSetR packages of R language (version 4.0.4).




Figure 1 | ASEs and OS-ASEs of IRGs. (A) Study flowchart. A total of 3119 ASEs based on 785 IRGs were obtained from TCGA and ImmPort databases. Then, 183 OS-ASEs was identified according to univariate COX analysis. Furthermore, final key OS-ASEs was selected to construct prognostic models. Subsequently, KEGG, GO analyses, immune-related analyses, somatic mutation, and drug sensitivity assays were applied to identify the potential function of OS-ASEs signature. Finally, in vitro validations were conducted to explore the expression and function of these OS-ASEs. (B) Schematic representation of seven different alternative splicing types: alternate acceptor site (AA); alternate donor site (AD); alternate promoter (AP); alternate terminator (AT); exon skip (ES); mutually exclusive exon (ME); and retained intron (RI). (C) UpSet plot of ASEs of IRGs. (D) Heatmap of differentially expressed ASEs based on IRGs between tumour and normal samples that showed a significant difference. (E) OS-ASEs of IRGs and corresponding genes identified through univariate Cox analysis. (F) UpSet plot of OS-ASEs of IRGs showing interactions of the seven types in colon cancer. (G) Volcano plot of AS events, in which the red dots and blue dots represent ASEs of IRGs that were correlated and not correlated with OS, respectively.



A matrix with 7 types of IRG-related ASEs was built, in which PSI values were listed with survival information by combining the AS and clinical data.



The Identification of OS-ASEs and Evaluation of Their Characteristics

The consolidated AS matrix was generated by univariate Cox regression analysis to determine OS-related alternative splicing events (OS-ASEs). We generated an UpSet plot to display the OS-ASEs and a volcano plot to illustrate all of the ASEs. Bubble plots were created to show the top 20 OS-ASEs of the 7 ASE types, in which the colour and size indicate the correlative value for survival. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were applied to evaluate the functional categories with a meaningful p value (<0.05). The R packages used in these steps were the UpSetR, ggplot2, colorspace, stringi, DOSE, clusterProfiler and enrichplot packages.

We obtained a splicing factor (SF) list from the SpliceAid2 database (www.introni.it/spliceaid.html) and adopted Pearson correlation analysis to explore the interaction of the SFs with OS-ASEs. An SF-AS regulatory network was generated by Cytoscape (3.8.2), in which the regulation pairs with p< 0.05 and a correlation coefficient > 0.1 were included. We depicted SF and OS-ASEs as triangles and ellipses and high-risk and low-risk OS-ASEs as red and green ellipses, respectively, and promoting and inhibiting regulations are depicted by red and green lines, respectively.



Construction and Validation of Prognostic Models

Significant OS-ASEs were screened by Lasso regression. The log lambda value, which we selected according to the minimum cross-validation error point, was calculated. The key OS-ASEs with nonzero coefficients corresponding to the selected log lambda value were obtained.

Then, through multivariate Cox regression, the key ASEs were further filtered to generate final OS-ASEs to include in the prognostic signatures with β values. The risk scores of the prognostic signatures for COAD outcome prediction were calculated by the following formula:  . The 1-, 3-, and 5-year receiver operator characteristic (ROC) curves were plotted to evaluate the accuracy of the prognostic model. Using the Akaike information criterion (AIC) values, the highest point of the 3-year curve calculated, which was closest point to the upper-left corner and the maximum inflection point, was used as the cut-off point to distinguish the high- and low-risk groups. Kaplan-Meier curves of survival and disease-free survival (DFS) were constructed to illustrate differences between the two groups. Moreover, according to the OS-ASEs of the prognostic model, nomograms were generated and used to predict the OS and DFS of patients. Calibration curves were generated to graphically assess the accuracy of the nomograms. The R packages utilized in these operations included the survival, glmnet, survivalROC, survminer, rmda and rms packages.

Univariate and multivariate Cox regression analyses were performed to evaluate whether the risk score could act independently along with age, sex, clinical stage, and TNM stage. In addition, the results were visualized in forest maps. Chi-square and Wilcoxon signed-rank tests were used to judge the correlations between the risk score and clinicopathological characteristics. A band diagram was employed for visualization, in which p<0.001, p<0.01, and p<0.05 were labelled by ***, **, and *, respectively. A heatmap showing the expression levels of 9 OS-ASEs in the risk groups was generated. The R packages utilized in these operations included the survival, forestplot and pheatmap packages.



Identification of Significantly Mutated Genes

The nucleotide mutational data were saved in the TCGA mutation annotation format (maf), and the maf data were processed and analyzed using Chi-square test to select significantly nucleotide mutational genes (P < 0.05). We then utilized R package maftools to visualize the SNP distribution and frequency in the low/high risk samples among patients.



Integrative Analysis of Significant Copy Number Variation

Reference genome was Genome Research Consortium Human build 38 (GRCh38). This study calculated the ratios of copy number variation (CNV) of the genes both in normal and low/high risk tumour samples. Then, the gene-CNV matrix was constructed after using Chi-square test. CNVs change rates between normal and low/high risk samples were further compared through Chi-square test, and CNVs data including significant CNV genes (P < 0.05) were identified. Circos plot was used to show the significant CNV in the genome by means of the R packages RCircos.



Evaluation of Tumour-Infiltrating Immune Cells and HLA Genes

We visualized the proportion of each immune cell and their correlation in the COAD patient cohort through CIBERSORT and the Wilcoxon rank sum test. Then, we adopted seven methods, TIMER, CIBERSORT, XCELL, QUANTISEQ, MCP-counter, EPIC, and CIBERSORT-ABS, to evaluate the immune infiltration status among the patients from the TCGA LIHC dataset. The relationships between the risk score and infiltrating immune cells were determined by Spearman correlation analysis. A lollipop diagram was generated to display the correlation coefficients of the results with p <0.05. In addition, several linear correlation plots were generated to illustrate the links between HLA genes and the risk score via Spearman correlation analysis. The R packages involved in the analyses were corrplot, scales, limma, ggplot2 and ggtext.



Investigation of the Risk Model in the Clinic

Linear correlation plots were used to show the relationships between the risk score and the expression levels of immune checkpoint genes, including PD-L1, CTLA-4, LAG-3 and LAIR-1. Kaplan-Meier survival curves were generated to assess the survival status of four patient groups stratified by high/low expression of immune checkpoint-related genes and high/low risk score. In addition, we determined the half inhibitory concentration (IC50) of common chemotherapies and potential targeted drugs, such as doxorubicin, camptothecin, vinblastine and gemcitabine, in the TCGA LIHC dataset. We displayed the differences in drug IC50 between the two risk groups in the form of box drawings generated via the Wilcoxon signed-rank test. The R packages utilized in this procedure were survival, survminer, car, ridge, preprocessCore, genefilter, sva and ggpubr.



ES-Related Downstream Protein-Protein Interactions

ES-related protein-protein interaction (PPI) and domain–domain interaction (DDI) networks were available on the DIGGER (18) website (https://github.com/louadi/DIGGER). A joint PPI and DDI network graph was produced, in which the nodes represented protein domains or proteins and the edges between the nodes represented DDIs or PPIs.



Clinical Sample Collection and CRC Cell Line Culture

All clinical samples were collected from the Gastrointestinal Surgery Department of Affiliated Hospital of Xuzhou Medical University, and sample collected was approved by the Medical Ethics Committee of the hospital. All the clinical samples were stored at -80°C. All cell lines were purchased from ATCC, and the cells were cultured in McCoy’s 5A or RPMI 1640 medium (Gibco BRL, United States) in an incubator at 37°C, 95% humidity and 5% CO2.



RNA Extraction and qRT–PCR

Total RNA was extracted from cells and tissues using the TRIzol method (Dongsheng Bio. #R1022) following the protocol. Then, the obtained RNAs were processed for cDNA synthesis. qRT–PCR was then performed using SYBR Green qPCR Mix (Dongsheng Bio. #P2092) and analysed on a Roche LightCycler system. The expression levels of the target genes were normalized based on the expression level of GAPDH. The primer sequences used for amplification and siRNA sequences are listed in the Supplemental Material.



Cell Counting Kit-8 Assay

The transfected cells were seeded at 5 × 103 cells per well in 96-well plates. After 24, 48 and 72 hours, 10 µl CCK-8 reagent (Dojindo, Japan) and 100 µl medium were added to each well, and the cells were then incubated in a cell incubator at 37°C for 2 h. By measuring the optical density (OD) value at 450 nm, the cell growth rate was calculated.



T Cell-Mediated Tumour Cell Killing Assay

Primary human T cells were activated using CD3 antibody (Abcam, UK) and CD28 antibody (Abcam, UK). Colon cancer cells and activated T cells were cocultured in 6-well plates, and the wells were then washed with PBS three times to remove T cells after a period of coculture. The surviving cancer cells were fixed and stained using crystal violet solution.



Macrophage Polarization Experiments

The Transwell method was used to detect the effect of colon cancer cells on the polarization of macrophages. Transfected colon cancer cell lines (HCT-116 and SW480) were added to the upper chamber, and THP-1 cells were seeded in the lower chamber. Before adding colon cancer cells, THP-1 cells were treated with 100 ng/ml PMA (Sigma, USA) for 1 day to induce M0 macrophages. After coculture for 48 h, the mRNA levels of M1 and M2 macrophage markers were detected by qRT–PCR analysis.




Results


Identification of IRG-Related ASEs and OS-ASEs

The research flow chart of this study is shown in Figure 1A. The data for 437 COAD samples were obteined from the TCGA database and 380 samples were included after data arrangement. We listed a summary of the included COAD sample characteristics in Table 1 and detailed clinical information in Table S1. The PSI value of sample, which represents the inclusion of a transcript portion divided by the overall reads, was used to quantify each ASE. We screened ASEs of IRGs with PSI values across the genome in COAD and detected 3,119 ASEs of 785 IRGs (Figure 1C) (Additional File 1). When defining the FDR (FDR<0.05) and logFC (>0.5) cut-offs, we generated a heatmap (Figure 1D) to illustrate the significant differences in ASEs of IRGs between normal and cancer samples, suggesting that these ASEs play an important role in the colon cancer process.


Table 1 | The clinical characteristics of COAD patients.



Through univariate Cox proportional hazards regression analysis, we investigated the associations between PSI values of ASEs and the OS time of patients and determined the OS-ASEs (p<0.05). The distribution of all ASEs showed a remarkably normal distribution in the volcano plot (Figure 1G). 11 AA events in 11 genes, 19 AD events in 13 genes, 38 AP events in 26 genes, 53 AT events in 34 genes, 49 ES events in 45 genes, 1 ME event in 1 gene, and 13 RI events in 12 genes were identified as OS-ASEs (Figure 1E) (Additional File 2). From these results, it can be seen that one IRG can have more than one OS-ASE. Furthermore, IRG expression for the 7 AS types was visualized with an UpSet plot (Figure 1F).



Molecular Characteristics and SF-AS Network of OS-ASEs

The distribution of significant OS-ASEs in COAD is shown in bubble plots, including AAs, ADs, ATs, APs, ESs, ME, and RIs (Figure 2A). Next, we explored the molecular characteristics of IRGs with OS-ASEs by GO (Figure 2B) and KEGG analyses (Figure 2C). According to the GO analysis results, the significant biological processes (BPs) were regulation of response to biotic stimulus, regulation of haemopoiesis, and positive regulation of defence response, etc. The cellular component (CC) enrichment results showed that the most significantly enriched CC terms were focal adhesion, cell-substrate junction, transcription regulator complex, etc. The significant molecular functions (MFs) included receptor ligand activity, signalling receptor activator activity, cytokine receptor binding, etc. In addition, KEGG analysis identified the enriched pathways of the meaningful IRGs, including pathways related to hepatitis B, Epstein-Barr virus infection, MAPK signalling pathway, etc.




Figure 2 | Significant OS-ASEs in colon cancer and their characteristics. (A) Bubble plots of the top 20 most significant OS-ASEs correlated with clinical outcome based on type (AA, AD, AP, AT, ES, ME and RI). GO (B) and KEGG pathway (C) analyses of OS-ASEs. (D) The SF-AS regulatory network. In the network, high-risk and low-risk OS-ASEs are represented by red and green circles, respectively, and SFs are represented by triangles. The red and green lines indicate positive and negative regulation, respectively.



Because ASEs are regulated by SFs, which bind directly to pre-mRNAs, we generated an SF-AS regulatory network with the purpose of exploring the correlation between OS-ASEs and SFs (Figure 2D). In the network, 12189 postive and 11814 negative regulations between SFs and all the OS-ASEs were identified (p< 0.05, cor>0.1). The detailed correlation information of the SF-AS network is listed in Additional File 3.



Establishment and Assessment of Comprehensive and Specific Prognostic Models Based on OS-ASEs

Based on the OS-ASEs, we constructed a comprehensive prognostic model for COAD patients. First, to prevent overfitting of the model, Lasso regression was used to screen all 183 OS-ASEs. As shown in Figure 3A, the log-lambda value with the smallest model cross-validation error was between -4 and -5, and the corresponding OS-ASE number was 14. Next, through forward and backward screening of the Cox model, we ultimately obtained 9 OS-ASEs: PSMD2-67867-AP; PSMC5-43011-ES; IRF3-51002-AD; NRG4-31913-AT; C5orf30-72919-AP; CRHR1-41979-AP; CXCL12-11343-AT; ACVR2A-55521-RI; and CD46-9652-ES. We calculated the risk score of each COAD patient based on the 9 OS-ASEs, and the details are shown in Additional File 4. Then, we determined the areas under the curve (AUC) values for the ROC curves of 9 OS-ASEs, and the 1-, 3-, and 5-year AUC values were 0.695, 0.817 and 0.852, respectively, with appropriate sensitivities and specificities (Figure 3C). With the aim of distinguishing the high- and low-risk COAD groups, we adopted the maximum inflection point as the optimal cut-off point on the 3-year ROC curve by AIC values (Figure 3B). Accordingly, 235 cases with risk scores lower than 1.152 were classified into the low-risk group, and 145 cases with risk scores greater than or equal to 1.152 were classified into the high-risk group (Figure 3D). In Kaplan-Meier analysis, the prognostic model suggested that the patients in the low-risk group had better OS outcomes than those in the high-risk group (p<0.001) (Figure 3E). To further improve the predictability of the prognostic model, we established a risk nomogram with an applicable C index value (0.73) for predicting the OS probability of COAD patients. As depicted in Figure 3F, a higher total point based on the sum of each OS-ASE point corresponded to worse 1-year, 3-year and 5-year survival rates. To demonstrate the accuracy of the OS nomogram, we generated a calibration curve and found good agreement between the predicted and actual 3-year OS values (Figure 3G). Moreover, we further developed 6 prognostic models based on six types of AS (AA, AD, AP, AT, ES and RI) (Figures S1, 2). All 6 prognostic models were confirmed to be meaningful.




Figure 3 | Construction of the prognostic risk model with OS-ASEs. (A) LASSO Cox analysis. The right subfigure shows the process by which the log lambda value, which we selected as the minimum cross-validation error point, was calculated. The OS-ASEs with nonzero coefficients corresponding to the selected log lambda value were obtained for risk model construction in the left subfigure. (B) The ROC curve with the maximum inflection point for the optimal prognostic model. (C) The 1-, 3-, and 5-year ROC plots for the prognostic model. (D) The risk plot between the high- and low-risk groups. (E) Kaplan–Meier curve of OS outcomes for patients. The lighter blue and red regions represent the 95% CI areas of the prognosis curve. (F) Nomogram for predicting OS probabilities. The points achieved for each risk factor were summed on the total point axis, and the total points correspond to the OS probability of patients. (G) Calibration curve for evaluating the accuracy of the OS nomogram with 3-year OS data from the TCGA cohort.



To evaluate whether the high-/low-risk group in the prognostic model was related to cancer recurrence, we performed Kaplan-Meier analysis to construct a prognostic model of DFS based on the risk groups used with the comprehensive prognostic model (Figure 4A), and our results indicated that patients in the low-risk group had lower recurrence rates than those in the high-risk group (p<0.001), with acceptable accuracy (Figure 4B). Then, we obtained 7 meaningful ASEs from the 9 OS-ASEs through Lasso regression and further constructed a risk nomogram for predicting DFS (Figure 4C). The calibration curve (Figure 4D) showed excellent accuracy of the DFS nomogram based on actual 3-year DFS data in the TCGA cohort. To validate whether the risk score derived from the comprehensive prognostic model can act as an independent predictor, we performed univariate and multivariate Cox analyses of the risk score along with age, sex, clinical stage and TNM stage (Figures 4E, F). The risk score was independently associated with prognosis (p<0.001). Next, we produced a heatmap to describe the relationships between the risk score derived from the comprehensive model, the PSI values of OS-ASEs and clinical characteristics (Figure 4G). The top half of the heatmap depicts the clinical correlations in the two groups and shows that the risk score was correlated with N stage (p<0.01), M stage (p<0.05), T stage (p<0.01), clinical stage (p<0.05) and survival status (p<0.001). The bottom half of the heatmap shows the distribution of the PSI values of the 9 OS-ASEs in the low- and high-risk groups.




Figure 4 | Clinical evaluation of the prognostic risk model. (A) Kaplan–Meier curve for DFS prediction of colon cancer patients. (B) The 1-, 3-, and 5-year ROC plots of the prognostic model for predicting DFS outcomes. (C) Nomogram for predicting DFS probabilities. (D) Calibration curve for evaluating the accuracy of the DFS nomogram using 3-year DFS data. Univariate Cox regression (E) and multivariate Cox regression (F) analyses of clinical parameters and the risk score, in which the P values of the risk score were both less than 0.001, indicated that the risk score can act as an independent prognostic factor in colon cancer. (G) A strip chart along with a scatter diagram showing that T stage, N stage, M stage, clinical stage, and survival status were significantly related to the risk score. The bottom heatmap displays the scatter of each OS-ASE (the green and red colours correspond to low and high PSI values, respectively). *p < 0.05, **p < 0.01, and ***p < 0.001.





Cancer-Related Somatic Mutation in the Low and High Immune-Related Risk Groups

To explore the difference in cancer-related somatic mutation between the high- and low-risk groups, we investigated single nucleotide polymorphisms (SNPs) and copy number variations (CNVs) in both groups. First, we calculated the frequency and distribution of SNPs. The waterfall plots illustrate the representative SNPs in each group (Figures 5A, B). APC (78%), TP53 (60%), TTN (56%), KRAS (44%) and SYNE1 (34%) were the top five genes with nucleotide mutations in the low-risk group. APC (76%), TTN (64%), TP53 (53%), KRAS (50%) and SYNE1 (38%) were the top five genes with single nucleotide mutations in the high-risk group. Many genes such as TTN had a relatively higher mutation rate in the high-risk group (64% vs. 56%), while some genes such as TP53 presented a relatively lower mutation rate in the high-risk group (53% vs. 60%). We further analyzed CNV in the two risk groups. The Circos plots show the chromosomal location of the significant genes and copy number gain or loss is more common in high-risk samples than in low-risk samples (Figures 5C, D). Detailed information about the genes with CNV in the two groups is provided in Additional File 5.




Figure 5 | Cancer-related somatic mutation in the two risk groups. Waterfall plots showing the SNP information in the low-risk group (A) and high-risk group (B). The location of CNVs in the low-risk group (C) and high-risk group (D) visualized by Circos plots. The outside circle shows chromosomes; the inside circle illustrates the distribution of CNVs (black or blue points represent the copy number gain or loss, respectively).



In summary, risk groups can distinguish differences in somatic mutations, suggesting that there are important links between OS-ASEs and somatic mutations.



Estimating Tumour Infiltrating Immune Cells and Immume Response With the Risk Assessment Signature

Because OS-ASEs were initially identified based on their association with IRGs, we attempted to identify relationships between the risk model and the immune microenvironment of COAD. First, using the CIBERSORT method and the Wilcoxon rank sum test, we determined the proportion of each immune cell type in the COAD patient cohort (Figure 6A), and some relationships between immune cells were strong, such as the relationships between resting memory CD4+ T cells and M0 macrophages (r=-0.43), CD8+ T cells and resting memory CD4+ T cells (r=-0.26), and CD8+ T cells and M0 macrophages (r=-0.42) (Figure 6B). Then, we adopted the abovementioned seven methods to calculate the correlation coefficients between tumour-infiltrating immune cells and the risk score. As shown in Figure 6C, the risk score had positive relations with most tumour-infiltrating immune cells, such as M2 macrophages and CD4+ T cells (Additional File 6).




Figure 6 | Estimation of tumour-infiltrating cell proportion and HLA-D region gene expression by risk model. (A) Bar plot of the proportion of each immune cell type in the colon cancer patient cohort. (B) Correlations between the immune cell proportions in colon cancer. (C) Correlations between tumour-infiltrating immune cell proportions and risk score. High risk scores were more positively related to most tumour-infiltrating immune cells, such as macrophages, CD4+ T cells and CD8+ T cells, as shown by Spearman correlation analysis. (D) High risk scores were positively correlated with HLA-D region gene expression.



The foregoing GO analysis results showed that the expressed genes related to OS-ASEs were significantly related to MHC class II protein complex binding, receptor ligand activity and signalling receptor activator activity. Recent studies have also reported that MHC molecules can present peptides to the immune system and induce subsequent T cell responses (19). We investigated the expression of both the MHC I and II family genes and discovered that HLA-D region genes (MHC class II), including HLA-DMA, HLA-DMB, HLA-DOB, HLA-DPA1, HLA-DPB1, HLA-DPB2, HLA-DQA1, HLA-DQB1, HLA-DRA, HLA-DRB1 and HLA-DRB6, were positively related to the risk score (p<0.05) (Figure 6D). These results suggested that OS-ASEs could affect T cell responses by regulating HLA-D region gene expression.

