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Abstract

:

Combination strategies of KRAS inhibition with immunotherapy in treating advanced or recurrent colorectal carcinoma (CRC) may need to be assessed in circulating tumour cells (CTCs) to achieve better clinical outcomes. This study aimed to investigate the genomic variations of KRAS in CTCs and matched CRC tissues and compared mRNA expression of KRAS and CTLA-4 between wild-type and KRAS-mutated CTCs and CRC tissues. Clinicopathological correlations were also compared. Six known mutations of KRAS were identified at both codon 12 and codon 13 (c.35G>T/G12V, c.35G>A7/G12D, c.35G>C/G12A, c.34G>A/G12S, c.38G>C/G13A, and c.38G>A/G13D). Three CTC samples harboured the identified mutations (16.7%; 3/18), while fifteen matched primary tumour tissues (65.2%, 15/23) showed the mutations. CTCs harbouring the KRAS variant were different from matched CRC tissue. All the mutations were heterozygous. Though insignificant, CTLA-4 mRNA expression was higher in patients carrying KRAS mutations. Patients harbouring KRAS mutations in CTCs were more likely to have poorly differentiated tumours (p = 0.039) and with lymph node metastasis (p = 0.027) and perineural invasion (p = 0.014). KRAS mutations in CTCs were also significantly correlated with overall pathological stages (p = 0.027). These findings imply the genetic basis of KRAS with immunotherapeutic target molecules based on a real-time platform. This study also suggests the highly heterogeneous nature of cancer cells, which may facilitate the assessment of clonal dynamics across a single patient’s disease.
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1. Introduction


Understanding the biology of colorectal carcinoma (CRC) has led to therapeutic breakthroughs, improving patient care. Yet, intratumor heterogeneity challenges single-site biopsies in unveiling genomic landscapes. With emerging targeted therapies, it becomes crucial to screen tumours for genomic changes and understand resistance. It is also important to note the changes in circulating tumour cells (CTCs), which may differ genomically from the primary tumour and could provide a better reflection of the current disease status. In this context, the utilisation of CTCs, which can be captured through a minimally invasive blood test, emerges as a promising avenue to gain valuable insights into intratumor heterogeneity and tumour evolution.



Around 52% of patients with CRCs are accompanied by a mutation in KRAS (Kirsten rat sarcoma virus). In these patients, activating mutations in the oncogene KRAS usually occur at exon 2 (codons 12 and 13), and less frequently at exons 3 (codons 59 and 61) and 4 (codons 117 and 146) [1,2]. These mutations predict poor response to standard targeted therapy and anti-EGFR (epidermal growth factor receptor) treatment because they activate the RAS/MAPK (mitogen-activated protein kinase) pathway constitutively [3]. However, a large portion of the patients do not carry KRAS mutations and the durability of response in patients with KRAS mutations may be short due to the development of resistance.



On the other hand, the discovery of immune checkpoint inhibitors, such as anti-PD-1 (programmed cell delath protein 1) and anti-CTLA-4 (cytotoxic T-lymphocyte-associated protein 4, CD152) antibodies, has shown improved patient outcomes for numerous cancers, including CRC [4,5,6]. Altered expressions of KRAS, BRAF, p53, MYC, APC (adenomatous polyposis coli), and PTEN (phosophatase and tensin homolog) play a role in controlling tumour–immune system crosstalk. Also, they can modulate the expression of immune checkpoint molecules such as PD-1, PD-L1 (programmed cell death ligand 1), PD-L2 (programmed cell death ligand 2), CTLA-4 ), CD47, etc., in several cancers [7,8,9,10,11,12,13,14,15,16,17,18,19]. For instance, loss of p53 activity increases PD-L1 surface expression, leading to T-cell inactivation [20]. Several oncogenic events, such as KRAS mutation or MYC activation, have also been shown to suppress or evade anti-tumour immune responses via immune checkpoint molecules [21,22].



For the past few decades, CTCs have been studied extensively because of their potential as a non-invasive liquid biomarker for prognostic and predictive value [23,24]. In addition to cell enumeration, the genetic profiling of CTCs has gained growing interest as a means to investigate intratumor heterogeneity [25,26]. To illustrate, Kalikaki et al. (2014) examined KRAS mutations within CTC-enriched samples, revealing the presence of detectable mutations in CTCs compared to matched primary tumours [25]. When evaluating KRAS mutations in consecutive blood samples, it was observed that the mutational status of KRAS in individual patients’ CTCs varied during the course of treatment. Given the existence of intratumor heterogeneity in various tumour types [27,28,29], an important query emerges concerning whether CTCs possess the capability to mirror the genetic attributes of tumours. To delve into this matter, we performed an investigation into the sequence profiles of CTCs and their corresponding primary tumours. Additionally, we aimed to compare the KRAS and CTLA-4 expression levels with the KRAS mutation status in patients with CRCs to characterise the clinical and molecular aspects of KRAS-mutated CTCs in patients with CRC to determine whether the mutation affects the expression of CTLA-4 in CTCs in colon carcinogenesis.