The KEGG results indicated that the genes related to OS-ASEs were enriched in PD-L1 expression and the PD-1 checkpoint pathway in cancer. As classical immunosuppressive molecules, PD-L1 and PD-1 can regulate the activation of T cell. Our study found that the risk score was positively correlated with high expression of PD-L1 (p<0.001, Figure 7A). We further determined whether the risk score was associated with other biomarkers for immune checkpoints. Correlation analysis supported that the risk score was positively related to the expression of CTLA-4 (p=0.001), LAG-3 (p<0.01), and LAIR-1 (p< 0.001, Figure 7A). Immune checkpoint inhibitors (ICIs) have been applied for treating colon cancer in clinical practice, but selecting the right application is still unclear at present (20). Furthermore, we compared the clinical outcomes of four patient groups (a high-risk and low-risk group and a high-ICI and low-ICI gene expression group). As shown in Figure 7B, patients with T3-T4 stage or N0 stage disease, low risk and high PD-L1 expression had better OS outcomes than those with low risk and low PD-L1 expression. Similarly, in the low-risk group, patients with N1-N2 or stage 3–4 disease and high CTLA-4 expression experienced outcome benefits (Figure 7C). Interestingly, these results suggest that in patients with specific stage disease, immune checkpoint genes have protective effects, and the results of ICI treatment were the opposite of those expected.




Figure 7 | Assessment of immune checkpoint gene expression and its impact on clinical outcome by the risk model. (A) High risk scores were positively correlated with immune checkpoint gene (CTLA-4, LAG-3, LAIR-1 and PD-L1) expression. (B, C) Kaplan–Meier curves for OS among the four groups. Patients stratified by immune checkpoint gene (PD-L1 or CTLA-4) expression and risk score potentially had different outcomes. (D) The risk model acted as a predictor for chemosensitivity, as patients with high risk scores tended to have lower IC50 values for chemotherapy drugs, such as doxorubicin, camptothecin, vinblastine and gemcitabine.



Altogether, relationships between the risk score and immune infiltration cells and related immune response genes were evaluated. These results indicated that the risk level of patients was associated with the infiltration of immune cells and related immune responses, in which OS-ASEs play crucial roles.



The Relationships Between the Risk Model and Chemotherapeutics

In addition to the previous analysis of immunotherapy-related relationships, we identified whether the model was associated with the efficacy of common chemotherapeutics used for treating COAD according to the TCGA LIHC dataset. We found that a high risk score was related to a lower IC50 of chemotherapeutic drugs such as doxorubicin (p<0.001), camptothecin (p<0.01), vinblastine (p<0.05) and vinorelbine (p<0.001) (Figure 7D). Additional analyses showed that the risk score was a potential predictor of chemosensitivity (Additional File 7).



The Prognostic Value and Potential Influence of Independent OS-ASEs

To explore the prognostic significance of individual OS-ASEs, we selected ES events as examples. First, through ROC curve and Kaplan–Meier analyses, we illustrated the prognostic value of CD46-9652-ES in CRC (p<0.001) (Figure 8A). Patients with a high incidence of CD46-9652-ES had significantly poorer OS outcomes. Next, using the TCGA SpliceSeq database, we showed that CD46-9652-ES corresponds to CD46 exon 13 skipping and results in the increased expression of CD46△13 (exon 13 skipping) and decreased expression of CD4613+ (exon 13 inclusion) (Figure 8B). Changes in AS always have downstream effects, including PPI network alterations. Furthermore, by the DIGGER method, we revealed the PPI changes mediated by the alternative exon domain of CD46. As shown in Figure 8C, PF00084 domain of the CD46 protein mediated the interaction with ITGA2, and ES of CD46 could cause the PF00084 coding domain to be omitted, consequently preventing the interaction between CD46 and ITGA2.




Figure 8 | The prognostic value of independent OS-ASEs with downstream effects. (A) The Kaplan–Meier and 1-, 3-, and 5-year ROC curves of the OS prognostic model based on CD46-9652-ES. (B) The AS changes of CD46. (C) The change of interaction between CD46 and ITGA2 after different AS events of CD46. Triangles represent protein domains. The ES of CD46 can result in losing PF00084, which is the only domain that interacts with PF00092 of the ITGA2 protein. (D) The 1-, 3-, and 5-year ROC curves and Kaplan–Meier curves of the OS prognostic model based on PSMC5-43011-ES. (E) The AS changes of PSMC5. (F) Three domains of PSMC5 that mediate the interaction with PSMD14 and two of the three interactions are lost due to PSMC5 exon skipping.



We also identified that a high frequency of PSMC5-43011-ES increased mortality (p<0.001) (Figure 8D). This AS event led to an increase in the expression of PSMC5△2.1 (exon 2.1 skipping) and a decrease in the expression of PSMC52.1+ (exon 2.1 inclusion) (Figure 8E). We further found that the PPI between PSMC5 and PSMD14 was controlled by 3 domains of the PSMC5 protein, and ES of PSMC5 disrupted 2 of the 3 interactions (Figure 8F).



Validation of OS-ASEs Levels in Colon Cancer

As significant AS events, CD46-9652-ES led to the increased expression of CD46△13 and the decreased expression of CD4613+. To validate the role of CD46-9652-ES, we first investigated the expression levels of CD46△13 and CD4613+ in colon cancer and normal colon cell lines. As shown in Figures 9A, B, we found that in colon cancer cells, the expression of CD46△13 was higher and the CD4613+ level was lower or indistinguishable compared to that of normal colon cells, suggesting that the ratio of CD46△13 vs. CD4613+ was increased in colon cancer cell lines. We further validated the expression levels of CD46△13 and CD4613+ in 10 paired samples from colon cancer patients. qRT–PCR results revealed that the expression and proportion of CD46△13 were higher in tumour tissues than in tumour-adjacent tissues (Figures 9E, F). In addition, PSMC5-43011-ES increased PSMC5△2.1 expression and decreased PSMC52.1+ expression. We detected the expression of PSMC5△2.1 and PSMC52.1+ in cell lines and clinical samples. Increased expression of PSMC5△2.1 and ratios of PSMC5△2.1 transcript vs. PSMC52.1+ transcript were observed in colon cancer cells or tumour tissues compared to normal colon cell lines or tumour-adjacent tissues (Figures 9C, D, G, H). These data showed that the OS-ASEs CD46-9652-ES and PSMC5-43011-ES were increased in colon cancer and may be related to colon cancer progression.




Figure 9 | OS-ASE levels and the association between OS-ASEs and infiltration of immune cells in colon cancer. (A–D) The expression levels of CD46△13 and CD4613+, PSMC5△2.1 and PSMC52.1+ in colon cancer cell lines (HCT116, HCT8, DLD1, LoVo, SW480, SW620) and FHC cell lines. (E–H) Expression analysis of CD46△13, CD4613+, PSMC5△2.1 and PSMC52.1+ in 10 pairs of colon cancer tissue samples. (I–L) The expression of CD46△13, CD4613+, PSMC5△2.1 and PSMC52.1+ in colon cancer samples characterized by CD4+/CD4- T cell infiltration. (M–P) The expression of CD46△13, CD4613+, PSMC5△2.1 and PSMC52.1+ in colon cancer samples characterized by high/low infiltration of M2 macrophages. nsp > 0.05, *p < 0.05 and **p < 0.01.





The Association Between OS-ASEs and Infiltration of Immune Cells

OS-ASEs have been associated with immune signatures and have been found to be positively correlated with multiple tumour-infiltrating immune cells, including CD4+ T cells and M2 macrophages (Figure 6C). We next investigated the CD46-9652-ES and PSMC5-43011-ES levels in 20 colon cancer samples characterized by CD4+/CD4- T cell infiltration and 20 colon cancer samples characterized by high/low M2 macrophage infiltration. The abundance of CD46△13 and PSMC5△2.1 transcripts was higher in tumour tissues with CD4+ T cell infiltration or high M2 macrophage infiltration than in tissues with CD4- T cell infiltration or low M2 macrophage infiltration, while CD4613+ and PSMC52.1+ expression did not differ between tissues with high and low infiltration of immune cells (Figures 9I–P). Taken together, these results indicate that the levels of CD46-9652-ES and PSMC5-43011-ES may reflect the infiltration of immune cells, in accordance with the above bioinformatics research.



The Role of OS-ASEs With Immune Signatures in Colon Cancer

As shown in Figures 9A, B, we found that in HCT-116 and SW480 cells, the ratio of CD46△13 transcript vs. CD4613+ was higher than that in other colon cancer cells. Therefore, in the next experiments, we used HCT-116 and SW480 cells to explore the biological roles of CD46-9652-ES. Small interfering RNAs (siRNAs) were utilized to specifically silence CD46△13 and CD4613+ expression. After transfecting these siRNAs, we found that the expression of CD46△13 and CD4613+ was significantly downregulated (Figures 10A–D). Then, we performed Cell Counting Kit-8 (CCK-8) assays to evaluate the roles of CD46△13 and CD4613+ in the growth and proliferation of colon cancer. The cell growth curve results revealed that depletion of CD46△13 expression inhibited cell growth in colon cancer cell lines (Figures 10E, F). However, knockdown of CD4613+ expression did not influence the growth of colon cancer cells.




Figure 10 | The role of OS-ASEs with immune signatures in colon cancer. (A–D) Relative expression levels of CD46△13 and CD4613+ after transfection with siRNA in HCT116 and SW480 cells. (E, F) The proliferation ability of HT116 and LoVo cells after silencing CD46△13 expression. (G, H) T cell-mediated tumour cell killing of HT116 and LoVo cells treated with si-CD46△13. Activated T cells and colon cancer cells were cocultured in 6-well plates for 4 days, and crystal violet staining showed the surviving tumour cells. (I–L) Relative expression levels of PSMC5△2.1 and PSMC52.1+ after transfection with siRNA in HCT116 and DLD1 cells. (M, N) The proliferation ability of HT116 and LoVo cells after silencing PSMC5△2.1 expression. (O, P) After coculturing colon cancer cells with THP-1-derived macrophages for 48 h by Transwell assay, we detected the relative mRNA levels of iNOS, CD86, CD206 and CD163 by qRT–PCR (G). *p < 0.05 and **p < 0.01.



CD46 has been reported to play an important role in immune evasion (1, 2), and our bioinformatic analysis also indicates that CD46 can regulate T cell responses in colon cancer. Our study further validated the role of CD46△13 and CD4613+ in T cell responses. We cocultured activated T cells and colon cancer cells in 6-well plates for 4 days and then observed surviving cancer cells by crystal violet staining. As shown in Figures 10G, H, CD46△13 knockdown led to a significant decrease in the numbers of surviving cancer cells when colon cancer cells and T cells were cocultured. However, T cell responses to colon cancer cells exhibited no significant changes when CD4613+ expression was knocked down.

In HCT-116 and DLD1 cells, the ratios of PSMC5△2.1 transcript vs. PSMC52.1+ were higher than those of other colon cancer cells (Figures 9A, B). We analyzed whether PSMC5△2.1 and PSMC52.1+ affect cell proliferation using HCT-116 and DLD1 cell lines. The siRNAs were designed, and their efficiency was then verified (Figures 10I–L). CCK-8 assays showed that knockdown of PSMC5△2.1 expression significantly inhibited the proliferation of HCT-116 and DLD1 cells (Figures 10M, N). However, there were no significant effects on colon cancer cell proliferation when PSMC52.1+ expression was knocked down.

We also explored the relationship between PSMC5-43011-ES and T cell responses by coculturing T cells and colon cancer cells, but there were no significant changes in the staining of surviving tumour cells after silencing PSMC5△2.1 and PSMC52.1+ expression. Our above analysis suggested that PSMC5 was possibly related to M2 macrophages. Therefore, we next explored whether PSMC5-43011-ES affects macrophage polarization. Macrophages and colon cells were cocultured in a 2-chamber culture system. qRT–PCR results showed that si-PSMC5△2.1 led to a reduction in the expression of M2 polarization markers (CD163 and CD206) and an increase in the expression of M1 surface markers (iNOS and CD86) in macrophages (Figures 10O, P). We also treated colon cancer cells with si-PSMC52.1+ and detected macrophage polarization marker expression by qRT–PCR. No regular difference in macrophages was observed between the si-PSMC52.1+ and control groups. These data suggested that PSMC5-43011-ES in colon cancer cells induces M2 macrophage polarization.




Discussion

An increasing number of studies have recognized the significance of immune-related genes (IRGs) in cancer development, and survival-associated IRGs have mainly been identified by analysing differentially expressed IRGs at the level of transcription (21, 22). However, a comprehensive analysis of IRGs at the posttranscriptional level in cancer has not been performed. AS is considered an important posttranscriptional modification, and changes in the AS of IRGs can produce abnormal isoforms that participate in immune reactions (23). In this study, we developed a novel prognostic model with immune signatures based on IRG-related OS-ASEs for the first time and validated the role of OS-ASEs in the immune response to colon cancer.

Studies have indicated the feasibility of establishing prognostic risk models with OS-ASEs and using them to predict clinical outcomes. For example, Zong, Z analysed genome-wide OS-ASEs in colon cancer and established an effective prognostic model to predict patient survival outcome (24). Yuanyuan Zhang explored significant OS-ASEs and constructed a prognostic model for determining survival that exhibited good performance in evaluating the risk of mortality in patients with stomach adenocarcinoma (25). However, AS risk models based on entire genes may not reveal relationships with the immune microenvironment and may not predict the response to immunotherapy. Previous studies have reported close correlations between IRGs and the immune system in cancer (26). Therefore, we utilized comprehensive analyses of IRG-related ASEs as a novel strategy to construct robust prognostic models considering immune characteristics and treatment potential. Our prognostic models were all confirmed to be practical and to have good reliability in predicting the OS and DFS of patients. Notably, the risk score of the comprehensive model correlated with the infiltration of multiple tumour-infiltrating immune cells and the expression of HLA-D region genes and immune checkpoint genes. Moreover, our prognostic model can provide information for immunotherapy, and IRG-related OS-ASEs may represent promising targets for immunotherapy.

Immune microenvironments and the associated immune cell infiltration play crucial and intricate roles in CRC development. For example, increasing the activity of antitumour CD8+ T cells and decreasing that of pathogenic CD4+ T cells can delay CRC progression (27). Tumour-infiltrating T cells stimulate the expression of CCL5, promoting CRC metastases (28). Our study showed that AS alterations in IRGs significantly promoted the infiltration of most immune cells, such as M2 macrophages and CD4+ T cells. Furthermore, classical MHC genes are often thought to present antigenic peptides to T cells, resulting in immune T cell infiltration (29). We showed that the risk score was positively related to the expression of multiple HLA-D region genes that directly activate CD4+ T cells. The IRG-related ASE/HLA-D region gene/CD4+ T cell axis probably plays important roles in CRC prognosis. Classical studies have shown that immune checkpoint genes, represented by PD-L1 and CTLA-4, can inhibit T cell immunity and survival by counteracting immune cell-activating signals, therefore resulting in immune evasion (30–32). The risk score of our model presented a positive correlation with the expression levels of certain immune checkpoint genes, such as PD-L1 and CTLA-4, indicating that the poor prognosis of patients with a high risk score potentially results from the enhanced immune checkpoint expression caused by some IRG-related ASEs (33).

Currently, the prevailing view is that cancer patients can benefit from ICI therapy, and such therapy has achieved gratifying results (33). Notably, through risk grouping, we observed an abnormal phenomenon in which patients with specific stage disease with higher expression of immune checkpoint genes had a longer OS, suggesting that anti-PD-L1 or anti-CTLA-4 therapy possibly decreases the survival of specific patients. Recently, a study in Nature also reported a similar observation that anti-PD-L1 or anti-PD1 therapy reduces survival in specific hepatocellular carcinoma patients, probably as a result of abnormal T cell activation caused by ICI-mediated damage to immune surveillance (34). We further found that in our study, all of the protective functions of immune checkpoints were present in the subgroup with low risk and high immune checkpoint expression, and this subgroup had the least active T cells of the four subgroups. Therefore, in colon cancer, our bioinformatics analysis supported the findings in the Nature paper: ICI therapy possibly contributes to immune impairment and tissue damage as a result of abnormal T cell activation, consequently reducing the OS of patients at certain stages of disease. This interesting observation revealed a risk of ICI therapy in specific patients, which is associated with IRG-related ASEs. This finding provides effective information for excluding the population in which ICI therapy will be detrimental. In addition, our study predicted sensitivity to chemotherapeutics and certain potential targeted drugs for further study.

One gene may undergo multiple ASEs, and key ASEs have a significant effect on gene function (35). In our study, a series of immune-related assays were conducted to verify the potential roles of IRG-related OS-ASEs. First, high levels of CD46-9652-ES and PSMC5-43011-ES were proven in colon cancer. Then, CD46-9652-ES and PSMC5-43011-ES were verified to have important functions in regulating the immune cell response. CD46 was initially identified as an important human complement-regulatory protein that participates in the proteolytic inactivation of C3b and C4b (36). Soon afterwards, CD46 was found in many eukaryocytes. On CD4+ T cells, CD46 plays a crucial costimulatory role and performs multiple functions, including driving the induction of human T helper type 1 (Th1) responses (37), balancing Th1 contraction (38) and maintaining T cell homeostasis (39, 40). In tumour cells, CD46 can block the immune function mediated by the complement system and contribute to immune escape (41). However, the relationship between CD46 expression in colon cancer cells and the T cell response remains unclear. Our validation showed that the key AS of CD46 in colon cancer cells can contribute to T cell-mediated tumour cell killing. Additionally, PSMC5 was observed to be associated with the infiltration of immune cells, including M2 macrophages, in the tumour microenvironment (42), and our study further indicated that the specific AS of PSMC5 in colon cancer cells could induce M2 polarization of macrophages.



Conclusion

In summary, this study demonstrates that immune-related AS signatures can predict the prognosis of patients with colon cancer and offer information for identifying patients who are more likely to benefit from immunotherapy and chemotherapy. Additionally, we evaluated the abundance of products derived from representative OS-ASEs and validated that OS-ASEs have important consequences for immune cell responses. Our discovery of prognostic factors highlights a novel correlation between cancer development and the immune system, providing promising therapeutic targets and prediction approaches in cancer.
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Neutrophil extracellular traps (NETs), products of neutrophil death when exposed to certain stimuli, were first proposed as a type of response to bacterial infection in infectious diseases. Since then, extensive studies have discovered its involvement in other non-infectious inflammatory diseases including thromboembolism, autoimmune diseases, and cancer. Colorectal cancer (CRC) is one of the most common malignancies in the world. NET formation is closely associated with tumorigenesis, progression, and metastasis in CRC. Therefore, the application of NETs in clinical practice as diagnostic biomarkers, therapeutic targets, and prognostic predictors has a promising prospect. In addition, therapeutics targeting NETs are significantly efficient in halting tumor progression in preclinical cancer models, which further indicates its potential clinical utility in cancer treatment. This review focuses on the stimuli of NETosis, its pro-tumorigenic activity, and prospective clinical utility primarily in but not limited to CRC.
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Introduction

Neutrophils, the most abundant white blood cells, play an important role in the immune system, especially for innate immunity (1). When exposed to exogenous pathogens, activated neutrophils can function in various ways, such as phagocytosis, cytokine release, and degranulation. Upon the activation of different signaling pathways, neutrophils may undergo different types of cell death, including apoptosis, necrosis, necroptosis, autophagy, pyroptosis, and NETosis (2). As a unique form of neutrophil programmed death, NETosis is characterized by the formation and release of NETs out of the cells. Neutrophil extracellular traps (NETs), mainly consisting of granule proteins and chromatin, were first described by Brinkmann et al. as a form of innate immune response to bacteria (3). Subsequently, several studies demonstrated the involvement of NETs in various non-infectious diseases, such as chronic inflammatory conditions, autoimmune disease, thrombosis, coronavirus disease 2019 (COVID-19) and malignancies (4–7). In addition, studies have reported that NETs mainly contribute to the progression of many types of tumors (7, 8). However, they can act as a double-edged sword, occasionally exerting anti-tumor effects (9).

Colorectal cancer (CRC) is the third most common cancer in the world, with approximately 1.3 million new cases and >600,000 deaths reported every year (10). CRC has a high probability of, and approximately half of the patients develop metastasis when diagnosed with CRC, which is also the main cause of death in patients (11). The currently available therapeutic strategies of CRC include surgical resection, chemotherapy, radiotherapy, and immunomodulatory therapy. However, approximately 40% of patients with CRC eventually have recurrence or metastasis, resulting in a 5-year survival rate of <15% (12, 13). Therefore, it is imperative to identify the exact mechanisms of CRC development and develop novel therapeutic strategies.

This review discusses stimuli that promote oncogenic NETosis, the structure of NETs and the involvement of NETs in non-neoplastic disease progression. Many studies have implicated that NETs can promote the progression of multiple tumors, including CRC, in different ways (14–16), indicating the importance of NETs in CRC and their potential value in clinical application. Therefore, in this review, we elucidated the impact of NETs mainly on CRC progression in terms of different stages and discussed the potential value of NETs in clinical application including diagnosis, therapeutic targeting, and prognostic prediction in cancer.



Basis of NETs


Stimuli of NETosis and Formation of NETs

NETosis is a process in which NETs are expelled out of neutrophils to the extracellular space. There are mainly two types of NETosis, namely, vital NETosis commonly occurring in infection and lytic NETosis often occurring in sterile injury (17, 18), which form NETs in two different ways, respectively. NETosis is also considered a form of cell death, different from apoptosis and necrosis, and is characterized by the extrusion of decondensed chromatin and protein contents to the extracellular space, forming NETs (19). A few important cellular events are involved in the process of NET formation, including the production of reactive oxygen species (ROS), migration of neutrophil elastase (NE) and myeloperoxidase (MPO) to the nucleus, histone citrullination, and chromatin decondensation (20). This series of events in neutrophils can be triggered under the influence of multiple cells and their paracrine components (Figure 1).




Figure 1 | Multiple cells such as tumor cells, platelets, bacterial cells, and endothelial cells and their released factors are involved in NETosis. These factors from different types of cells can bind to their respective receptors on neutrophils, leading to NET formation. The released NETs are composed of a DNA skeleton and decorated granular and cytosolic proteins such as citH3, NE, and MPO. Thereafter, they can further activate and capture platelets, leading to venous thromboembolism. NETs can also entrap circulating tumor cells, promoting extravasation and metastasis.



Lipopolysaccharide (LPS), one of the dominant components of Gram-negative bacterial cell wall, is a common inducer of NETosis. Many studies have shown that the formation of NETs is increased in patients with infection and have verified the effect of LPS on the formation of NETs to some extent (3, 21). In addition, LPS promotes NETosis via a ROS-dependent mechanism, and ROS production is closely associated with inflammation, cancer, and neutrophil modulation (22, 23).

Endothelial cells (ECs) can promote NETosis upon activation via exposure to oxidative stress in injury, inflammation, or some compounds such as phorbol 12-myristate 13-acetate (PMA) and thapsigargin (24, 25). Activated ECs can release inflammatory cytokines including interleukin-8 (IL-8) (26), which has been validated to partially participate in EC-mediated NET formation when co-cultured with neutrophils in vitro (25).

Activated platelets are also one of the contributors to NET formation (27). Upon activation, platelets can directly bind to neutrophils through multiple molecular interactions and subsequently stimulate NETosis (28). On the one hand, activated platelets can translocate P-selectin to their surface (29), where it can bind to the neutrophil surface receptor P-selectin glycoprotein ligand-1 (PSGL-1) and further strengthen their adhesion (30), eventually leading to the release of NETs. On the other hand, platelets can express toll-like receptor-4 (TLR4) and high-mobility group box 1 (HMGB1), which are important contributors to platelet-stimulated NETosis (21, 27). Simultaneously, the newly generated NETs activate platelets to achieve a prothrombotic state, thus forming a positive feedback loop between NETosis and coagulation (31).

Tumor cells can activate neutrophils to release NETs by promoting the expression and release of multiple pro-NETotic factors such as granulocyte colony-stimulating factor (G-CSF) (32), IL-8, and extracellular vesicles (EVs). Some studies have indicated that G-CSF can be secreted abundantly by cancer cells in either murine or human tumors and can activate neutrophils by binding to the G-CSF receptor on the surface of these cells (33, 34). Mélanie et al. showed that overexpression of G-CSF in patients with cancer can lead to an overabundance of neutrophils in the blood and increased sensitivity toward NET generation in a ROS-dependent manner (35). IL-8 is a common cytokine to recruit neutrophils to the sites of inflammation, which can be released by multiple cancer cells including glioblastoma, diffuse large B-cell lymphoma (DLBCL), bladder cancer, and CRC, and the released IL-8 can stimulate NETosis in human neutrophils ex vivo (7, 14, 36–38). In addition, the cytokine IL-1β is associated with NETs in some tumors (39, 40). Protein arginine deiminase 4 (PAD4) is an essential enzyme of NETosis, and its expression increases either in the blood or tumor tissues of patients with malignancies (41). High PAD4 levels provide enough enzyme for histone citrullination, which may be considered another potential way for tumor cells to promote NET formation. As a type of membrane-enclosed particles formed by membranes of the parent cell (42), EVs are considered one of the most crucial components that affect NETosis in cancer (43). According to recent studies, EVs promote NETosis mainly in two ways: First, through the effect of bioactive contents present in EVs, including ILs and G-CSF that induce NETosis (44); second, by inducing proinflammatory activity of neutrophils, for example, IL-8 secretion (45).

In addition to the abovementioned factors, microRNAs (miRNAs), a type of small non-coding RNAs that are involved in almost all physiological processes in the human body, modulate the process of NETosis (46, 47). Arroyo et al. revealed that miR-146a, a negative regulator of the inflammatory response, inhibited NETosis in vivo, and miR-146a knockout in neutrophils resulted in a higher level of citH3 and NETs relative to the wild-type neutrophils upon PMA stimulation (47). In addition, miR-155 promotes the generation of NETs by positively regulating the neutrophil expression of PAD4 (48).

Because NETs are prone to be induced in the inflammatory environment, which, in turn, can promote inflammation, we speculate that NETs are closely related to inflammation-associated factors. Theoretically, factors that promote inflammation can also promote NETosis. This understanding expands the range of influencing factors associated with NETs and provides a direction for further exploration of the inducers of NETs.



Role of NETs in Disease Progression

In recent years, it has been discovered that NETs play an important role not only in the immune system but also in other pathologic processes such as thrombosis, autoimmune diseases, aseptic inflammation, metabolic disease, and the development of multiple tumors.

As a network in the circulatory system, NETs can capture and activate free platelets to promote thrombosis, especially during infection and inflammation (49). Many studies have validated the prothrombotic effect of NETs. For example, Fuchs et al. reported that NETs promoted fibrin deposition and thrombus formation, and blocking the production of NETs with DNA enzymes or PAD4 inhibitors reduced the incidence of deep vein thrombosis in animal models (50).

NETs released from neutrophils inevitably carry some intracellular proteins, that is, neutrophil-derived antigens. After these autoantigens are recognized by the immune system, they can drive the activation of autoreactive B cells to induce corresponding autoantibodies and result in autoimmune diseases (5). The association between NETs and autoimmune disease was firstly observed in patients with small-vessel vasculitis, whose serum was positive for anti-neutrophil cytoplasmic autoantibody (ANCA) against MPO and proteinase 3 in NETs (51). In some studies, NETs and autoantibodies have been detected in synovial fluid from patients with rheumatoid arthritis, and anti-citrulline protein antibody is the most significant of all autoantibodies (52). In addition, anti-ribonucleoprotein (anti-RNP) antibodies in patients with systemic lupus erythematosus (SLE) can induce NETosis, and SLE NETs activate plasmacytoid dendritic cells (PdCs) to produce high levels of IFN-α, which renders neutrophils more susceptible to NETosis upon stimulation of anti-RNP antibodies (53).

In addition, NETs are involved in some processes of aseptic inflammation. During the early inflammatory phase of atherosclerosis, cholesterol crystals can induce the generation of NETs, which, in turn, primes the transcriptional expression of IL-6 and IL-1β genes in macrophages and subsequently promotes the activation of T helper 17 cells, which enhance the recruitment of immune cells to atherosclerotic lesions (54). The pro-inflammatory effects of NETs have been demonstrated in the process of ischemia–reperfusion (IR) injury, during which neutrophils are recruited to the sinusoids of the ischemic liver lobes and release NETs in response to various stimuli, including the release of HMGB1 and histones from injured hepatocytes. In addition, inhibition of NET formation with PAD4 inhibitor or DNase I can protect hepatocytes and alleviate inflammation after liver IR injury, indicating the pathophysiological role of NETs in liver IR injury (55). Moreover, in mouse models of Alzheimer’s disease, NETs have been observed in areas with amyloid-β (Aβ) deposits. Depletion of neutrophils or blocking their trafficking process improves Alzheimer’s disease-like neuropathological features and cognitive performance in mice (56). As a nonspecific inflammatory bowel disease, ulcerative colitis (UC) has close relationship with NETs, which has been proven to be over-produced in inflamed colon of UC patients. The released NETs, in turn, significantly promoted IL-1β and TNF-α expression in mononuclear cells, leading to more NETs release (57). Meanwhile, the close relationship between UC and CRC has been acknowledged (58), which could be in part attributed to increased NETs in patients with UC.

Furthermore, NETs play a potential role in the pathogenesis of some metabolic diseases, such as obesity and diabetes mellitus (DM). Studies have shown that NET levels in patients with obesity are higher than those in the healthy population (59, 60), which is consistent with high levels of inflammatory cytokines in patients with obesity. Obesity is characterized by low-grade chronic inflammation, which underlies neutrophil activation and NET formation. Released NETs can, in turn, modulate inflammatory markers including IL-8, heat shock protein 90 (HSP90), and the E1 heat shock protein family (HSPE1), eventually contributing to metabolic profile alterations in obesity (60). Wong et al. reported that neutrophils derived from patients with DM were more susceptible to NETosis because of elevated PAD4 expression (61), which also means increased level of NETs in these patients compared to normal individuals. In addition, many studies have showed that obesity and DM were positively related to the incidence of CRC (14, 62, 63). Therefore, considering the role of NETs in CRC progression, high levels of NETs in patients with obesity and DM may be one of the reasons for obesity and DM being risk factors for CRC.




NETs Promote Colorectal Cancer Development and Metastasis

The initiation and development of tumors are complex pathophysiological processes involving a series of genetic, biochemical, and molecular biological changes. To date, many studies have shown that NETs are involved in the development of various tumors, such as breast cancer, pancreatic cancer, gastric cancer (GC), and CRC. Moreover, systemic neutrophils derived from patients with CRC and age-matched healthy volunteers possess different vulnerabilities to NETosis, and the serum levels of NETs between them are also distinct (64). Therefore, to some extent, NETs have potential effects on CRC development. Furthermore, the role of NETs in the growth and metastasis of CRC and beyond in terms of three important stages of tumor progression, namely, the local microenvironment, circulatory system, and pre-metastatic microenvironment, is described below (Figure 2).




Figure 2 | Multiple functions of NETs during colorectal cancer liver metastasis. (A) NETs present in blood vessels can entrap cancer cells and promote extravasation. Dormant cancer cells in the liver can be awakened via NET-induced ECM remodeling and hence promote metastasis and recurrence. (B) Neutrophils can be recruited by CRC cells because of the presence of chemokines and hypoxia in the tumor microenvironment, leading to more NETosis triggered by IL-8 and exosomes released by cancer cells. Cancer cells undergoing EMT are more prone to intravasate after stimulation of NETs.




NETs in the Tumor Microenvironment

NETs promote tumor growth in different ways in the tumor microenvironment. First, NETs can affect the state and infiltration of mesenchymal cells in the microenvironment to mediate tumor progression. In addition, NETs can promote pancreatic tumor growth by activating pancreatic stellate cells (PSCs) by interacting with RAGE receptors; however, deficiency in RAGE receptors attenuates the carcinogenic effect. In a study, serum levels of NETs were strongly correlated with the tumor stage of patients with pancreatic duct adenocarcinoma, indicating the potential of NETs as biomarkers in human cancer (65). Dirk et al. discovered that neutrophil infiltration and NET formation were observed in a murine model of nonalcoholic steatohepatitis, followed by the presence of monocyte-derived macrophages, which produced inflammatory cytokines and promoted the progression of hepatocellular carcinoma (HCC) (66).

In addition, NETs can affect the malignant biological behavior of cancers by altering the metabolic characteristics of tumor cells. Yazdani et al. found that NETs controlled mitochondrial homeostasis in tumor cells (67), and inhibition of PAD4 remarkably reduced tumor mitochondrial density and mitochondrial DNA and ATP production and subsequently affected the growth of tumor cells.

NETs can affect the behavioral characteristics of tumor cells by directly activating some receptors and pathways associated with proliferation, migration, and metastasis. In a study, NETs increased cell proliferation and migration of DLBCL cells in vitro and tumor growth and lymph node dissemination in vivo. Mechanistically, NETs directly upregulated the TLR9 pathway in DLBCL and subsequently triggered the NF-κB, STAT3, and p38 pathways to promote tumor progression. Correspondingly, disruption of NETs or suppression of TLR9 inhibited tumor progression in preclinical models (37). Li et al. found that destruction of the integrity of NETs in vitro promoted apoptosis and inhibited invasion and metastasis of GC cells by regulating the Bcl-2, Bax, and NF-κB pathways, suggesting an anti-apoptotic effect of NETs on tumor cells (68).

The invasion and metastasis ability of tumor cells depend on various factors, such as tumor cell motor capacity, angiogenesis, remodeling of the extracellular matrix, and epithelial–mesenchymal transition (EMT). In a study, NETs were found to drive the transformation of typical epithelial morphology to the mesenchymal phenotype and increase the expression of tumor stem cell-related markers in human breast cancer MCF7 cells, which was accompanied by enhanced invasion and migration ability (8). In addition, NET-associated cathepsin G has been reported to facilitate the invasion and metastasis of HCC cells both in vitro and in vivo (69). The DNA component of NETs can directly act on the CCDC25 receptor on the surface of cancer cells and activates the ILK–β-parvin cascade to enhance the motor capacity of cells (70). Two NET-associated proteases, NE and matrix metalloproteinase 9 (MMP9), can cleave and remodel laminin to reveal an epitope that can subsequently activate FAK/ERK/MLCK/YAP signaling, eventually activating and awakening dormant tumor cells (71).

Furthermore, there is a positive feedback effect between the formation of NETs and CRC progression. For example, NETs can directly promote the secretion of IL-8 from CRC cells, although it can be secreted without NET stimulation (14, 36). As an inflammatory factor, IL-8 can recruit neutrophils and activate neutrophils to produce more NETs, thus aggravating CRC progression. Anquan et al. demonstrated the association between CRC cell-derived exosomes with NETosis, indicating that exosomes originating from KRAS-mutated CRC cells can activate neutrophils to promote NET generation (15), thereby accelerating the deterioration of CRC.

NETs have a close relationship with tumor immune evasion. As major executors of the killing of malignant cells in the tumor immune microenvironment, CD8+ T and natural killer (NK) cells determine the sensitivity of patients to immunotherapy to some extent. NETs may compromise the ability of these cells to kill cancer cells because NET aggregation can enwrap and shield tumor cells to avoid contact with CD8+ T and NK cells (72, 73). Therefore, inhibition of NET formation via PAD4 inhibitors may sensitize tumors to immunotherapy.

In addition to tumor progression, the role of NETs in tumor recurrence after treatment is also noteworthy. First, NETs can activate dormant cancer cells by cleaving laminin to remodel ECM in mouse models (71), leading to tumor recurrence. Second, cancer cells can acquire stem cell properties under the influence of NETs (8), and the generation of tumor stem cells is considered an important way through which tumors acquire drug resistance and relapse, which is another way for NETs to promote tumor recurrence.

Despite the carcinogenic effects of NETs revealed in extensive studies, controversial observations have also been reported, such as in vitro-produced NETs having anti-tumor effects on CRC. Arelaki et al. found that either PMA or sepsis serum-induced NETs could impede growth and induce apoptosis in CRC cells in vitro. However, these inhibitory effects could be abrogated through the destruction of NETs by DNase (74).



NETs in the Circulatory System

There are several pathways for tumor metastasis including lymphatic, hematogenous metastasis, and implantation metastases, of which hematogenous metastasis is the most common pathway for multiple tumors, such as colorectal liver metastasis. Circulating tumor cells (CTCs) are important for metastasis (75). After detachment from the primary tumor and intravasation, CTCs have to overcome many adverse factors to achieve successful colonization in target organs, a process in which NETs perform a series of functions.

NETs are widely distributed in the blood and physically sequester CTCs as a network structure in the microvessels of distant organs to develop metastasis (76). In addition, Rayes et al. reported that the levels of circulating NETs were higher in patients with multiple cancers, especially those at an advanced stage, than in healthy volunteers (77), indicating the potential role of NETs in distant metastases. However, in addition to physical capture, there may exist certain underlying molecular mechanisms through which NETs can trap CTCs to strengthen their adhesion.

The potential molecular nature of their adhesion was revealed by Najmeh et al. for the first time, and their data shed light on the important role of β1-integrins in mediating the adhesion of tumor cells to NETs (78). In their study, both tumor-derived and NET-derived β1-integrins mediated the adhesion of cancer cells to NETs in vitro and in vivo. Correspondingly, decreased cancer cell adhesion to liver sinusoids was observed in vivo through β1-integrin blockade by its antibody. Considering the multiple effects of NETs on cancer cells, the detailed molecular landscape of interaction between them may be complicated and warrants further investigation.

CTCs are present in the form of single cells and clusters, and the latter possesses greater metastatic capabilities than the former (79). In addition, single cells can form clusters through adhesive molecules in the circulatory system (80). Therefore, we speculated whether NETs affect the formation of clusters from single cells, which can be explained in terms of the following aspects. First, NETs provide scaffolds for the adhesion of CTCs and areas for their encounter, thus providing a spatial basis for the formation of tumor clusters from single cells. In addition, the adhesion of CTCs to NETs partially depends on integrins, which are reported to mediate cell–cell adhesion in tumors (81). CTCs that have successfully attached to NETs should have relatively high expression of integrins on the surface, which constitutes the molecular basis to form clusters. Therefore, we speculate that NETs drive the aggregation of single CTCs into cell clusters, although no direct evidence is available to validate this speculation.

One of the critical steps for the successful colonization of CTCs in target organs is extravasation; however, it is not easy for tumor cells to penetrate the intact blood vessel walls. NETs can facilitate vascular leakage and endothelial-to-mesenchymal transition through elastase-dependent proteolysis of the intercellular junction protein VE-cadherin and activation of β-catenin signaling (82). Therefore, NETs formation within the circulatory system can compromise endothelial integrity, which leaves tumor cells more prone to extravasation. In addition, the presence of NETs decreases the flow rate of CTCs in blood vessels and provides more time for their extravasation and colonization.



NETs in Liver Metastasis and Beyond

CRC, especially in the advanced stage, is prone to distant metastasis usually in the lung, bone, and liver, among which the most common site of metastasis is the liver (83). This phenomenon can be attributed to many factors. In terms of anatomy, blood from the vein draining the colorectum primarily flows toward the portal vein into the liver, which is also the first site CRC cells reach after detachment. Furthermore, the liver is rich in blood supply and hence provides sufficient nutrition for tumor cell proliferation. Pre-metastatic niche remodeling in the liver is also an important factor, and several studies have indicated the significance of NETs in this process.

Lee et al. reported that NETs could be detected in the omentum of ovarian tumor-bearing mice (TBM) and women with early-stage ovarian cancer without metastasis (84), indicating that NETs formation at the metastatic site occurs before metastasis. The existing NETs at the site capture cancer cells and promote metastasis. To further verify the crucial function of NETs in metastasis, decreased omental metastases were observed in TBM with neutrophil-specific deficiency of PAD4 or those treated with PAD4 pharmacological inhibitors (85). Rayes et al. also observed a significant increase in hepatic adhesion of intrasplenically injected colon cancer cells in TBM compared with non-TBM, DNase1- or NE inhibitor-treated TBM, and PAD4–/– TBM. The results demonstrated that colon primary tumor-induced NETs could promote adhesion of CTC to the liver (77).

Regarding liver metastasis, a study reported that NETs generation in the liver preceded liver metastasis in a breast cancer-bearing mouse model, which occurred earlier than NET formation at the primary tumor site and was elevated in the plasma (70). Studies have also found that the NETs are evident in the liver but have very low levels in other organs, such as the skin and lungs (70, 86), suggesting that NETs favor the liver for metastasis over other sites. This may be partially attributed to the enhanced adhesive capacity of liver sinusoidal endothelial cells (LSECs) to neutrophils, especially during endotoxemia. LSECs can initiate neutrophil adhesion upon the activation of TLR4 receptors by LPS through a CD44/HA/SHAP-dependent mechanism, and Kupffer cells in the liver sinus also contribute to neutrophil recruitment (87). In addition, the liver can retain NETs through the expression of von Willebrand Factor (VWF) in liver sinusoids, which facilitate the adhesion of NETs to LSECs by binding to histones (86).

The formation of liver metastasis can be attributed to the activation of pre-existing dormant cancer cells in the liver, and NETs have been reported to participate in this process. In a murine model of inflammation, induced NETs remodeled ECM via NE and MMP9 (71), thus revealing an epitope that triggered dormant cancer cells through integrins and the FAK/ERK/MLCK/YAP signaling pathway. This is also one of the reasons for the postoperative recurrence of cancer.

Neutrophils and NETs can remodel the pre-metastatic niche by facilitating several pathological processes of hepatic diseases (88). Neutrophils are involved in the pathogenesis and progression of alcohol-associated liver disease (ALD); however, they also form an important defense line against infection, which is a leading cause of mortality (89–91). Terence et al. found that NET formation was decreased in a model of ALD, which simultaneously impaired the ability of macrophages to eliminate NETs in the liver, and this impaired ability of clearance aggravates hepatic injury and inflammation (92). Non-alcoholic fatty liver disease (NAFLD) is affected by peripheral metabolic conditions including hepatic fat and insulin resistance (93). Recent studies have implicated that NE participates in the pathogenesis of insulin resistance and obesity (94, 95) and hence influences the progression of NAFLD. Although there is no direct evidence to confirm the impact of NETs on metabolic syndrome and insulin resistance, these studies indicate that some components of NETs can affect the pathogenesis of NAFLD through peripheral mechanisms.

Some clinical studies have shown that neutrophils and NETs are closely related to the liver metastasis of tumors. In patients with HCC or colorectal liver metastasis undergoing hepatectomy (96, 97), a higher neutrophil-to-lymphocyte ratio often predicts a poorer clinical outcome. NETosis induced by postoperative infection promotes hepatic metastasis in a murine model of lung carcinoma (76). Similarly, in a study, a postoperative increase in the level of NETs promoted the progression of liver metastasis in a murine model of liver IR injury and was associated with reduced disease-free survival in a cohort of patients with colorectal liver metastasis undergoing curative liver resection (98).




Potential Value of NETs for Clinical Application


Diagnostic Biomarker

At present, liquid biopsy including CTCs, cell-free nucleic acids and extracellular vesicles, has become a promising method for oncology-related examination (99) owing to its characteristics of safety, convenience, and minimal invasion. NETs, which are widely present in the serum, are suitable for detection through liquid biopsy as well. In addition, cfDNA in liquid biopsy, whose clinical diagnostic value has been validated in various tumors (100–102), contains DNA from NETs. However, only a few studies are available to validate the value of solely NETs for tumor diagnosis.

Zhang et al. found that NETs had better diagnostic value than carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) in GC by comparing ROC curves (103). In addition, the serum levels of NETs were associated with some clinicopathological features such as lymph node metastasis; however, no relationship was found between the levels of NETs in the tumor tissue and clinicopathological factors. Another study reported that the levels of NETs increased in proportion to the stage of breast cancer, and the levels of NE–DNA complexes were higher in regional and metastatic disease than in localized disease, which was consistent with the speculation that the formation of NETs may result in cancer progression and metastasis (104). However, similar studies on CRC have not yet been reported.

We speculate that, as a new biomarker that can be detected in multiple tumors, NETs may lack specificity used for the diagnosis of a particular tumor type. However, NETs may have better sensitivity and specificity for tumor diagnosis when combined with other tumor-associated markers such as AFP, CEA, and CA199, and their clinical utility should be validated in future studies.



Therapeutic Target

The role of NETs in the pathogenesis of several tumors and inflammatory diseases has been validated in many studies (6, 105, 106). Therefore, targeting NETs may be of great potential for cancer therapy. NETs can be targeted by blocking the inducers of their formation, inhibiting their formation pathway, destroying their structure, and impeding the tumor–NET interaction (107). Recent studies have reported that therapeutics targeting NETs mainly focus on the following two aspects: inhibition of NETosis and destruction of NET integrity after formation (Table 1).


Table 1 | Published key therapeutics targeting NETs to date.



Extensive efforts have been made to inhibit the generation of NETs pharmacologically to suppress cancer progression. As a critical enzyme in NETosis, PAD4 has been considered the target to block the pro-tumoral effects of NETs. To date, several reports have demonstrated the efficacy of some compounds in inhibiting PAD activity including Cl-amidine, related compounds that are irreversible non-selective PAD inhibitors (108, 119), and the reversible selective PAD4 inhibitor GSK-484 (109). Another small-molecule inhibitor, BMS-P5, was demonstrated to abrogate NET formation induced by multiple myeloma cells and delay disease progression in a murine model (110). In addition, some clinical antitumor drugs affect NET formation. Zeng et al. found that kaempferol, whose inhibitory effects on primary tumor growth have been widely investigated, can suppress NETosis by inhibiting the ROS–PAD4 pathway (111). Anthracyclines, ranked among the most effective chemotherapeutics against cancer that act through DNA intercalation, oxidative stress, and topoisomerase II poisoning (120), suppress both NADPH oxidase-dependent and independent NETosis in human neutrophils (112), which further elucidates the antitumor mechanism of anthracyclines. Similarly, free 5FU, a chemotherapeutic agent, leads to a significant and rapid increase in the total amount of NETs in the blood. However, when 5FU-loaded amphiphilic poly-N-vinylpyrrolidone nanoparticles were studied under the same conditions, the level of NETs in the blood was not elevated, indicating the significant potential of nanoparticles as delivery agents for chemotherapeutic drugs in antitumor therapy (113).

Another way to suppress the pro-tumoral effects of NETs is to destroy their structural integrity by targeting DNA, comprising their backbone and affiliated proteins. DNase I has antimetastatic activity and can inhibit NETs (32); however, its short biological half-life limits its clinical utility. Xia et al. demonstrated that adeno-associated virus-mediated DNase I liver gene transfer inhibited neutrophil infiltration and NET formation, increases the proportion of CD8+ T cells at the tumor site, and eventually attenuates the progression of liver metastasis in a mouse model of colorectal liver metastasis (114), representing a novel and effective therapeutic strategy for CRC. A recent study reported that DNase-I-coated melanin-like nanospheres promoted dissolution of NET structure in sepsis-associated NETosis, thereby preventing further progression of the disease; however, its antitumor effects warrant further investigation (115). Some protein components of NETs play a significant role in the development of tumors, which can also be targeted to impair NET function. In a study, HMGB1 derived from NETs strengthened the malignancy of cancer cells in a mouse model of liver metastasis with inflammation. However, thrombomodulin (TM) potentiated HMGB1 proteolysis via thrombin and consequently inhibited the induction of NETs, thereby preventing pancreatic cancer metastasis to the liver (116). In addition, recombinant TM (rTM) can suppress histone-induced NET release both in vitro and in vivo by binding to histones (117). Rayes et al. discovered that NET-associated carcinoembryonic Ag cell adhesion molecule 1 (CEACAM1) was an important element for tumor progression and metastasis, and blocking CEACAM1 on NETs or its knockout in a mouse model significantly compromised cell adhesion, migration and metastasis in colon carcinoma (118). In a recent study, a novel method was introduced to use NETs as anti-tumor drug delivery vehicles by re-engineering neutrophils to express the apoptosis-inducing chimeric eGFP-TRAIL protein on NETs, which can simultaneously entrap and kill tumor cells while reserving their antibacterial capabilities (121), making NETs a promising candidate for the delivery of antitumoral agents.

Furthermore, NETs are associated with therapy resistance. Inhibition of neutrophils or PAD4-dependent NETosis can increase sensitivity to immune checkpoint blockade in pancreatic cancer (122), indicating that NETs are a potential candidate for improving immunotherapeutic efficacy.



Prognostic Prediction

The pro-tumoral effects of NETs are suggestive of their potential as a novel prognostic predictor of cancers (123), which has been reported in several studies. Elevated levels of NETs are strongly associated with a higher risk of metastasis. Decker et al. showed that increased NETosis in blood could be used as a biomarker to detect early head and neck cancer and predict the possibility of developing tumor metastasis (124).

Furthermore, increased levels of NETs have a strong correlation with unfavorable survival in many types of tumors. For example, higher preoperative serum NET levels were closely associated with shorter recurrence-free survival (RFS) and overall survival (OS) in patients with primary hepatic malignancies (125). In addition, preoperative moderate leucocytosis is correlated with increased levels of tumor-infiltrating NETs in esophageal cancer (EC), which is associated with worse OS and disease-free survival (DFS). The level of NETs is considered an independent prognostic factor for survival in EC after surgery (126). In patients with GC, higher baseline levels of NETs in the blood are significantly correlated with worse progression-free survival (PFS) (103). However, in a study on patients with high-grade ovarian cancer, a contradictory conclusion was proposed, indicating that NETs are related to favorable survival and better outcomes (127).

In addition, the level of NETs in the blood can be used to predict the effectiveness of treatment regimens in patients with cancer. Zhang et al. found that the level of NETs was inversely correlated with short-term therapeutic efficacy in patients with GC who had received advanced first-line treatment (103). This study indicated the possibility of enhanced chemotherapeutic efficacy through NETosis inhibition.

Venous thromboembolism (VTE), a common complication in patients with cancer, can be induced and aggravated by NET formation (128). Extensive studies have confirmed the relationship between increased NET levels and a higher risk of thrombosis in many diseases including cancer (50, 129), which indicates the involvement of NETs in cancer-associated thrombosis and the significance of NETs as prognostic biomarkers to predict the risk of thromboembolism.




Conclusion and Perspectives

Several studies have validated the role of NETs in tumorigenesis, metastasis spread, and associated complications, indicating the significant potential of targeting NETs for cancer therapy. On the one hand, further investigation is required to study the detailed molecular mechanisms of NETs formation and pro-tumoral pathways affected by NETs to identify more therapeutic targets and develop corresponding agents. On the other hand, solely inhibiting overall NET formation may compromise immunity because NETosis is a part of the immune system. Therefore, it is necessary to develop therapeutics precisely targeting NETs in tumor tissues but without adverse effects on immune function. At present, a gene therapy vector has been reported to specifically express DNase in the liver and effectively inhibit colorectal liver metastasis, which indicates the possibility of achieving tumor precision therapy targeting NETs.

NETs can be used for tumor diagnosis and prognosis combined with some classical tumor markers; however, the results may not necessarily be reliable, limited by sample number, species specificity, and other unknown factors. Therefore, large-scale, multicenter studies should be performed to further verify the potential of NETs as diagnostic and prognostic biomarkers. In addition, fecal testing is currently one of the key methods for early CRC screening. Therefore, could NETs be present in the stool of patients with CRC and considered an early screening indicator?

NETs are involved in inflammation in chronic liver diseases. In patients with CRC, increased levels of NETs in the liver often indicate a high metastatic rate. Therefore, the management of chronic liver disease in patients with CRC is very important. Controlling the levels of NETs in the liver as early as possible may prevent or decrease metastasis. In addition, developing a method for rapid, minimally invasive, inexpensive, and stable detection of NETs is the basis for further clinical utility; however, the currently available detection technology cannot meet these requirements, which should be further improved.

CRC refers to colon cancer, including left and right colon cancer, and rectal cancer, which have different molecular landscapes in tumorigenesis despite a close relationship. Therefore, the role of NETs in tumorigenesis is also different and should be investigated in future studies.
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Albumin

Apolipoprotein C3

Lipopolysaccharide binding protein

Bile acid-CoA:amino acid N-acyltransferase
QOrosomucoid 1

Fibrinogen beta chain

Fibrinogen gamma chain

Apolipoprotein A2

Orosomucoid 1

4-Hydroxyphenylpyruvate dioxygenase
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Variables OS nomogram CSS nomogram Variables 0OS nomogram CSS nomogram

Age, years Grade
18-44 0 0 Well 0 0
45-64 1 14 Moderately 2 13
65-84 37 48 Poorly 37 64
>85 100 99 Undifferentiated 45 74

Race N stage
White 2 6 NO 0 0
Black 14 19 N1 1" 20
Al 21 14 N2 38 65
AP 0 0 CEA

Primary site Normal 0 0
Right colon 43 68 Elevated 36 56
Left colon 19 29 Borderline " 5
Rectum 0 0 Surg Prim Site

Histology No 67 100
Adenocarcinoma 0 0 Yes 0 0
Others 35 32 Surg Dis Site

Tumor size, cm No 30 46
0-5 0 0 Yes 0 0
>5 20 31

Surg Prim Site, primary site surgery; Surg Dis Site, distant metastasis site surgery; OS, overall survival: CSS, cancer-specific survival: Al, American Indian/Alaska Native; API, Asian/Pacific Islander.
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Variable

Age at diagnosis, year
18-45
45-65
65-85
>85
Married status
Unmarried
Married
Primary tumor sites
Right colon
Left colon
Rectum
Histology
Adenocarcinoma
Others
Grade
Well
Moderately
Poorly
Undifferentiated
Tumor size, cm
0-5
>5
N stage
NO
N1
N2
CEA
Normal
Elevated
Borderline

Extracranial metastatic sites to bone, lung, and liver, no.

0 site
1 site
2 sites
3 sites
Brain metastasis
No
Yes

All-cause mortality

Cancer-specific mortality

Hazard ratio (95% CI)

Reference
1.21 (1.11-1.33)
1.83 (1.66-2.01)
3.62 (3.15-4.16)

Reference
0.77 (0.73-0.81)

Reference
0.75 (0.70-0.79)
0.78 (0.73-0.84)

Reference
1.07 (0.99-1.17)

Reference
1.11 (0.97-1.26)
1.76 (1.54-2.01)
1.85 (1.57-2.18)

Reference
1.16 (1.10-1.22)

Reference
1.03 (0.96-1.11)
1.22 (1.14-1.32)

Reference
1.51 (1.41-1.62)
1.60 (1.07-2.40)

Reference
1.17 (1.10-1.26)
1.91 (1.74-2.09)
3.56 (2.90-4.38)

Reference
2.01 (1.60-2.53)

p-Value

<0.01
<0.01
<0.01

<0.01

<0.01
<0.01

0.98

0.13
<0.01
<0.01

<0.01

0.44
<0.01

<0.01
0.02

<0.01
<0.01
<0.01

<0.01

Hazard ratio (95% CI)

Reference
1.18 (1.08-1.28)
1.62 (1.48-1.78)
2,57 (2.16-3.06)

Reference
0.80 (0.75-0.84)

Reference
0.75 (0.70-0.80)
0.79 (0.74-0.85)

Reference
1.10 (1.00-1.20)

Reference
0.91 (0.97-1.25)
1.75 (1.563-2.00)
1.75 (1.47-2.08)

Reference
1.15 (1.09-1.21)

Reference
1.03 (0.96-1.11)
1.24 (1.15-1.33)

Reference
1.44 (1.34-1.54)
1.56 (1.03-2.34)

Reference
1.19 (1.11-1.29)
1.92 (1.74-2.12)
3.24 (2.54-4.12)

Reference
1.70 (1.24-2.34)

p-Value

<0.01
<0.01
<0.01

<0.01

<0.01
<0.01

<0.05

0.15
<0.01
<0.01

<0.01

0.43
<0.01

<0.01
0.03

<0.01
<0.01
<0.01

<0.01

CRC, colorectal cancer; CEA, carcinoembryonic antigen.
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Subtype Type of metastasis

Extracranial systemic disease only

Extracranial systemic disease and brain metastases

Number Median survival months Number Median survival months

Right colon No 22,632 NR (NR-NR) 21 5 (3-NR)
Liver 2,468 7 (16-18) 9 2 (1-NR)
Lung 180 25 (19-30) 3 10.0 (10-NR)
Bone 26 0 (5-NR) 1 22 (NR-NR)
20f3 483 1(9-13) 1 14 (7-NR)
all3 52 6(3-12) 2 7 (3-NR)

Left colon No 13,516 NR (NR-NR) 9 9 (2-NR)
Liver 1,975 28 (27-30) 2 4 (1-NR)
Lung 167 27 (24-39) 4 1.5 (1-NR)
Bone 28 4.5 (3-NR) 1 1 (NR-NR)
20f3 388 18 (16-21) 7 15 (3-NR)
A3 39 8 (5-22) 2 2 (1-NR)

Rectum No 13,813 NR (NR-NR) 10 11 (5-NR)
Liver 1,328 29 (27-31) 0 NR (NR-NR)
Lung 249 30 (25-35) 4 18 (7-NR)
Bone 30 2 (5-NR) 1 NR (NR-NR)
20f3 420 16 (15-18) 7 8 (7-NR)
A3 41 (6-10) 2 13 (7-NR)

CRC, colorectal cancer: NR, not reached.
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Variables

Age, years
18-44
45-64
65-84
>85

Gender
Female
Male

Race
White
Black
Al
API

Primary site
Right colon
Left colon
Rectum

Histology
Adenocarcinoma
Others

Grade
Well
Moderately
Poorly
Undifferentiated

Tumor size, cm
0-5
>5

N stage
NO
N1
N2

CEA
Normal
Elevated
Borderline

Surg Prim Site
No
Yes

Surg Dis Site
No
Yes

Univariate analysis of OS

Multivariate analysis of OS

Multivariate analysis of CSS

HR (95% CI)

Reference
1.19 (1.08-1.32)
1.69 (1.562-1.88)
3.33 (2.86-3.89)

Reference
1.01(0.95-1.07)

Reference
1.10 (1.02-1.19)
1.04 (0.74-1.48)
0.93 (0.84-1.03)

Reference
0.67 (0.63-0.71)
0.69 (0.64-0.74)

Reference
2.02 (1.61-2.54)

Reference
0.96 (0.83-1.10)
1.54 (1.33-1.79)
1.72 (1.43-2.08)

Reference
1.28 (1.21-1.36)

Reference
1.05 (0.97-1.14)
1.42 (1.31-1.53)

Reference
1.49 (1.38-1.60)
1.18 (0.73-1.91)

Reference
0.60 (0.56-0.65)

Reference
0.61 (0.57-0.66)

p-Value

<0.001*
<0.001*
<0.001*

0.814

0.012*
0.810
0.142

<0.001*
<0.001*

<0.001*

0.552
<0.001*
<0.001*

<0.001*

0.196
<0.001*

<0.001*
0.496

<0.001*

<0.001*

HR (95% CI)

Reference
1.14 (1.02-1.26)
1.52 (1.37-1.70)
3.08 (2.63-3.61)

Reference
1.15 (1.06-1.24)
1.24 (0.87-1.76)
0.98 (0.89-1.09)

Reference
0.76 (0.71-0.81)
0.62 (0.56-0.68)

Reference
1.50 (1.18-1.88)

Reference
1.02 (0.89-1.18)
1.52 (1.31-1.77)
1.66 (1.37-2.00)

Reference
1.26 (1.19-1.33)

Reference
1.14 (1.05-1.23)
1.54 (1.42-1.67)

Reference
1.50 (1.39-1.62)
1.14 (0.70-1.84)

Reference
0.47 (0.43-0.52)

Reference
0.71 (0.66-0.76)

p-Value

0.016*
<0.001*
<0.001*

<0.001*
0.227
0.745

<0.001*
<0.001*

<0.001*

0.740
<0.001*
<0.001*

<0.001*

0.002*
<0.001*

<0.001*
0.602

<0.001*

<0.001*

HR (95% CI)

Reference
1.11 (1.00-1.23)
1.35 (1.21-1.51)
214 (1.75-2.62)

Reference
1.09 (1.01-1.18)
0.94 (0.63-1.43)
0.93 (0.83-1.05)

Reference
0.77 (0.72-0.82)
0.63 (0.58-0.69)

Reference
1.47 (1.06-2.03)

Reference
1.12 (0.97-1.30)
1.62 (1.39-1.90)
1.68 (1.37-2.07)

Reference
1.23 (1.16-1.31)

Reference
1.11 (1.02-1.20)
1.51 (1.39-1.65)

Reference
1.44 (1.33-1.56)
0.98 (0.54-1.77)

Reference
0.53 (0.49-0.59)

Reference
0.76 (0.71-0.82)

p-Value

0.058
<0.001*
<0.001*

0.032*
0.780
0.240

<0.001*
0.000*

0.021*

0.110
<0.001*
<0.001*

<0.001*

0.019"
0.000*

0.000*
0.950

0.000"

<0.001*

Surg Prim Site, primary site surgery; Surg Dis Site, distant metastasis site surgery; HR, hazard ratio; OS, overall survival; CSS, cancer-specific survival; CRC, colorectal cancer; HR, hazard
ratio; Al, American Indian/Alaska Native; API, Asian/Pacific Islander.

n <0.05.
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Variables

Patients (N = 1,081)

Gender n (%)
Male
Female
Age n (%)
>60
<60
BMI (kg/m?) n (%)
<185
18.5-23.9
24-27.9
>28
Location n (%)
Right colon
Left colon
Rectum
T stage n (%)
T3
T4
Pathological type n (%)

Mucinous adenocarcinoma and signet ring cell

carcinoma
Adenocarcinoma
Differentiation n (%)
Poor
Moderate
Well
Preoperative CEA level n (%)
>5 ng/ml
<5 ng/ml
Postoperative CEA level n (%)
>3.66 ng/ml
<3.66 ng/ml
Adjuvant chemotherapy n (%)
No adjuvant chemotherapy
Three-month adjuvant chemotherapy
Six-month adjuvant chemotherapy
Metastasis or recurrence n (%)
Yes
No
Survival status n (%)
Alive
Dead

671 (62.07)
410 (37.99)

632 (58.46)
449 (41.54)

53
572
343
113

4.90)

52.91)
31.73)
10.46)

328 (30.34)
330 (30.53)
423 (39.13)

437 (40.43)
644 (59.57)

262 (24.23)
819 (75.77)
136 (12.58)
906 (83.81)
39 (3.61)

409 (62)
672 (38)

864 (79.93)
217 (20.07)

399 (36.91)
207 (19.15)
475 (43.94)

224 (20.72)
857 (79.28)

784 (72.58)
207 (27.47)
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Factors

Gender
Age
BMI
<185
18.5-23.9 (ref)
24-27.9
=28
Smoking
Alcohol
Hypertension history
Diabetes history
Site (0-colon,1-rectum)
Diameter (cm)
Histomorphology
Differentiation
Lymphadenectasis
T stage
Tda
Tab
Adjuvant chemotherapy
Preoperative CEA
Early postoperative CEA

os

DFS

css

P-value

0.164
1.941

0.136

0.468
0.733
0.212
0.780
0.132
0.131
0.000
0.572
0.000
0.000
0.997

0.031
0.005
0.000
0.000
0.000

HR (95%Cl)

1.183 (0.934-1.500)
2.015 (10603-2.532)

1.424 (0.894-2.268)

0.909 (0.708-1.176)
0.933 (0.628-1.387)
1.166 (0.916-1.485)
1.040 (0.791-1.367)
1.271 (0.930-1.736)
1.350 (0.914-1.992)
1.547 (1.232-1.943)
1.069 (0.847-1.349)
1.523 (1.206-1.924)
1.725 (1.328-2.240)
1.000 (0.751-1.339)

1.334 (1.027-1.732)
1.577 (1.145-2.170)
0.627 (0.498-0.789)
1.794 (1.430-2.252)
3.569 (2.826-4.508)

P-value

0.096
0.010

0.339

0.509
0.731
0.247
0.543
0.243
0.293
0.005
0.465
0.010
0.001
0.263

0.006
0.002
0.041
0.000
0.000

HR (95%Cl)

1.264 (0.959-1.666)
1.412 (1.087-1.834)

1.323 (0.745-2.349)

1.103 (0.825-1.475)
1.080 (0.695-1.678)
1.178 (0.893-1.554)
1.102 (0.806-1.505)
1.236 (0.866-1.766)
1.279 (0.808-2.025)
1.452 (1.118-1.886)
1.106 (0.846-1.442)
1.429 (1.091-1.874)
1.677 (1.233-2.282)
1.200 (0.878-1.639)

1.527 (1.129-2.066)
1.764 (1.223-2.544)
0.759 (0.582-0.989)
1.697 (1.307-2.204)
5.084 (3.910-6.609)

P-value

0.201
0.000

0.342

0.986
0.662
0.343
0.595
0.165
0.189
0.000
0.597
0.002
0.002
0.553

0.011
0.008
0.006
0.000
0.000

HR (95%Cl)

1.209 (0.904-1.616)
1.747 (1.322-2.307)

1.337 (0.735-2.433)

1.008 (0.734-1.370)
1.108 (0.699-1.758)
1.154 (0.858-1.552)
1.093 (0.787-1.620)
1.308 (0.896-1.909)
1.373 (0.856-2.208)
1.652 (1.251-2.182)
1.080 (0.813-1.435)
1.5656 (1.169-2.067)
1.672 (1.211-2.308)
1.109 (0.789-1.559)

1.524 (1.102-2.107)
1.712 (1.150-2.107)
0.674 (0.508-0.895)
1.746 (1.323-2.305)
4.950 (3.741-6.549)
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Sensitivity

0 20 40 60 80 100
100-Specificity

Variable AUC P 95% CI

Post-CEA  0.686 0.0189 0.657-0.714
Pre-CEA 0.621 0.0186 0.592-0.650

T stage 0.567 0.0178  0.536 - 0.596
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Outcomes ~ Study name Statistics for each study Hazardratioand %% (1 Relative weight (%)

Hazard Lower Upper
ratio  limit limit p-Value

0S Bhatti, 2015 0S 1810 1560 2100 <0.001 3 1943
Our Finding, 2021 05 2830 2202 3637 <0.001 - 1852
You, 2020 08 344 259 4573 <0.001 -i- 18.06
Yang 2016 05 501 3412 7929 <0001 —i— 13
Filiz, 2009 OS 340 2187 5101 <0.001 - 16,4
Wang, 2007 08 0519 026 L142 0103 1128

0S Subtotal (=90.12%,P<0.001) 2516 1684 3759 <0001 N o

DFS You, 2020 DFS 3149 2420 4088 <0.001 -3 UK
Lin, 2011 DFS 280 1729 3007 <0.001 - B.5%
Our Finding 2021 DFS 4552 3427 606 <001 -+ 1%
Yang 2016 DFS 721 3389 15598 <0.001 —l=> 107
Wang, 2007 DFS 378 1616 882 0002 —liG— 04
Filiz, 2009 DFS 4050  1.667 9840 0.002 —lG— 3§

DFS Subtotal (I:=69.35%,P=0.006) 3621 2636 491 <0001 <>

Overall (=86.39%,P<0.001) 3148 2454 4038  <0.001 <&
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2097 patients were
definitely diagnosed

with stage I CRC
938 patients without available early

postoperative CEA and 2 patients had
metastasis within 3 months after surgery

were excluded
1157 stage II CRC

patients with available

early postoperative CEA

76 patients without
Preoperative CEA or follow-up

information were excluded
1081 stage II CRC patients

were considered in the study

and all of them had not

received neoadjuvant therapy

219 patients with 862 patients with

elevated early normal early

postoperative CEA

postoperative CEA
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Gene

ERBB3
ERBB2
AREG
EREG
NTSE
PTEN
AXL
PRSS1
EPHA2
TRAP1

Drugs Affected

Panitumumab
Cetuximab
Panitumumab
Panitumumab
Cetuximab
Cetuximab
Cetuximab
Cetuximab
Cetuximab
Cetuximab

anti-EGFR sensitive/resistant

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
Resistant
Resistant
Resistant
Resistant

PFS, progression-free survival: OS, overall survival.

Expression-Consequences

Upregulation-higher PFS

Upregulation-higher survival

Upregulation-higher PFS

Upregulation-higher PFS

Upregulation-higher survival

Loss of expression-nonresponsiveness
Upregulation-poor PFS, OS

Upregulation-poor PFS

Upregulation-poor PFS; increased progression rate
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Subset Colorectal cancer (pTNM stage I-IV) & Healthy control Colorectal cancer (pTNM stage I-11l) & Healthy control
AUC 95% CI Sensitivity Specificity AUC 95% Cl Sensitivity Specificity
CD4* TSCM, 10%L 0.758 0.654-0.863 0.612 0.788 0.761 0.654-0.869 0.612 0.778
CD4* TSCM, %o 0.635 0.513-0.758 0.571 0.667 0.661 0.5637-0.784 0.367 0.926
CEA, ng/mL. 0.707 0.5688-0.827 0.5615 0.857 0.673 0.540-0.807 0.333 0.980
CA199, U/mL 0.552 0.413-0.691 0.303 0.980 0.505 0.353-0.656 0.259 0.980
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Patients with Hepatitis B (N = 14) Patients without Hepatitis B (N = 109) P-value
CD4* TSCM, 10°/L 4.58 (2.57-6.00) 6.18 (4.09-9.87) 0.106
CD4* TN, 10%/L 117.83 (70.68-186.75) 168.21 (103.99-228.23) 0.139
CD4* TCM, 10%/L 177.47 (117.20-272.21) 272.73 (204.17-363.97) 0.025
CD4* TTM, 10°L 70.37 (39.32-102.38) 72.95 (47.563-107.84) 0.381
CD4* TEM, 10%/L 18.83 (10.01-37.29) 31.28 (11.98-60.47) 0.300
CD4* TTE, 10%/L 0.08 (0-2.06) 0.37 (0-2.33) 0.168
CD4* TSCM, %o 4.25(1.9-7.9) 3.5(2.5-5.1) 0.679
CD4* TN, %o 92.15 (69.4-165.7) 100.8 (62.3-136.7) 0.933
CD4* TCM, %o 173.2 (119.2-216.4) 166.1 (128-212.7) 0.930
CD4* TTM, %o 51.25 (36.4-71.5) 46.1 (30.4-63) 0.185
CD4* TEM, %o 18.65 (8.3-39) 18.8 (7.4-41.1) 0.927
CD4* TTE, %o 0.05 (0-3.2) 0.2 (0-1.5) 0.387

TSCM, memory stem T cell: TN, naive T cell: TCM, central memory T cell: TTM, terminal memory T cell: TEM, effector memory T cell: TTE, terminal effector T cell.
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Characteristics

Healthy control (N = 49)

Benign tumor (N = 41)

Colorectal cancer (N = 33)

Age (years)
Male/Female
Hepatitis B
CEA (ng/mL)
CA199 (U/mL)
Tumor site
Colon
Rectum
Rectum & colon
Primary tumor (T) stage
T1-3/T4

Regional lymph node (N) stage

NO/N1-2
Distant metastasis (M) stage
MO/M1
PTNM stage
Stage |-l
Stage Ill
Stage IV

63.24 + 12.65
27 (55.10%)/22 (44.90%)
0(0%)

2.16 (1.58-3.12)
11.85 (8.34-16.44)

60.49 + 11.79

26 (63.41%)/15 (36.59%)

6 (14.63%)
2.46 (1.58-3.13)
11.70 (7.6-16.5)

28 (68.29%)
9 (21.95%)
4(9.76%)

67.00 + 9.88
14 (42.42%)/19 (57.58%)
8 (24.24%)

3.47 (2.08-5.98)
13.1 (7.7-36.8)

15 (45.45%)
16 (48.48%)
2 (6.06%)
17 (61.52%)/16 (48.48%)
14 (42.42%)/19 (57.58%)
27 (81.82%)/6 (18.18%)
11(33.33%)

16 (48.48%)
6 (18.18%)
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Subset

CD4* TSCM, 10°/L
CD4* TN, 10%/L
CD4* TCM, 108/
CD4* TTM, 10°L
CD4* TEM, 10%/L
CD4* TTE, 10%/L
CD4* TSCM, %o
CD4* TN, %o
CD4* TCM, %o
CD4* TTM, %o
CD4* TEM, %o
CD4* TTE, %o

Marker

CD4*CD45R0O CCR7*CD27*CD28*CD95*
CD4*CD45R0O CCR7*CD27*CD28"CD95
CD4*CD45R0O*CCR7*CD28*
CD4*CD45RO*CCR7°CD28*
CD4*CD45R0O*CCR7°CD28"
CD4*CD45RO"CCR7°CD28"
CD4*CD45R0O"CCR7*CD27*CD28*CD95*
CD4*CD45RO"CCR7*CD27*CD28*CD95
CD4*CD45R0O*CCR7*CD28*
CD4*CD45RO*CCR7°CD28*
CD4*CD45R0O*CCR7°CD28
CD4*CD45R0O"CCR7°CD28"

Healthy control (N = 49)

6.86 (4.57-10.33)
155.33 (91.98-241.00)
281,67 + 99.66
77.13 + 38.88
32.83 (11.98-73.86)
0.30 (0-2.39)
4(25-5.4)
96.17 + 46.47
155.69 + 44.29
42.75 + 19.59
18.8 (7.5-48.4)
02(0-1.3)

Benign tumor (N = 41)

6.98 (4.39-10.37)
172,99 (119.10-272.97)
328.92 + 152.39
83.62 + 38.95
24.18 (8.81-55.64)
0.24 (0-2.18)
35(2.7-62)

123.38 + 68.02
182.34 + 61.88
48.08 + 19.48
15 (5.4-33.4)
02 (0-1.8)

Colorectal cancer (N = 33)

4.01 (2.32-5.86)
113.40 (76.66-181.41)
232.94 + 112,08
75.59 + 37.93
31.57 (16.35-48.67)

0.4 (0-2.16)

3.1 (2.2-4.5)
101.86 + 56.12
178.53 + 50.14

59.73 + 30.19
23.4 (13.1-41.5)
0.3(0-1.8)

TSCM, memory stem T cell: TN, naive T cell: TCM, central memory T cell: TTM, terminal memory T cell: TEM, effector memory T cell: TTE, terminal effector T cell.
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Variable N (%)
Total 2,293
Gender

Male 958 (41.8)
Female 1,335 (58.2)
Age

Median 69 (21-90)
STD 14.78
Race

White 2,004 (87.4)
African American 188 (8.2)
Others 101 (4.4)
Year of diagnosis

2010 413 (18.0)
2011 566 (24.7)
2012 633 (27.6)
2013 681(29.7)
Charlson-Deyo score

0 1,540 (67.2)
1 537 (23.4)
2+ 216 (9.4)
Site

Appendix 8(0.4)
Cecum 621 (27.1)
Ascending colon 746 (32.5)
Hepatic flexure 143 (6.2)
Transverse colon 301 (138.1)
Splenic flexure 80 (3.5)
Descending colon 115 (5.0)
Sigmoid colon 222 (9.7)
Overlapping 36 (1.6)
Not otherwise specified 21 (0.9
Surgery at primary site

Partial colectomy 487 (21.2)
Subtotal colectomy/hemicolectomy 1,722 (75.1)
Total colectomy 42 (1.8)
Total proctocolectomy 10 (0.4)
Unknown 32 (1.4)
Grade

Well differentiated/moderately differentiated 1,540 (67.2)
Poorly differentiated/undifferentiated 753 (32.8)
Pathological T stage

T3 1,957 (85.3)
T4 321 (14.0)
Risk group per study

High risk 676 (29.5)
Not high risk 1,617 (70.5)
High-risk features®

T4 321 (14.0)
LvI 329 (14.3)
<12 lymph node removed 89 (3.9
Positive margin 69 (3.0
Systemic/surgery sequence

No systemic therapy 1,862 (81.2)
Systemic therapy after surgery 431 (18.8)
Chemotherapy

No chemotherapy 1,862 (81.2)
Single-agent chemotherapy 108 (4.7)
Multiagent chemotherapy 292 (12.7)
Chemotherapy type and number of agents not documented 31(1.4)

AHigh-risk features not mutually exclusive.





OPS/images/fonc.2021.755113/table2.jpg
Univariate OS p-values Multivariate OS p-values

HR 95%Cl HR 95%Cl
Age 1.05 (1.04-1.06) <0.001 1.04 (1.03-1.06) <.001
Male gender 1.02 (0.82-1.28) 0.843 1.36 (1.07-1.71) 0.004
High risk 1.56 (1.24-1.97) <0.001 1.71 (1.85-2.17) <0.001
Adjuvant chemotherapy 0.52 (0.36-0.73) <0.001 0.66 (0.44-0.98) 0.040
Pathological TAA* 1.72 (1.19-2.49) 0.004
Pathological T4B* 2.19 (1.563-3.14) <0.001
Pathologic stage 1B 1.63 (1.13-2.35) 0.009
Pathologic stage IIC? 2.27 (1.568-3.25) <.001
Lvi# 1.34 (1.00-1.81) 0.248
<12 LNS® 2.06 (1.35-3.15) <.001
Positive surgical margin® 2.79 (1.79-4.34) <.001
Charlson-Deyo score 1 1.71 (1.31-2.22) <.001 1.45 (1.11-1.90) <.001
Charlson-Deyo score 2+ 3.89 (2.93-5.17) <.001 2.72 (2.03-3.65) <.001

aRemoved from the muiltivariate model to avoid collinearity with high risk.
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Study author
and publication
year

Bhatti 2015

You 2020
Yang 2016
Filiz 2009
Lin 2011

Wang 2007

Country/
Region

UK

China

Korea

Turkey

Taiwan

Taiwan

Study
design

retrospective
study

retrospective
study
retrospective
study
retrospective
study
prospective
study
retrospective
study

Study
period

2008.12
2011.12
2009.1-
2015.12
1999.1-
2008.12
2002.2-
2006.6
2000~
2004
2001.1-
2006.6

Sample
size

569

1008

318

114

1361

425

Gender
(Male/
Female)

289/280

605/403
189/129
70/44
897/464

210/215

postoperative
CEA’ scut-off
value

5ng/ml (<5-ref.)

5ng/ml (<5-ref.)
6ng/mL (<6-ref.)
5ng/ml (<5-ref.)
5ng/mL (<5-ref)

5ng/mL (<5-ref.)

Multivariable analysis results
of postoperative CEA-OSHR

(95% CI)

1.810 (1.650-2.120)

3.414 (2.549-4.574)
5.201 (3.412-7.929)

3.340 (2.187-56.101)

0519 (0.236-1.143)

Multivariable analysisresults
of postoperative CEA-DFSHR

(95% Cl)

3.149 (2.426-4.088)
7.271 (3.389-15.597)
4,050 (1.667-9.841)
2.280 (1.780-3.010)

3.778 (1.616-8.831)
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Outcome PS-adjusted regression Sensitivity analyses by other PS-based methods

postoperative CEA PS-adjusted regression HR (95% ClI), P-value PS-stratified HR (95% Cl), P-value IPTW- HR (95% Cl), P-value
Css 4.186 (3.102-5.648), 0.000 4.044 (3.000-5.452), 0.000 3.112 (2.337-4.142), 0.000
DFS 4.552 (3,427-6.046), 0.000 4.518 (3.411-5.984), 0.000 3.333 (2.540-4.373), 0.000
0s 2.830 (2.202-3.637), 0.000 2.818 (2.198-3.612), 0.000 2.526 (2.008-3.178), 0.000

We used propensity score (PS)-adjusted regression adjusted preoperative CEA, gender, age, BMI, tumor sites, histological type, differentiation degree, T stage and chemotherapy and got
a PS score, which was considered as another covariate and included in the model along with the early postoperative CEA to construct Cox proportional hazards regression models with
different outcomes. The PS-adjusted regression results were verified using PS stratification and inverse probability weighting (IPTW).
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Primer

GAPDH Forward Primer
GAPDH Reverse Primer
RP9P Forward Primer

RP9P Reverse Primer
FOXQ1 Forward Primer
FOXQ1 Reverse Primer
miR-133a-3p RT Primer
miR-133a-3p Forward Primer
miR-133a-3p Reverse Primer
U6 Forward Primer

B Reverse Primer

Sequences (5'—3)

ACAGCCTCAAGATCATCAGC
GGTCATGAGTCCTTCCACGAT
GGGTGGCAGGACTGGGAGAAT
CTCTCGCCTGTAATCCCAATGCT
ACCTTTCGCTCAACGACTGCT
GGGGTTGAGCATCCAGTAGTTG
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCAGCTG
GCTTTGGTCCCCTTCAAC
CAGTGCGTGTCGTGGA
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
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Factors

Age
Site(0-colon,1-
rectum)

Histomorphology

Differentiation

T4a

T4b

Adjuvant
chemotherapy

CEA before-
surgery

CEA post-
surgery

P-

value

0.000

0.000

0.002

0.000

0.127

0.015

0.070

0.009

0.000

os

HR (95%

cl)

1.949
(1.632-
2.480)
1.670
(1.306-
2.135)
1.448
(1.140-
1.839)
1.856
(1.408-
2.448)
1.287
(0.942-
1.624)
1.534
(1.086-
2.166)
0792
(0.616-
1.019)
1.376
(1.083-
1.750)
2,590
(2.006-
3.343)

Sensitivity Analysis

Standardized

P-

regression coefficient value

0.045

0.035

0.025

0.048

0.016

0.042

0.016

0.022

0.068

0.010

0.005

0.010

0.001

0.006

0.002

0.041

0.000

0.000

DFS

HR (95%
(@)}

1.412
(1.087-
1.834)
1.452
(.18
1.886)
1.429
(1.091-
1.874)
1.677
(1.233-
2.282)
1.527
(1.129-
2.066)
1.764
(1.223-
2.544)
0.759
(0.582-
0.989)
1.697
(1.307-
2.204)
5.084
(3.910-
6.609)

Sensitivity Analysis

Standardized

P-

regression coefficient value

0.022

0.033

0.020

0.041

0.030

0.065

0.000

0.004

0.122

0.000

0.000

0.002

0.002

0.011

0.008

0.006

0.000

0.000

css

HR (95%
()]

1.747
(1.250-
2.250)
1.652
(1.269-
2.306)
1,555
(1.059-
1.898)
1.672
(1.207-
2.389)
1524
(1.000-
1.958)
1.712
(1.143-
2.674)
0674
(0.656-
1.220)
1.746
(0.885-
1.593)
4.950
(2.901-
5.357)

Sensitivity Analysis

Standardized
regression coefficient

0.043

0.045

0.029

0.051

0.032

0.067

0.010

0.014

0.118
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Clinical characteristics

Univariable cox

Multivariable cox

HR (95% CI) P-value HR (95% CI) P P-value
Age 1.284 [0.983-1.677) 6.65E-02 1.442 [1.104-1.882] 7.14E-03
Gender 0.940 [0.566-1.561] 8.10E-01 — —
T 3.745 [2.216-6.329) 8.18E-07 - -
N 2368 [1.743-3.217) 3.49E-08 - -
M 5.583 [3.337-9.339) 5.76E-11 = =
Stage 2.768 [2.041-3.754] 5.78E-11 3.499 [2.529-4.840] 3.95E-14
Risk score 7,666 [3.446-17.050] 592E-07 13.821(5.834-32.745) 2.41E-09

HR. hazard ratio: Cl, confidence interval.
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Parameter Subtype Patients n (%)
Age <=50 40 (12.5%)
51-65 90 (28.1%)
66-75 104 (32.5%)
>75 86 (26.9%)
Gender Male 174 (54.4%)
Female 146 (45.6%)
Vital status Alive 257 (80.3%)
Dead 63 (19.7%)
T T 7 (2.2%)
T2 57 (17.8%)
T3 223 (69.7%)
T4 33 (10.3%)
N NO 193 (60.3%)
N1 73 (22.8%)
N2 54 (16.9%)
M Mo 269 (84.1%)
M1 51 (15.9%)
Stage Stage | 57 (17.8%)
Stage Il 129 (40.3%)
Stage IIl 83 (25.9%)
Stage IV 51 (16.0%)

COAD, colon adenocarcinoma.
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Gene TTUHSC TCGA (Firehose) TCGA (Nature 2012) Pan Cancer Atlas Chinese study (19)
(M1) (M1) (18) (Mx) (16) (Mx) (17) (MO+M1)
n =52 n=28 n=224 n =478 n =630
% % (p-value) % (p-value) % (p-value) % (p-value)
APC 92 75 (0.044) 75 (0.005) 73 (0.001) 71(0.001)
TP53 75 57 (0.131) 54 (0.008) 62 (0.070) 77(0.734)
KRAS 50 6 (0.247) 42 (0.352) 40 (0.182) 50 (1.00)
GNAS 31 1 (0.056) 6 (<0.001) 4 (<0.001) N/D
PIK3CA 27 N/D 20 (0.347) 26 (0.869) 18 (0.136)
NOTCH 23 11 (0.236) 15 (0.214) 16 (0.237) N/D
ATM 21 N/D 11.2 (0.067) 11 (0.043) N/D
FLT 21 N/D 5 (0.001) 11 (0.043) N/D
SRC 15 N/D N/D N/D N/D
MLL2 14 N/D N/D N/D N/D

N/D, not determined: p-values were determined using Fisher’s exact tests. MO — non-metastatic disease, M1 — metastatic disease, Mx - metastasis statuses not reported.
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Clinicopathological Overall Female Male p-Value
characteristics N =52 16 36

Age at diagnosis 58.67 57.06 59.39 0.47
(SD) (10.64) (14.7) (8.41)

Laterality of the primary tumor 0.21
Left-sided 36 9(25%) 27 (75%)
Right-sided 16 7(43.75) 9 (56.25%)
Metastasis

Liver 40 12 28

Lung 5 0 5

Peritoneum 3 2 1

Other 4 2 2

Clinical stage

lic/IV 1 1 0

\Y 51 15 36
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Subgroup heterogeneity OR/RR/HR (95% CI) P-value
Studies, n

12 (%) P-value

Case—control studies OR (95% Cl)

Total cheese 9 0.0% 0.644 0.89 (0.82,0.97) <0.05
us 4 0.0% 0.763 0.83 (0.71,0.96) >0.05
Canada 2 26.3% 0.244 0.96 (0.77,1.19) >0.05
Colon cancer 4 0.0% 0.5615 0.89 (0.79,1.00) <0.05
Rectal cancer 3 0.0% 0.608 0.86 (0.74,1.00) <0.05
Cohort studies RR (95% ClI)

Total cheese 5 37.0% 0.174 0.89 (0.73,1.08) >0.05
us 2 0.0% 0.533 1.11 (0.78,1.59) >0.05
Sweden 2 0.0% 0.464 0.72 (0.56, 0.94) <0.05
Colon cancer 5 411% 0.147 0.88 (0.68, 1.13) >0.05
Rectal cancer 2 0.0% 0.810 0.84 (0.54, 1.29) >0.05
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Author Year Country Studytype Inclusion period Group No. of Patients Surgery type Outcome of Follow-up

interest (days)
Herwig et al. (12) 2002 Australia P 1996.12 -1997.12 CAL 12 Colorectal surgery IL-1B, IL-6, TNF 9
Non- 12
CAL
Bertram et al. (13) 2003 Germany P 2001.03 - CAL 3 Colorectal surgery IL-6, TNF 7
2001.09
Non- 22
CAL
Matthiessen et al. (11) 2007 Sweden P 2002.11 - CAL 4 Anterior resection TNF, I, IL-10 6
2004.10
Non- 19
CAL
Yamamoto et al. (10) 2011 Japan P Unclear CAL 8 Colorectal surgery IL-1B, IL-6, TNF 3
Non- 92
CAL
Fouda et al. (15) 2011 Egypt P 2007.03 - CAL 8 Low anterior TNF, II-6, IL-10 5
2009.12 resection
Non- 48
CAL
Bilgin et al. (14) 2017 Turkey Case- 2012.03 - CAL 7 Low anterior IL-6, TNF 5
control 2013.04 resection
Non- 43
CAL
Sparreboom et al. 2020 Netherland P 2015.08 - CAL 38 Rectal surgery IL-1B,IL-6,IL-10, 3
(16) 2017.10 TNF
Non- 254
CAL
Oikonomakis et al. (9) 2019 Sweden Case- Unclear CAL 7 Low anterior IL-6, IL-10 7
control resection
Non- 13
CAL

IL-1p, interfeukin 1-beta; IL-6, interleukin-6; IL-10, interleukin-10; TNF, tumour necrosis factor; P, prospective; CAL, colorectal anastomotic leakage; Non-CAL, None colorectal
anastomotic Leakage.
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Subgroup heterogeneity OR/RR/HR (95% CI) P-value
Studies, n
12 (%) P-value

Case-control studies OR (95% CI)
Total yogurt 10 57.29% 0013 0.91(0.79,1.04) >005
Canada 2 0.0% 0351 091 (0.75,1.09) >0.05
us 6 55.6% 0046 093 (0.77,1.14) >0.05
Men 2 00% 0.469 1.02 (084,1.24) >005
Women 2 66.1% 0086 091 (0.55,1.49) >0.05
Colon cancer 4 60.3% 0021 096 (0.77,1.19) >0.05
Rectal cancer 3 4.0% 0353 0.75(0.65,0.88) <0.05
Cohort studies RR (95% CI)
Total yogurt 4 54.6% 0086 0.89(0.77,1.08) >0.05
Sweden 2 13.1% 0283 0.98 (0.84,1.15) 005
Colon cancer 3 57.3% 0096 091(0.75,1.12) >005
Rectal cancer 3 10.8% 0326 097 (0.84,1.12) >0.05

HR (95% C))
Total yogurt 2 00% 0830 1.09 (0.89,1.35) >0.05
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Author Year
Herwig et al. (12) 2002
Bertram et al. (13) 2003
Matthiessen et al. (11) 2007
Yamamoto et al. (10) 2011
Fouda et al. (15) 2011
Bilgin et al. (14) 2017
Sparreboom et al. (16) 2020
Oikonomakis et al. (9) 2019

Cytokines

IL-1B, IL-6, TNF
IL-6, TNF
TNF, 1I-6, IL-10
IL-1B, IL-6, TNF
TNF, II-6, IL.-10
IL-6, TNF

IL-1B,IL-6,IL-10,TNF
IL-6, IL-10

Measuring

ELISA
CLA
CUA
ELISA
ELISA
ELISA
ELISA
CLA

Company

Coulter-lmmunotech Diagnostics, Hamburg, Germany
Immulite, DPC Biermann GmbH, Bad Nauheim, Germany
DPC, Los Angeles, CA

R&D system, Minneapolis, MN, USA

Not mentioned

Eastbiopharm Co. Ltd, Hangzhou

Thermo Fisher Scientific, Bleiswijk, The Netherlands
DPC, Los Angeles, California,IL, USA

IL-1B, interleukin 1-beta; IL-6, interleukin-6; IL-10, interteukin-10; TNF, tumour necrosis factor; ELISA, enzyme linked immunosorbent assay; CLIA, chemiluminescence analysis.
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Reference  Study cohort
and
characteristics

(age, y)

USA: Health
Professionals
Follow-up Study
(40-75)

Keamey
etal. (11)

USA: Adventist
Health Study
(25-100)

Singh et al.
(12)

Sweden:
Swedish
Mammography
Screening
Cohort (median
55)

Terry et al.
(13)

Sweden:
Swedish
Mammography
Cohort (40-76)

Larsson
etal. (14)

Larsson  Sweden: Cohort
etal. (15 of
Swedish Men
(@5-79)

Valeria et
al,, 2011
(16)

taly: halian
European
Prospective
Investigation into
Cancer and
Nutrition cohort
(EPIC-ltaly
cohort)

(mean of 51)

10 European
countries
(Denmark,
France,
Germany,
Greece, Ital, the
Netherlands,
Norway, Spain,
Sweden, and the

Nei et al.,
2013 (17)

United
Kingdorm):
European
Prospective
Investigation into
Cancer and
Nutrition (EPIC)
Spain:
PREDIMED trial
(65-80)

Laura et al,
2018 (18)

Matsumoto
et al. (19)

Japan: Jichi
Medical School
(UMS) Cohort
Study(18-90)
10 European
countries
(Denmark,
France,
Germany,
Greece, ltaly, the
Netheriands,
Norway, Spain,
Sweden, and
United
Kingdom):
European
Investigation
into Cancer and
Nutrition (EPIC)
cohort.(25-70)

Dik et al.
(20)

CRC, colorectal cancer: CC, colon cancer: DC, distal colon cancer: R, rectal cance

No. of

participants

(M/w)

47,935 M

32051

61,643 W

60,708 W

45,306 M

14,178/31,063

142,141/334, 981

7216

11606

521448

No. of
incident
cases

203 CC

157 CC

572 CRC,
371 CC
and 191R

798 CRC,
543 CC
(246 PC,
170
DC,127
unknown),
249 R
449CRC,
276 CC
and
173R

289 CRC
(215CC
and 74R)

4513
CRC,
2868 CC
and 1645
R

97 CRC

25CC

1525CRC

Outcome
(Incidence/
Mortality)

Incidence.

Incidence.

Incidence.

Incidence.

Incidence.

Incidence.

Incidence.

Incidence.

Mortaiity

Mortaiity

Follow-
up
length,
y

6

1.3

14.8

6.7

1

9.16

Exposure

Hard
cheese: >1/
dvs

<1/mo (1
slice)
Cheese
(excluding
cottage
cheese):

>2 servings/
Wk vs never
Fermented
dairy
servings/mo
(yogurt and
cuitured

vs <1
sening/d

Cultured
milk (sour
milk and
yogurt): >1
senving/d vs
never/Hard
cheese: >3
slices/d vs
<4

Yogurt: T3
vs I
slices/wk
(median
intake)

Yogurt
(natural and
flavored
yogurt in all
cohorts,
and,
additionaly,
fermented
milk in
Sweden,
Norway,
and
Denmark)

Cheese
(includes all
types of
cheese:
petit suisse,
ficotta,
cottage,
spreadable,
and
semicured/
cured
cheeses):
44vs11g/
d

yogurt

yoghurt
QavsQ1 ;
cheese
QavsQ1

RR/HR

RR CC: 1.35 (95% Cl
0.67, 2.75)

RR CC: 1.04 (95% Cl
0.69, 1.59)

RR CRC: 0.90 (95% Cl:
0.72,1.13) RRCC: 0.76
(95% Cl: 057, 1.01) RR
R: 1.28 (95% Cl: 0.87,
1.89)

RR CRC: 0.65 (95% Cl:
0.44,0.96) RR PC: 0.76
(95% C: 0.39, 1.50) RR
DG: 0.24 (95% C: 0.07,
0.82) RRR: 0.89 (95%
Cl: 0.46, 1.71)

RR CRC: 1.07 (95% Cl:
0.86,

1.34); RR CC: 1.17 (95%
Cl: 0.8,

1.56) RR R: 0.94 (95%
Cl: 0.66,

1.33)/RR CRC: 0.79
(95% CI: 0.56,

RR CRC (entire cohort):
0.65 (95%

Cl: 0.48, 0.89) RR CRC
(M): 0.47

(95% Cl: 0.28, 0.81) RR
CRC (W):

0.69 (95% Cl: 0.47, 1.03)

RR CRC: 0.90 (95% CI:
0.81,0.99) RR CC: 0.88
(95% Cl: 0.7, 1.00) RR
R: 098 (95% CI: 0.79,
1.10)

RR CRC: 1.23 (95% Cl:
0.74, 2.06)

HR Colon 1.28 ( 95%
Cl0.30 - 5.48)

HR CRC 1.09 95% Cl,
0.88-1.34 HR CRC 0.93
95% Cl, 0.76-1.14

Adjustments to the RR/HR

Age, total calories, family history of colon cancer, previous
polyp, screening,

past history of smoking, alcohol consumption, aspiin use,
physical activity,

BMI, red meat, saturated fat, and dietary fiber intakes

Age at baseline, sex, BMI, physical activity, parental history
of colon cancer, current smoking, pasts smoking, alcohol
consumption, and aspirin use

Age, BMI, education level, total energy and quarties of red
meat, alcohol, and

energy-adjusted folic acid and vitamin C intake. Individual
dairy products were

mutually adjusted

Stratified by age at recruitment and the year of entry into the
cohort. Adjusted

for age, BM, education, total energy intake and quintiles of
intakes of folate,

vitamin B-6, cereal fiber and red meat

Stratified by age at baseline. Adjusted for education, family
history of CRC,

BMI, exercise, history of diabetes, cigarette smoking, aspirin
use, multivitamin

supplement use, total energy and quarties of saturated fat,
total vitamin D,

alcohol, fruit, vegetable, and red meat intake

Stratified by diet questionnaire. Adjusted for energy, animal
fat, red meat

intake, dietary calcium, dietary fiber, simple sugars, BMI,
alcohol

consumption, smoking, education level,recreational activity
(excluding

sports),sporting and type of work.

Stratified by age (1-y categories), sex and center. Adjusted
for total energy intake,

BMI, physical activity index, smoking status and intensity,
education status,

ever-use of contraceptive pill, ever-use of HRT, menopausal
status, alcohol

consumption, intakes of red and processed meat and fiber.

Stratified by recruitment center. Adjusted for intervention
group, sex, age, leisure time physical activity, smoking
status, family history of cancer, education level, history of
diabetes, use of aspirin treatment andoumulative average
consumption of vegetables, fus, legumes, cereals, fish,
meat, olive oil and nuts, and alcohol.

adjusted by sex and age

adjusted for age at colorectal cancer diagnosis
(continuously per one year

increase), sex, prediagnostic BMI (continuous), smoking
status (never, former,

current, unknown), and energy intake (continuous).

I, man: W, woman; NL, subjects in Newfoundiand and Labrador: ON, subjects in Ontario.

Funding
source

Agency
industry

Agency

Agency

Agency

Agency

Agency

Agency

Agency

Agency

Agency

NOS
quality
score
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Author Year Definition

Herwig et al. (12) 2002 Diagnosis of AL was confirmed by endoscopy, contrast enema, abdominal CT scan, microbiologic examination, and finall intraoperative
findings during relaparotomy.
Bertram et al. (13) 2003 Patients were considered uneventful if recovery occurred without signs of anastomotic leakage within 14 days after operation.

Anastomotic leakage was confirmed by laparotomy.

Matthiessen et al. (11) 2007 The definition of anastomotic leakage in this study was clinical: peritonitis caused by leakage, pelvic abscess, discharge of feces from the
abdominal drain, or rectovaginal fistula, and leakage from all staple lines were included.

Yamamoto et al. (10) 2011 The diagnosis of postoperative peritonitis was made on the basis of the clinical findings along with the imaging data and the colour of
abdominal exudates in the drainage tube.

Fouda et al. (15) 2011 AL was defined clinically as gas, pus, or fecal discharge from the drain, fecal discharge from the operative wound, pelvic abscess,
peritonitis, and rectovaginal fistul.
Bilgin et al. (14) 2017 A suspicion for an anastomotic leakage occurred when the patient had fever after the post-operative third day, existence of fecal or

suspicious fluid coming from the drain was observed, or the patient had abdominal tenderness.
Sparreboom et al. (16) 2020 AL was confirmed by either endoscopy, CT scan and/or contrast enema or reoperation. Fistulas communicating with the anastomosis on
CT scan were classified as AL together with presacral abscesses if extravasation of the colonic contrast was visible on radiological imaging.
Oikonomakis et al. (9) 2019 Not specifically described.

AL, anastomotic leakage; CT, computed tomography.
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Reference Study No. of Sex, No. Exposure OR Adjustments to OR Funding Outcome NOS
characteristics cases no. of controls source quality
(age, y) and end- cases and type score
point (M/W)
Kampman Netherlands (up  232CC NA 520H  Fermented 0.86 Adjusted for age,gender, Agency  Incidence 7
etal. 1994 to 75 at age of dairy (0.51,1.44);1.16 urbanization level,family history,
(21) diagnosis) products > (0.71,1.88);1.21 cholecystectomy, total energy
242VS< (0.72,2.08) intake, energy-adjusted intake of
22g/d; fat, dietary fibre, vitamin C and
Yogurt:> alcohol
91g/D vs
Non-users;
Hard
cheese:>
49vSc
19g/d
Kinany Moroccan (more 1453CRC  (49.3%/  1453H  Yogurt CRC0.74 Multivariable model: conditional Agency  Incidence 7
et al. 2020 than 18 years 50.7 %) >44.00 (0.64-0.86) CC  logistic regression using age in
(22) old) VS<44.00 0.72 (0.58- years, residence (urban, rural),
g/day 0.89) ;R 0.76 education level (iliterate, primary,
Cheese (0.61-0.93)/ sec ondary, higher), monthly
>12.00g/ CRC 0.89 income (low, medium, high),
day (0.79-1.00);CC  physical activity intensity (high,
VS8<12.00 0.91(0.77- moderate and low), smoking status
g/day 1.06);R 0.88 (never smoker, Ex smoker and
(0.75-1.04) current smoker), BMI categories
(normal, underweight, overweight,
obesity), non-steroidal anti-
infammatory drugs (yes or no),
Boutron France (30-75) 171CRC (109/ B309H  Cheese CRC 1.2(0.6- total energy intake (continuous/ Agency  Incidence 8
et al. (24) 62) Q5VSQ1; 2.2) Kcal), intakes of red processed
meat and dietary foer (both
continuous-g/day), family history of
colorectal can cer (yes logarithmic
or no) transformation for equality of
variance and multiple logistic
regression controlling for age, sex
and caloric intake.
Shannon US (30-62) 424CRC (238/ 414H  Yougrt:>1  CRC(M) 1.27 adjusted for age and total energy Agency  Incidence 8
et al. (23) 186) VS0 (0.69-2.36) ;
servings/ CRC(W)0.65
week (0.37-1.16)
Kampman  US (30-70) 1983 CC (1095/  2400H  Cheese: CC(M) 0.9 (0.7- Adijusted for age, BMI, family Agency  Incidence 7
et al. (25) 888) High VS 1.2);(W) 0.8 history of first-degree relative with
Low intake; (0.7-1.1)/CC colorectal cancer, use of aspirin,
Yogurt: (M) 1.0 (0.8- use of NSAIDs, energy intake, long-
High VS 1.2); W) 1.1 term vigorous physical activity and
Low 0.9-1.3) dietary fiber
Williams US (40-79) 945 R NA 959 H  Cheese 0.73(Whites) Adjusted for age, sex, education, Agency  Incidence 7
et al. (26) (Whites (Whites): (0.50- income, BMI 1 year ago, physical
+African- Q4vsQt; 1.06);0.69 activity, family history, nonsteroidal
Americans) Yogurt (Whites)(0.53-  anti-inflammatory drug use, and
(Whites): 0.89);1.04 total energy intake.
Q2vsQt;  (African-Ameri
Cheese cans)(0.44-
(African- 2.46); 1.08
Americans):  (African-
Q4vsQ1;  Americans)
Yogurt (0.62-1 .87)
(African-
Americans):
Q4vsQi
(servings/
wk)
Zhuoyu 11 Canada (20- 1760 CRC NA 2481 H Cheese 1.25(NL) Adjusted for total energy intake, Agency Incidence 7
etal. (27)  74) (ON+NL) (NL): (0.76,2.05); age, sex, BMI, physical activity
Q5vsQ1;  0.90(0ON) (METs/week), first-degree relatives
Cheese (0.70,1.14)/ with CRC, polyps, diabetes,
(ON): 1.02(NL) reported colon screening
Q5vsQ1;  (0.75,1.39); procedure, cigarette smoking,
Yogurt(NL):  0.85(ON) alcohol drinking, education
Q3vsQt; (0.68,1.07) attainment, household income,
‘Yogurt marital status, regular use of
(ON):Q5 VS NSAID, regular use of multivitamin
Ql supplements, reported HRT

(females only), and intakes of fruits,
vegetables and red meat. Variables
were included in the final model
based on a >10% alternation in the
parameter coefficient of interest.

CRC, colorectal cancer: CC, colon cancer: DC, distal colon cancer; R, rectal cancer: M, man; W, woman; NL, subjects in Newfoundiand and Labrador: ON, subjects in Ontario.
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CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Bertram et al. 2003 0.1 0.08 3 0.2 0.33 22 3.3% -0.10 [-0.26, 0.06]
Bilgin et al. 2017 0.08 0.02 7 0.12 0.08 43 22.6% -0.04 [-0.07, -0.01]
Fouda et al. 2010 0.17 0.01 8 0.16 0.02 48 26.9% 0.01 [0.00, 0.02]
Herwig et al. 2002 0.46 0.17 12 0.18 0.18 12 4.3% 0.28 [0.14, 0.42] e R
Matthiessen et al. 2007 0.5 0.71 7 0.3 0.65 16 0.3% 0.20 [-0.41, 0.81]
Sparreboom et al. 2019 0.04 0.08 37 0.03 0.03 246 23.2% 0.01 [-0.02, 0.04]
Yamamoto et al. 2010 0.21 0.05 8 0.21 0.09 92 19.4% 0.00 [-0.04, 0.04]
Total (95% CI) 82 479 100.0% .01 [-0.03, 0.04]

Heterogeneity: Tau® = 0.00; Chi* = 27.88, df = 6 (P < 0.0001); I’ = 78%

+
0.5 1

Test for overall effect: Z = 0.33 (P = 0.74) P _géaours CALO Favours Non-CAL
CAL Non-CAL Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bertram et al. 2003 0.12 0.01 3 0.25 0.54 22 12.7% -0.13 [-0.36, 0.10]

Bilgin et al. 2017 0.08 0.02 - 0.14 0.18 43 17.7% -0.06 [-0.12, -0.00]

Fouda et al. 2010 0.51 0.06 8 0.14 0.01 48 17.9% 0.37 [0.33, 0.41] o

Herwig et al. 2002 0.43 0.23 12 0.05 0.08 12 15.7% 0.38 [0.24, 0.52] s

Sparreboom et al. 2019 0.05 0.0s5 31 0.02 0.02 231 18.1% 0.03 [0.01, 0.05]

Yamamoto et al. 2010 0.26 0.07 8 0.15 0.07 92 17.8% 0.11 [0.06, 0.16] -

Total (95% CI 69 448 100.0% 0.12 [-0.02, 0.27]

Heterogeneity: Tau® = 0.03; Chi* = 263.30, df = 5 (P < 0.00001); I¥ = 98% A —OI S ) 0'5

Test for overall effect: Z = 1.65 (P = 0.10) Favours CAL Favours Non—CAL
CAL Non-CAL Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bertram et al. 2003 0.05 0.01 3 0.17 0.39 22 11.8% -0.12 [-0.28, 0.04]

Herwig et al. 2002 0.56 0.32 12 0.15 0.06 12z 10.0% 0.41 [0.23, 0.59]

Matthiessen et al. 2007 0.16 0.15 4 0.11 0.15 19 11.9% 0.05 [-0.11, 0.21]

Sparreboom et al. 2019 0.02 0.04 32 0.02 0.02 237 34.6% 0.00 [-0.01, 0.01]

Yamamoto et al. 2010 0.21 0.05 8 0.18 0.07 92 31.8% 0.03 [-0.01, 0.07]

Total (95% CI) 59 382 100.0% 0.04 [-0.03, 0.11]

Heterogeneity: Tau? = 0.00; Chi* = 23.31, df = 4 (P = 0.0001); ¥ = 83% '_1 —OI s 3 0'5 ll

Test for overall effect: Z = 1.20 (P = 0.23)

Favours CAL Favours Non-CAL

CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Bertram et al. 2003 1.6 2.64 3 059 0.79 22 4.7% 1.01 [-2.00, 4.02]
Herwig et al. 2002 1.41 1.18 12 0.14 0.08 12  95.3% 1.27 [0.60, 1.94] -
Total (95% CI) 1s 34 100.0% 1.26 [0.60, 1.91] <
Heterogeneity: Chi* = 0.03, df = 1 (P = 0.87); P = 0% _|4 _|2 S ZI J
Test for overall effect: Z = 3.77 (P = 0.0002) Favours CAL Favours Non—-CAL
CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup _Mean _ SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Bertram et al. 2003 2.58 3.73 3 1.2 1.45 22 2.6% 1.38 [-2.88, 5.64] + ' >
Bilgin et al. 2017 0.14 0.04 7 0.12 0.11 43 48.8% 0.02 [-0.02, 0.06]
Fouda et al. 2010 0.83 0.11 8 0.08 0.02 48 48.6% 0.75 [0.67, 0.83] -
Total (95% CI) 18 113 100.0% 0.41 [-0.29, 1.12]
Heterogeneity: Tau® = 0.26; Chi* = 262.70, df = 2 (P < 0.00001); ¥ = 99% t 1

Test for overall effect: Z = 1.14 (P = 0.25)

-1 o 1
Favours CAL Favours Non-CAL
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A CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
Oikonomakis et al. 2019  0.39 1.19 7 0.13 0.12 13 1.6% 0.26 [-0.62, 1.14])
Sparreboom et al. 2019 0.25 0.34 37 0.21 0.22 247 98.4% 0.04 [-0.07, 0.15]

Total (95% CI) 44 260 100.0% 0.04 [-0.07,0.16]
Heterogeneity: Chi* = 0.23,df = 1 (P = 0.63); F = 0% '_2 _|1 S l‘ 2'
Test for overall effect: Z = 0.76 (P = 0.45) Favours CAL Favours Non-CAL
CAL Non-CAL Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Oikonomakis et al. 2019 0.2 0.5 7 0.04 0.13 13 11.2% 0.16 [-0.22, 0.54]
Sparreboom et al. 2019 0.13 0.38 31 0.06 0.08 232 88.8% 0.07[-0.06, 0.20]
Total (95% CI) 38 245 100.0% 0.08 [-0.05, 0.21]

- Chi® = = = PR = ; + + 1
Heterogeneity: Chi 0.19, df = 1 (P = 0.66); I’ = 0% &) s S o5 1

Test for overall effect: Z = 1.24 (P = 0.21) Favours CAL Favours Non-CAL
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CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bertram et al. 2003 64.93 68.2 46.99 76.8 22 9.0% 17.94 [-65.64, 101.52]
Fouda et al. 2010 52.48 14.36 8 35.48 9.46 48 18.0% 17.00 [6.70, 27.30]
Herwig et al. 2002 162.5 105.8 12 27.94 13.86 12 11.9% 134.56 [74.19, 194.93]
Matthiessen et al. 2007 160.2 81.3 4 97.8 64.4 19 8.8% 62.40 [-22.37, 147.17]
Oikonomakis et al. 2019 165 11.74 7 45.2 37.78 13 17.0% 119.80 [97.50, 142.10]
Sparreboom etal. 2019  69.72 42.16 36 51.64 38.95 246 17.7% 18.08 [3.47, 32.69]

Yamamoto et al. 2010 345 236 8 404 21.2 92 17.6% -5.90([-22.82,11.02]

Total (95% CI) 78 452 100.0% 48.72 [13.71, 83.72]

Heterogeneity: Tau’ = 1742.31; Chi* = 98.81, df = 6 (P < 0.00001); I = 94% F — t |
Test for overall effect: Z = 2.73 (P = 0.006) 200 %’geours CALoFavours r}gr?—CAL 200

CAL Non-CAL Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bertram et al. 2003 72.68 14.36 3 26.12 18.8 22 24.4% 46.56 [28.51, 64.61)

Herwig et al. 2002 60.19 58.84 12 25.54 14.08 12 13.4% 34.65 [0.42, 68.88)

Matthiessen et al. 2007 62.6 54.8 4 32.1 26.8 19 6.7% 30.50 [-24.54, 85.54]
Oikonomakis et al. 2019 68.1 87.85 7 18.65 15.39 13 5.0% 49.45 [-16.16, 115.06)
Sparreboom etal. 2019  73.46 38.85 32 41.86 43.19 236 27.4% 31.60 [17.06, 46.14)

Yamamoto et al. 2010 38.9 27.5 8 357 203 92 23.1%  3.20 [-16.30, 22.70]

Total (95% CI) 66 394 100.0% 29.90 [14.09, 45.70]

Heterogeneity: Tau® = 181.90; Chi* = 10.94, df = 5 (P = 0.05); I’ = 54% F -

Test for overall effect: Z = 3.71 (P = 0.0002) 200 %geours CALOFavours ngr?-CAL 200
CAL Non-CAL Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bertram et al. 2003 33.67 20.98 3 18.11 20.9 22 20.0% 15.56 [-9.74, 40.86]
Fouda et al. 2010 115.45 34.97 8 28.16 4.84 48 20.3% 87.29(63.02, 111.56]
Herwig et al. 2002 75.81 39.93 12 21.99 10.98 12 20.5% 53.82(30.39,77.25]
Sparreboom et al. 2019 46.18 43.4 31 24.74 42.68 232 22.4% 21.44(5.21, 37.67)

Yamamoto et al. 2010 63 515 8 26.8 18.4 92 16.9% 36.20 [0.32, 72.08]

Total (95% CI) 62 406 100.0% 42.74 [16.33, 69.16]

Heterogeneity: Tau® = 742.80; Chi* = 24.55, df = 4 (P < 0.0001); I = 84%

Test for overall effect: Z = 3.17 (P = 0.002) -200 -100 ¢ G0 200

Favours CAL Favours Non-CAL

CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bertram et al. 2003 19.87 22.27 3 154 17.7 22 49.3% 4.47 [-21.79, 30.73)
Herwig et al. 2002 84.49 37.22 12 21.68 12.75 12 50.7% 62.81[40.55, 85.07]

Total (95% CI) 15 34 100.0% 34.07 [-23.09, 91.24]
Heterogeneity: Tau® = 1547.50; Chi* = 11.03, df = 1 (P = 0.0009); I’ = 91%
Test for overall effect: Z = 1.17 (P = 0.24)

k + +
-100 -50 0 50 100

Favours CAL Favours Non-CAL

CAL Non-CAL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Bertram et al. 2003 12 8.94 3 47.2 55.3 22 50.3% -35.20(-60.43,-9.97] ——
Fouda et al. 2010 148.13 50.75 8 22.22 1.83 48 49.7% 125.91(90.74, 161.08] ——
Total (95% CI) 11 70 100.0% 44.87 [-113.01, 202.75]

Heterogeneity: Tau® = 12734.39; Chi* = 53.23, df = 1 (P < 0.00001); I* = 98% F -
Test for overall effect: Z = 0.56 (P = 0.58) 200 %gw?ours CALoFavours ngr?-CAL 200
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CAL Non-CAL Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI
Herwig et al. 2002 0.21 0.11 12 0.1 0.1 12 29.5% 0.11 [0.03, 0.19])
Sparreboom et al. 2019 0.06 0.17 37 0.05 0.08 247 67.4% 0.01[-0.05,0.07]
Yamamoto et al. 2010 0.12 0.35 8 0.13 0.45 92 3.1% -0.01[-0.27, 0.25]
Total (95% CI) 57 351 100.0% 0.04 [-0.01, 0.08]
Heterogeneity: Chi* = 3.92, df = 2 (P = 0.14); I = 49%
Test for overall effect: Z = 1.67 (P = 0.10)

CAL Non-CAL Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI

Herwig et al. 2002 0.1 0.12 12 0.1 0.09 12 9.9% 0.00 [-0.08, 0.08]
Sparreboom etal. 2019  0.14 0.36 32 0.04 0.1 236 4.5% 0.10 [-0.03, 0.23]
Yamamoto et al. 2010 0.12 0.04 8 0.1 0.04 92 85.5% 0.02 [-0.01, 0.05]
Total (95% CI) 52 340 100.0% 0.02 [-0.01, 0.05]
Heterogeneity: Chi* = 1.76, df = 2 (P = 0.41); F = 0%

Test for overall effect: Z = 1.59 (P = 0.11)

CAL Non-CAL Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI
Herwig et al. 2002 1.49 1.58 12 0.2 0.15 12 27.4% 1.29 [0.39, 2.19]
Sparreboom etal. 2019  0.19 2.4 31 0.03 0.1 232 28.8% 0.16([-0.68, 1.00]
Yamamoto et al. 2010 0.12 0.35 8 0.13 0.45 92 43.8% -0.01([-0.27,0.25)
Total (95% CI) 51 336 100.0% 0.40 [-0.34, 1.13]

Heterogeneity: Tau® = 0.30; Chi* = 7.46, df = 2 (P = 0.02); ¥ = 73%
Test for overall effect: Z = 1.05 (P = 0.29)
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30 (10.4)
7(24)
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0.019
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0.210

0.008
<0.001

Left colon, colon distal to splenic flexure; Right colon, colon proximal to splenic flexure; HPs, hyperplastic polyps; SSLs, sessile serrated lesions; TSAs, traditional serrated adenoma; LGD,
low-grade dysplasia; HGD, high-grade dysplasia; SPs, serrated polyps; ANLs, advanced neoplasia lesions defined as colorectal cancer or adenoma with size > 1cm or >75% tubulovillous
component and/or high-grade dysplasia; NAs, non-advanced adenomas; SD, standard deviation.
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Population ETS (220% at 9 weeks) Depth of response

ETSin % OR (95% CI) p-value! DpR in % (range) p-value’
Response evaluable population
Sequential arm (V = 186) 435 2.00 p =0.001 -24.7 p < 0.001
(1.33-3.03) (-100-100)
Initial combination arm (N = 184) 60.9 -40.0
(-100-100)
RAS/BRAF wild-type group
Sequential arm (N = 69) 50.7 2.56 p =0.01 -29.3 p < 0.001
(1.28-5.26) (~100-100)
Initial combination arm (N = 73) 72.6 -49.6
(~100-100)
RAS mutant group
Sequential arm (N = 83) 39.8 1.70 p=0.09 -19.4 p=0.01
(0.93-3.13) (-100-100)
Initial combination arm (N = 85) 52.9 -33.3
(-100-100)
BRAF mutant group
Sequential arm (N = 11) 455 0.96 p=1.0 -10.5 p =065
(0.16-5.56) (-88.2-100)
Initial combination arm (N = 9) 44.4 -43.0
(-75.2-100)
Female patients
Sequential arm (N = 69) 49.3 1.14 p =073 -24.4 p=0.13
(0.57-2.27) (-100-100)
Initial combination arm (N = 59) 525 -34.0
(-100-100)
Male patients
Sequential arm (N = 117) 40.2 2.78 p < 0.001 -22.2 p < 0.001
(1.64-4.55) (-100-100)
Initial combination arm (N = 125) 64.8 -40.0
(-100-100)

Sequential arm: fluoropyrimidine plus bevacizumaby initial combination arm: fluoropyrimidine, bevacizumab, and irinotecan. DpR, Depth of response expressed as median percentage;
ETS, early tumor shrinkage of at least 20% at first reassessment; RAS, rat sarcoma; BRAF, v-raf murine sarcoma viral oncogene homolog B. ' Fisher's exact test; 2 Mann-Whitney U test.
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Characteristics Sequential treatment arm Initial combination treatment arm

N, % (N =186) (N =184)
Sex

Male 117 (62.9%) 125 (67.9%)
Female 69 (37.1%) 59 (32.1%)
ECOG

0 112 (60.2%) 112 (60.9%)
1 73 (39.2%) 70 (38.0%)
Unknown 1(0.5%) 2(1.1%)
Age

Median years (range) 72 (43-86) 69 (42-88)
RAS/BRAF status

RAS/BRAF wild type 69 (37.1%) 73 (39.7%)
RAS mutant 83 (44.6%) 85 (46.2%)
BRAF mutant 11 (5.9%) 9 (4.9%)
Unknown 23 (12.4%) 17 (9.2%)
Primary tumor side

Left 127 (68.3%) 123 (66.8%)
Right 57 (30.6%) 56 (30.4%)
Unknown 2(1.1%) 5 (2.7%)
Onset of metastases

Synchronous 133 (71.5%) 130 (70.7%)
Metachronous 49 (26.3%) 50 (27.2%)
Unknown 4 (2.2%) 4 (2.2%)
No. of metastatic sites

>2 114 (61.63%) 109 (59.2%)
Metastatic spread

Liver 138 (74.2%) 142 (77.2%)
Liver-limited 47 (25.3%) 53 (28.8%)
Lung 97 (52.2%) 74 (40.2%)
Lymph nodes 65 (34.9%) 73 (39.7%)
Peritoneum 12 (6.5%) 8 (4.3%)
Others 39 (21.0%) 32 (17.4%)
Laboratory parameters

Leukocytes

>8,000/ul 85 (45.7%) 83 (45.1%)
Alkaline phosphatase

>300 U/L 25 (13.4%) 22 (12.0%)
Reported prior treatment

Radiotherapy

Yes 35 (18.8%) 29 (15.8%)
No or unknown 151 (81.2%) 155 (84.2%)
Adjuvant chemotherapy

Yes 46 (24.7%) 42 (22.8%)
No or unknown 140 (75.3%) 142 (77.2%)

Sequential treatment arm: fluoropyrimidine plus bevacizumab; initial combination treatment arm: fluoropyrimidine, bevacizumab, and irinotecan. ECOG, performance status according to
Eastern Cooperative Oncology Group.
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40 (86.96%)
3 (50.00%)

Yes
5 (12.50%)
4 (33.33%)

9 (20.45%)
0 (0.00%)

9 (21.43%)
0 (0.00%)

8(19.51%)
1 (9.09%)

9 (21.43%)

0 (0.00%)

6 (13.04%)

3 (50.00%)

p-Value

0.094

0.16

o1

0.42

0.11

0.024 (HR 4.39, 95% CI 1.09-17.74
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Factor Gender p-Value

Female Male

N 16 36

Number of Chemotherapy Cycles 0.41
1 5(31.25%) 9 (25.00%)
2 7 (43.75%) 11(30.56%)
>3 4(25.00%) 16 (44.44%)

TP53 0.78
0 3(18.75%) 10 (27.78%)
1 13 (81.25%) 26 (72.22%)

PIK3CA 0.74
0 11 (68.75%) 27 (75.00%)
1 5(31.256%) 9 (25.00%)

APC 0.081
0 3(18.756%) 1 (2.78%)
1 13 (81.25%) 35 (97.22%)

KRAS 0.13
0 5(31.25%) 21 (58.33%)
1 11 (68.75%) 15 (41.67%)

BRCA 0.51
0 13 (81.25%) 25 (69.44%)
1 3(18.75%) 11 (30.56%)

NOTCH 0.3
0 14 (87.50%) 26 (72.22%)
1 2 (12.50%) 10 (27.78%)

GNAS 1.00
0 11 (68.75%) 25 (69.44%)
1 5(31.25%) 11 (30.56%)

FLT 1.00
0 13 (81.25%) 28(77.78%)
1 3(18.75%) 8 (22.22%)

SRC 1.00
0 14 (87.50%) 30 (83.33%)
1 2(12.50%) 6 (16.67%)

MLL2 1.00
0 14 (87.50%) 31(86.11%)
1 2 (12.50%) 5 (13.89%)

Progression after first-line of chemotherapy 0.74

11 (68.75%) 27 (75.00%)
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Models NRI (95% CI) P IDI (95% CI) P

Integrated nomogram vs. Clinicopathological model
Training cohort 0.480 (0.377, 0.582) <0.001 0.141 (0.075, 0.230) <0.001
Validation cohort 0.504 (0.274, 0.648) 0.010 0.135 (0.035, 0.249) <0.001

NRI, net reclassification improvement; IDI, integrated discrimination improvement; Cl, confidence interval.
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Models AUC (95% ClI) P
Training cohort
Integrated nomogram 0.840 (0.795, 0.885) Ref
Clinicopathological model 0.743 (0.685, 0.802) <0.001
TNM stage 0.692 (0.635, 0.749) <0.001
LM risk score 0.738 (0.685, 0.792) <0.001
Validation cohort
Integrated nomogram 0.848 (0.766, 0.931) Ref
Clinicopathological model 0.761 (0.657, 0.863) 0.004
TNM stage 0.687 (0.605, 0.769) 0.001
LM risk score 0.758 (0.673, 0.843) 0.002

ROC, receiver operating characteristic; Cl, confidence interval; Ref, reference.
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Models C-index (95% Cl) P
Training cohort
Integrated nomogram 0.807 (0.787, 0.827) Ref
Clinicopathological model 0.716 (0.690, 0.743) <0.001
TNM stage 0.666 (0.641, 0.691) <0.001
LM risk score 0.719 (0.696, 0.743) <0.001
Validation cohort
Integrated nomogram 0.812 (0.773, 0.850) Ref
Clinicopathological model 0.741 (0.697, 0.785) 0.001
TNM stage 0.670 (0.635, 0.704) <0.001
LM risk score 0.722 (0.686, 0.759) <0.001

Ref reference: Cl, confidence interval.
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Variable

Age, years
Sex
Male
Female
Primary tumor location
Left-sided
Right-sided
Preoperative CEA level
Normal
Elevated
Preoperative CA19-9 level
Normal
Elevated
VELIPI
No
Yes
Tumor differentiation
Well or moderately
Poorly or undifferentiated
KRAS
Wild type
Mutation
BRAF
Wild type
Mutation
BRAS
Wild type
Mutation
PIK3CA
Wild type
Mutation
pT stage
-l
n
\%
pN stage
0
|
[
LM risk score
High
Low

Univariate analysis
HR (95% CI)

1.009 (0.992, 1.027)

Ref
1.052 (0.691, 1.603)

Ref
1.253 (0.791, 1.983)

Ref
1.423 (0.946, 2.142)

Ref
1.103 (0.666, 1.828)

Ref
2.040 (1.339, 3.109)

Ref
1.241 (0.756, 2.037)

Ref
1.196 (0.781, 1.832)

Ref
1.466 (0.641, 3.355)

Ref
1.759 (0.884, 3.501)

Ref
1.622 (0.958, 2.747)

Ref
2.329 (1.382, 3.925)
2,873 (1,587, 5.201)

Ref
2.417 (1.460, 4.000)
4.943 (3.024, 8.080)

Ref
0.159 (0.102, 0.249)

0.294

0.812

0.336

0.091

0.7038

0.001

0.393

0.410

0.365

0.107

0.072

0.001
<0.001

0.001
<0.001

<0.001

Multivariate analysis
HR (95% CI)

NA

Ref
1.589 (1.036, 2.438)

NA

Ref
1.747 (1.023, 2.983)
2.022 (1.089, 3.755)

Ref
1.995 (1.196, 3.329)
2.885 (1.720, 4.841)

Ref
0.190 (0.121, 0.302)

NA

0.034

NA

0.041
0.026

0.008
<0.001

<0.001

HR, hazard ratio; Cl, confidence interval; Ref, reference; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9;

invasion; NA, not available.

VELIPI, vascular emboli or lymphatic invasion or perineurial
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Variable Training cohort Validation cohort P

N=428 N=183
Age, years 56.94 + 11.77 56.07 + 12.53
Sex 0.508
Male 271 (63.3) 121 (66.1)
Female 157 (36.7) 62 (33.9)
Primary tumor 0.638
location
Left-sided 328 (76.6) 137 (74.9)
Right-sided 100 (23.4) 46 (25.1)
Preoperative CEA 0.060
level
Normal 241 (56.3) 118 (64.5)
Elevated 187 (43.7) 65 (35.5)
Preoperative CA19-9 0.219
level
Normal 344 (80.4) 139 (76.0)
Elevated 84 (19.6) 44 (24.0)
VELIPI 0.237
No 228 (53.3) 107 (58.5)
Yes 200 (46.7) 76 (41.5)
Tumor differentiation 0.830
Well or moderately 347 (81.1) 147 (80.3)
Poorly or 81(18.9) 36 (19.7)
undifferentiated
KRAS 0.491
Wild type 292 (68.2) 130 (71.0)
Mutation 136 (31.8) 53 (29.0)
BRAF 0.200
Wild type 389 (90.9) 172 (94.0)
Mutation 39 (9.1) 11 (6.0)
BRAS 0.734
Wild type 403 (94.2) 171 (93.4)
Mutation 25 (5.8) 12 (6.6)
PIK3CA 0.791
Wild type 373 (87.2) 157 (85.8)
Mutation 66 (12.9) 26 (14.2)
pT stage 0.738
& 167 (39.0) 70 (38.3)
i 184 (43.0) 84 (45.9)
v 77 (18.0) 29 (15.8)
pN stage 0.456
0 265 (61.9) 107 (58.5)
| 99 (2301) 51(27.9)
Il 64 (15.0) 25 (13.7)
TNM stage 0.321
| 121 (28.3) 41 (22.4)
Il 144 (33.6) 66 (36.1)
[T 163 (38.1) 76 (41.5)
LM risk score 0.404 + 0.101 0.415 +0.100 0.224

CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; VELIPI, vascular
emboli or lymphatic invasion or perineurial invasion.
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MvsN BvsN
DEGs GSE41258 GSE9348_GSE10961 DEGs GSE41258 GSE9348_GSE10961
liver-normal (D1) lung-normal (D2) liver-normal (D3) primary-normal (D1/2) primary-normal (D3)

ETHE1 Down Down Down SGK1 Down Down
DARS Up Up Up EIF2S2 Up Up
TMEM131 Down Down Down TRIB3 Up Up
TST Down Down Down DARS Up Up
LGALS4 Down Down Down RFC3 Up Up
TRIB3 Up Up Up ETHE1 Down Down
COL5A2 Up Up Up TOP2A Up Up
COL4A1 Up Up Up CKS2 Up Up
PTP4A1 Down Down Down SORD Up Up
COL1A2 Up Up Up PSMA7 Up Up
SORD Up Up Up GPX3 Down Down
SQOR Down Down Down MAD2L1 Up Up
OAS1 Down Down Down SQOR Down Down
TRIM31 Down Down Down TST Down Down
TWF1 Down Down Down GINS1 Up Up
MvsP LGALS4 Down Down
DEGs GSE41258 GSE9348_GSE10961 PTP4A1 Down Down

liver-primary (D1) lung-primary (D2) liver-primary (D3) PLAGL2 Up Up
ETHE1 Down Down Down COL1A2 Up Up
ATF5 Up Up Up CTSH Up Up
CDC6 Down Down Down MT2A Down Down
TMPO Down Down Down COL5A2 Up Up
P4HA1 Up Up Up

“Up” means gene was upregulated, and “Down” means gene was downregulated. MvsN contains all the metastatic versus normal analyses, PvsN contains all the primary versus normal
analyses and MvsP contains all the metastatic versus primary analyses. D stands for Dataset, so D1 means Dataset1. Some genes are present in more than one analysis.
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Surface Biomarker Analysis Stage Tumor Location Surface Expressed Sample # (Ref) Status
Established Biomarkers

CEA IHC, ISH Dukes B, C R LTV,.C S Yes 16 (27) FDA Approved'
CEA IHC 5\ N/D Yes 280 (28)

CD133 HC -V R, L N/D 137 (29) Clinical Trial®
CD133 IHC -V R, L, TV,RT,C, S N/D 523 (30)

CD133 IHC — R, L, TV,RT,C, S Yes 200 (31)

MUC1 IHC = R,L,TV,RT,C, S N/D 45 (32) Clinical Trial
MUC1 HC I R, L, RT Yes 381 (33)

Emerging Biomarkers

CD44s IHC B\ R, L, TV, RM Yes 54 (34) Clinical Trial
CD44s IHC, PCR, ISH = N/D Yes 10 (35)

CD44s IHC B\ R, L TV,RT,C,S N/D 60 (36)

CD44s IHC -V R, L, RM Yes 96 (37)

CD44v3 IHC, PCR, WB Dukes B, C, D N/D N/D 37 (39)

CD44v6 IHC (A} N/D Yes 234 (39)

CD44v6 IHC ~ N/D N/D 68 (40)

LGALS3 HC Dukes A/B, C/D Colon, RT N/D 61 (41) Clinical Trial
LGALS3 IHC, PCR, ISH Il Colon, RT N/D 57 (42)

LGALS3 IHC, PCR -V R, L, TV,RT,C,S N/D 201 (43)

IFITM1 IHC, PCR, WB -V Colon, RT N/D 229 (44) Clinical Research
TF IHC, PCR - Colon, RT Yes 40 (45) Clinical Research
TF IHC = N/D N/D 50 (46)

Novel Candidates

GPCR5a IHC, WB I N/D Yes 367 (47) Clinical Research
EphB4 HC -V R, L N/D 168 (48) Clinical Research
EphB4 HC -V N/D N/D 200 (49)

FGFR4 IHC 1-lIl N/D N/D 43 (50) Clinical Trial

"List of Cleared or Approved Companion Diagnostic Devices (www.fda.gov).
2NIH U.S. National Library of Medicine Clinical Trials (www.clinicaltrials. gov).

Biomarkers are categorized as those 1) having a strong consistent presence in the literature (established), having an increasing focus in the literature (emerging), and those that have been
implicated recently in CRC pathways or for CRC diagnosis (novel). Surface expression is defined as detectable in the luminal surface of the colon. IHC, immunohistochemistry; PCR, real
time PCR; ISH, In situ hybridization; IF, immunofluorescence; WB, western blot; R, Right; TV, Transverse; RT, Rectum; C, Cecum; S, Sigmoid; N/D, Not Determined; Dukes A: invasion into
but not through the colorectal wall; Dukes B: invasion extends through muscularis or invades adjacent organs (no lymph node involvement), Dukes C: invasion involves lymph nodes, Dukes D,
invasion involes distant metastasis.
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MvsN

PvsN

DEGs GSE40367 GSE50760 GSE41258 GSE144259 GSE89393 DEGs TCGA GSE50760 GSE41258 GSE144259 GSE89393
liver- liver- liver- lung- liver- liver- ”
primary-normal
normal normal normal normal normal normal

ETHE1 Down Down Down Down Down Down SCK1 Down  Down Down Down Down
DARS Up Up Up Up Up Up EIF2S2  Up Up Up Up Up
TMEM131 Down Down Down Down Down Down TRIB3 Up Up Up Up Up
SR Down Down Down Down Down Down DARS Up Up Up Up Up
LGALS4  Down Down Down Down Down Down RFC3 Up Up Up Up Up
TRIB3 Up Up Up Up Up Up ETHE1  Down  Down Down Down Down
COL5A2  Down Up Up Up Up Down TOP2A  Up Up Up Up Up
COL4A1  Down Up Up Up Up Down CKS2 Up Up Up Up Up
PTP4A1 Down Down Down Down Down Down SORD Up Up Up Up Up
COL1A2 Up Up Up Up Up Up PSMA7 Up Up Up Up Up
SORD Up Up Up Up Up Up GPX3 Down Down Down Down Down
SQOR Down Down Down Down Down Down MAD2L1 Up Up Up Up Up
OAS1 Down Down e Down Down Down SQOR  Down  Down Down Down Down
TRIM31 Down Down Down Down Down Down ST Down  Down Down Down Down
TWF1 Down Down Down Down GINS1 Up Up Up Up Up
MvsP LGALS4 s Down Down Down Down
DEGs GSE40367 GSE50760 GSE41258 GSE144259 GSE89393 PTP4A1 Up Down Down Down Down

liver- liver- liver- lung- liver-primary  liver- PLAGL2 Up Up Up Up

primary primary primary primary primary
ETHE1 Down Down o Down Down Down COL1A2 Down Up Up Up Up
ATF5 Up Up Up CTSH Up Up Up Up
CDC6 Down Up Down Down Down Down MT2A Down Down Down Down Down
TMPO Down - Down Down Down COL5A2 Down Up Up Up Up
P4HA1 Up Up Up Up Up Up

Up means gene was upregulated and Down means gene was Downregulated. MvsN contains all the metastatic versus normal analyses, PvsN contains all the primary versus normal
analyses and MvsP contains all the metastatic versus primary analyses. Some genes are present in more than one analysis. The expression status for the genes in green rows are similar in
all datasets regardless of empty cells. In the yellow rows only one dataset is different from the others and in the white rows genes exhibited a heterogeneous expression status in different
datasets. Green rows illustrate a similar expression in all datasets.
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Variables
Age, years
18-44
45-64
65-84
>85
Race
White
Black
Al
API
Primary_site
Right Colon
Left Colon
Rectum
Histology
Adenocarcinoma
Others
Grade
Well
Moderately
Poorly
Undifferentiated
Tumor_size, cm
0-5
>5
N_stage
NO
N1
N2
CEA
Normal
Elevated
Borderline
Surg_Prim_Site
No
Yes
Surg_Dis_Site
No
Yes

HR(95%Cl)

Reference
1.14(1.02-1.26)
1.52(1.37-1.70)
3.08(2.63-3.61)

Reference
1.15(1.06-1.24)
1.24(0.87-1.76)
0.98(0.89-1.09)

Reference
0.76(0.71-0.81)
0.62(0.56-0.68)

Reference
1.50(1.18-1.88)

Reference
1.02(0.89-1.18)
1.52(1.31-1.77)
1.66(1.37-2.00)

Reference
1.26(1.19-1.33)

Reference
1.14(1.05-1.23)
1.54(1.42-1.67)

Reference
1.50(1.39-1.62)
1.14(0.70-1.84)

Reference
0.47(0.43-0.52)

Reference
0.71(0.66-0.76)

P Value

0.016*
<0.001*
<0.001*

<0.001*
0.227
0.745

<0.001*
<0.001*

<0.001*

0.740
<0.001*
<0.001*

<0.001*

0.002*
<0.001*

<0.001*
0.602

<0.001*

<0.001*

0051

35

Variables
Age, years
18-44
45-64
65-84
>85
Race
White
Black
Al
AP|
Primary_site
Right Colon
Left Colon
Rectum
Histology
Adenocarcinoma
Others
Grade
Well
Moderately
Poorly
Undifferentiated
Tumor_size, cm
0-5
>5
N_stage
NO
N1
N2
CEA
Normal
Elevated
Borderline
Surg_Prim_Site
No
Yes
Surg_Dis_Site
No
Yes

HR(95%CI)

Reference
1.11(1.00-1.23)
1.35(1.21-1.51)
2.14(1.75-2.62)

Reference
1.09(1.01-1.18)
0.94(0.63-1.43)
0.93(0.83-1.05)

Reference
0.77(0.72-0.82)
0.63(0.58-0.69)

Reference
1.47(1.06-2.03)

Reference
1.12(0.97-1.30)
1.62(1.39-1.90)
1.68(1.37-2.07)

Reference
1.23(1.16-1.31)

Reference
1.11(1.02-1.20)
1.51(1.39-1.65)

Reference
1.44(1.33-1.56)
0.98(0.54-1.77)

Reference
0.53(0.49-0.59)

Reference
0.76(0.71-0.82)

P Value

0.058
<0.001*
<0.001*

0.032*
0.780
0.240

<0.001*
0.000*

0.021*

0.110
<0.001*
<0.001*

<0.001*

0.019*
0.000*

0.000%
0.950

0.000*

<0.001*

0051

3.5
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RR P PFS (months) HR P 0S (months) HR P

Anti-EGFR free interval 14 months 36.4% 0.347 7.0 (95% Cl: 4.0-9.0) 027 0.013 13.0 (95% Cl: 4.0-13.00 0.28 0.019
* >14 months 13.3% 3.0 (95% Cl: 1.0-3.0) 5.0 (95% Cl: 2.0-21.0)

* <14 months

Anti-EGFR free interval 16 months 444% 0.137 not reached 0.20 0.002 13.0 (95% CI: 3.0-13.0) 0.35 0.042
* >16 months 11.8% 3.0 (95% 95% Cl: 2.0-9.0) 5.0 (95% Cl: 3.0-21.0)

* <16 months

Previous response to anti-EGFR 25.0% 1.000 5.0 (95% Cl: 3.0-9.0) 026 0.048 7.0(95%Cl:5.0-13.0) 057 0.36
e prior responders 16.7% 2.0 (95% CI: 1.0-9.0) 5.0 (95% ClI: 2.0-21.0)

* prior non responders

Prior responders/Anti-EGFR free interval > 14 months  44.4% 0.137 3.0 (95% ClI: 2.0-9.0) 0.21 0.0035 not reached 028 0.014
* yes 11.8% not reached 5.0 (95% ClI: 3.0-21.0)

*no

Prior responders/Anti-EGFR free interval > 16 months 57.1% 0.027 not reached 0.14 0.0003 not reached 0.30 0.026
. yes 105% 3.0 (95% Cl: 2.0-9.0) 5.0 (95% Cl: 3.0-21.0)

*no

Oligometastatic disease lung limited 60.0% 0.062 4.0 (95% Cl: 2.0-4.0) 161 0420 12.0 (95% Cl: 4.0-21.0) 0.38 0.120
* yes 14.3% 4.0 (95% CI:3.0-7.0) 5.0 (95% ClI: 2.0-13.0)

* no

Oligometastatic disease liver limited 20% 1.00 4.0 (95% Cl: 1.0-7.0) 136 0.638 5.0(95% Cl: 2.0-13.0) 1.21  0.759
*yes 23.8% 4.0 (95% Cl: 3.00-9.00) 7.0 (95% Cl: 4.0-21.0)

* no

Previous lines for metastatic disease 0.0% 1.00 1.0 (95% Cl: 1.0-3.0) 0.05 0.041 1.0 (95% Cl: 1.0-5.0) 0.04 0.034
°2 25.0% 4.0 (95% Cl: 3.0-9.0) 7.0 (95% ClI: 5.0-21.0)

°>2

Rechallenge regimen 26.3% 0.52  6.0(95% Cl: 4.6.0-8.2) 0.12  0.50 6.0(95% Cl: 6.7-14.8) 09  0.97
* Irinotecan + cetuximab 14.3% 4.0 (95% Cl: 4.1.0-7.2) 7.0 (95% Cl: 4.3-12.9)

* Cetuximab

Response rate, progression-free survival, and overall survival according to anti-EGFR free interval > 14 months, anti-EGFR free interval > 16 months, previous response to anti-EGFR, prior
responders with anti-EGFR free interval > 14 months, prior responders/anti-EGFR free interval > 16 months, oligometastatic disease (lung limited or liver limited), and previous lines for
metastatic disease.





OPS/images/fonc.2021.647066/table1.jpg
Group Total Gender

Number
Male  Female
o) %)
NED 9 49516 46184
sp 49 3183 18367]
AA 2 1ere 120522
cRC 154 93(604)  61(396)

Age

P Medan  p
(Range)

0149 48(2289 <005
55 (24-84)
66 (46-92)
625 (27-69)
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Variable

Total
Age at diagnosis, year
18-45
45-65
65-85
>85
Gender
Male
Female
Race
White
Black
Al
API
Married status
Unmarried
Married
Insurance
Uninsured
Insured
Primary tumor sites
Right colon
Left colon
Rectum
Histology
Adenocarcinoma
Others
Grade
Well
Moderately
Poorly
Undifferentiated
Tumor size, cm
0-5
>5
T stage
T
T2
T3
T4
N stage
NO
N1
N2
CEA
Normal
Elevated
Borderline

Without metastasis
Number (%)

47,823 (82.69)

3,703 (7.7)

20,526 (42.9)

20,207 (42.3)
3,387 (7.1)

24,902 (52.1)
22,921 (47.9)

37,442 (78.9)
5,360 (11.2)
361 (0.8)
4,660 (9.7)

20,762 (43.4)
27,061 (56.6)

1,637 (3.4)
46,186 (96.6)

21,409 (44.8)
12,982 (27.1)
13,432 (28.1)

43,955 (91.9)
3,868 (8.1)

3,738 (7.8)

35961 (75.2)
6913 (14.5)
1,211 (2.5)

31,430 (65.7)
16,393 (34.3)

5,054 (10.6)
7,822 (16.4)
28,076 (58.7)
6,871 (14.4)

27,792 (58.1)
13,683 (28.6)
6,348 (13.3)

30,105 (63.0)
17,445 (36.5)
273 (0.6)

With metastasis
Number (%)

10,012 (17.31)

1,137 (11.4)

5,017 (50.1)

3,444 (34.4)
410 (4.1)

5,297 (52.9)
4,715 (47.1)

7,592 (75.8)
1,447 (14.5)
76 (0.8)
897 (9.0)

4,440 (44.3)
5,572 (55.7)

516 (5.2)
9,496 (94.8)

4,445 (44.4)
3,113(31.1)
2,454 (24.5)

8,904 (88.9)
1,108 (11.1)

497 (5.0)

6,674 (66.7)

2,352 (23.5)
489 (4.9)

5,156 (51.5)
4,857 (48.5)

611 (6.1)
273 (2.7)
5,096 (50.9)
4,032 (40.3)

2,164 (21.6)
3,850 (38.5)
3,998 (39.9)

2,137 (21.3)
7,893 (78.3)
36 (0.4)

p-Value

<0.01

0.13

<0.01

0.09

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

Al, American Indian/Alaska Native; API, Asian/Pacific Islander; CEA, carcinoembryonic antigen.
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Sensitivities (95% CI) ‘Specifcity (9% CI)

cRC 90.3% (84.2%-94.3%) 88.45% (19.8%-93.8%)
AR 78.3% (65.8%-91.7%)
sp 532 (38.4%-67.2%)

“The specificities for CRC, AA and SP were the same.
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Groups AUC 95% CI Sensitivity (%) Specificity (%) Accuracy (%)
Training 0.938 0.897-0.978 77.08 91.46 86.15
Validation 0.943 0.867-0.995 91.67 85.00 87.50
Independent cohort 0.947 0.801-1.000 71.43 95.65 86.49
CRC vs. CRA 0.853 0.776-0.930 76.19 84.72 79.83
CRC vs. healthy 0.983 0.969-0.997 92.50 94.44 89.47
Stage I/ll CRC vs. CRA 0.882 0.809-0.955 85.71 81.13 82.11
Stage I/ll CRC vs. healthy 0.990 0.979-1.000 95.00 96.23 92.48
CEA-negative CRC vs. CRA 0.870 0.790-0.950 76.19 87.81 80.72
CEA-negative CRC vs. healthy 0.988 0.974-1.000 92.50 97.56 92.56
CRA vs. healthy training 0.993 0.981-1.000 89.29 98.15 95.12
CRA vs. healthy validation 0.978 0.940-1.000 71.43 96.15 87.50

AUC, area under the curve; Cl, confidence interval: CEA, carcinoembryonic antigen.
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Gene ID Gene name Gene type Expression frequency log2(FC) Mean CRC Mean control

ENSG00000272196.2 HIST2H2AA4 Protein coding 0.77 1.92 21.79 517
ENSG00000234289.5 H2BFS Protein coding 0.67 1.65 1391 545
ENSG00000233954.6 UQCRHL Protein coding 0.97 1.49 17.41 823
ENSG00000143185.3 XCL2 Protein coding 0.73 1.32 32.43 18.73
ENSG00000229321.1 AC008269.1 IncRNA 0.53 1.01 15.96 9.4
ENSG00000100206.9 DMC1 Protein coding 0.86 0.98 17.2 9.75
ENSG00000233087.7 RAB6D Protein coding 0.90 0.87 3.68 1.82
ENSG00000185909.14 KLHDC8B Protein coding 0.82 0.84 156.09 9.76
ENSG00000164879.6 CA3 Protein coding 0.63 0.82 7.54 4.44
ENSG00000100336.17 APOL4 Protein coding 0.81 0.76 7.69 4.45
ENSG00000196747.4 HIST1H2AI Protein coding 0.97 0.76 235.37 166.53
ENSG00000151687.14 ANKAR Protein coding 0.95 0.74 16.07 9.88
ENSG00000198964.13 SGMS1 Protein coding 0.99 o7 76.67 45.6
ENSG00000119004.15 CYP20A1 Protein coding 0.93 0.68 19.07 13.9
ENSG00000276410.3 HIST1H2BB Protein coding 0.99 0.66 497.04 293.11
ENSG00000104375.16 STK3 Protein coding 0.99 0.63 19.03 12.62
ENSG00000274559.3 CBWD1 Protein coding 0.97 0.61 10.65 742

FC, fold change.
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CRC (N=72) CRA (N =42) Healthy (N = 80)

Age 60.8 + 10.9 56.2 £ 10.7 59.9 £13.0
Gender
Male 48 24 54
Female 24 18 26
Tumor site
Right colon 15 11 NA
Left colon 23 13 NA
Rectum 34 18 NA
TNM stage
| 22 NA NA
Il 31 NA NA
n 3 NA NA
\% 16 NA NA

NA, not available.
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Number of patients

Gender

Median age
ECOG Performance Status

RAS/BRAF WT status on tissue sample at diagnosis
RAS/BRAF WT status on ct DNA at baseline

Site of primary tumor
Prior resection of the primary tumor

Metastatic sites

Previous lines for metastatic disease

First-line treatment

Best response to first-line treatment

Second-line treatment

Best response to second-line treatment

Rechallenge regimen

Median anti-EGFR free interval
Response rate

Median overall survival

Median progression-free survival

26

Male
Female
67 years
0
1
2
100%
100%

Left sided
Right sided
Yes
No
Liver limited
Lung limited
Multivisceral
2
3
4
Oxaliplatin based
Irinotecan based
Cetuximab
Panitumumab
PD
RC
RP
SD
Oxaliplatin based
Irinotecan based
Bevacizumab
Aflibercept
PD
RC
RP
SD
Irinotecan + cetuximab
Cetuximab
11.5 months
25.0%

5.0 months
3.5 months

20 (76.9%)
6(23.1%)
(95% Cl: 62.5-73.0)
8 (30.7%)

10 (38.5%)

8 (30.7%)

(96.1%)
(3.8%)
(30.8%)
(69.2%)
(26.92%)
(15.38%)
(57.7%)
(7.7%)
(50%)

(39.1%)
(23%)
(0%)
(38.5%)
(38.5%)
(73.1%
(26.9%

(95% Cl: 9.5-16.0)

(95% Cl: 4.0-11.7 months)
(95% ClI: 2.5-6.0 months)
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status
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Characteristics

Sex
Men

Women

Age

Mean (range)

Site of primary tumor
Right colon

Left colon

Transverse colon

Adenocarcinoma, not otherwise specified
Mucinous adenocarcinoma

PTNM stage

oT1

oT2

T3

T4

o

pNO

N1

N2

Metastatic lesions

Synchronous

Metachronous.

Motastatic site

Liver

Pertoneum

Lng

Therapy in combination with cetuximab
FOLFOX regimen

FOLFIRI regimen

iinotecan

Camptomycine

Atatiio

Best tumor response at 3 months
Partial response

Stable disease

Progression disease

Patients (n=39)

26(67%)
13 (33%)

615046781

8(20%)

23(59%)
4(10%
36%)
16%)

33 (@5%)
6(15%)

16%
0(0%)
19 (49%)
19 (49%)
4(10%
4 (10%)
17 (44%)
14(36%)

29(74%)
10(26%)

27 (69%)
9(23%)
36%)

6(15%)

10 (26%)

18 (46%)
2(6%)
16%)

15(38%)
13(34%)
11 @8%)
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