Hence, the genetic profiling of CTCs holds promise as an innovative approach to gain a more comprehensive understanding of the dynamic characteristics of tumours in real-time, providing an alternative to invasive procedures. Furthermore, it could contribute to the development of treatment strategies for CRC patients by elucidating the genetic basis of immunotherapeutic target molecules on a real-time platform. However, the actual clinical utility of CTCs in revealing KRAS mutation status along with immunotherapeutic target molecules is yet to be fully determined.



Our previous study found a positive correlation between CTLA-4 mRNA and KRAS mRNA expressions in CTCs isolated from patients with CRC [30]. This may suggest that the activation of driver genes could regulate immune response through altered immune checkpoint pathways. To delve into this matter, we performed an investigation into the sequence profiles of CTCs and their corresponding primary tumours. Additionally, we aimed to compare the KRAS and CTLA-4 expression level with the KRAS mutation status in patients with CRCs to characterise the clinical and molecular aspects of KRAS-mutated CTCs in patients with CRC to determine whether mutation affects the expression of CTLA-4 in CTCs in colon carcinogenesis.




2. Materials and Methods


2.1. Population and Sample Recruitment


Consecutive patients who underwent resection of CRC by a colorectal surgeon (CTL) at Gold Coast University Hospital, Queensland, Australia, gave consent for the collection of peripheral blood and cancer tissue. From each patient, 10 mL of peripheral blood was freshly collected in heparin-containing BD (Becton Dickinson, Franklin Lakes, NJ, USA) vacutainer tubes at the time of surgery and was processed within one hour of collection. The tissues collected were immediately snap-frozen with liquid nitrogen and stored at −80 °C until use. Ethical approval was obtained from the Griffith University Human Research Ethics Committee (GU Ref No: MSC/17/10/HREC). Before enrolling in the trial, all patients provided written informed consent. A pathologist (A.K.L.) evaluated the pathological characteristics of resected tissues collected from patients with CRC along the lines of the World Health Organisation (WHO) classification of tumours [31]. The clinical and pathological characteristics, including patient age, gender, tumour size, site, histological subtype, microsatellite instability (MSI) status, and pathological staging, were also collected [32]. Among 57 patients, a total of 23 patients positive for CTCs were used in this study. Table 1 demonstrates the demographic characteristics of patients.




2.2. CTC Enrichment and Staining


CTCs were enriched from 10 mL of peripheral blood according to the manufacturer’s protocol (EasySepTM Direct Human CTC Enrichment Kit, STEMCELL Technologies, Vancouver, BC, Canada). The procedures of CTC enrichment and isolation as well as the cell spiking method to verify the specificity and sensitivity of this method have been previously reported in detail [30,33]. The enriched cell pellets were seeded in a 96-well plate after centrifugation at 450 rcf for 7 min and incubated at 37 °C for 12 h.



Immunofluorescence staining was performed to identify CTCs as described previously [30]. Mouse anti-EPCAM antibody (Thermo Fisher Scientific, Waltham, MA, USA), goat anti-SNAI1 (Santa Cruz Biotechnology, Paso Robles, CA, USA), mouse anti-E-cadherin (Santa Cruz Biotechnology), and goat anti-MMP9 (C-20) (Santa Cruz Biotechnology) were used as primary antibodies and rabbit-anti-mouse IgG fluorescein isothiocyanate (FITC) and rabbit anti-goat IgG (H + L) Texas Red (Sigma-Aldrich, St. Louis, MO, USA) as secondary antibodies. Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA) was used to stain the nucleus. The stained cells were counted by a Widefield Microscope: Nikon Ti-2 (Nikon Corporation, Tokyo, Japan) at 20× magnification. The possible cross-species binding of selected secondary antibodies was checked to avoid overlapping results as previously published [30].




2.3. Extraction of DNA and RNA and cDNA Conversion


The selected frozen tissues were sectioned into 5–6 μm slices using a cryostat (Leica Biosystems, Mt Waverley, VIC, Australia) for haematoxylin and eosin staining. The sections were then examined by an anatomical pathologist (A.K.L.) to confirm that cancer cells made up more than 70% of the volume of the samples. DNA was extracted and purified from selected tissue sections with Qiagen DNeasy Blood & Tissue kits (Qiagen Pty. Ltd., Hilden, Germany) following the manufacturer’s guidelines. RNA was extracted from the fresh frozen tissue sections using the Qiagen miRNeasy Mini Kit. DNA and RNA from CTCs were extracted using the Qiagen AllPrep DNA/RNA Mini Kit. The purity of the extracted DNA and RNA was measured with the optical density method (260/280 ratio) using a nanodrop spectrophotometer (BioLab, Ipswich, MA, USA). The concentrations were noted in ng/μL.




2.4. Whole-Genome Amplification (WGA) Reaction


Due to the low number of cells in CTC fractions, DNA isolated from CTC fractions was subsequently amplified according to the manufacturer’s protocol using the REPLI-g Advanced DNA Single Cell Kit (Qiagen Pty. Ltd., Hilden, Germany). Briefly, 15 μL of DNA was incubated with 2 μL of DNA lysis buffer (DLB) for 3 min at room temperature, and then 3 μL of stop solution was added. When the DNA had been denatured, it was added to a master mix consisting of 29 L of reaction buffer and 2 L of REPLI-g sc DNA polymerase. The reaction was incubated for 2 h at 30 °C followed by 3 min at 65 °C. DNA for WGA was stored at −80 °C.




2.5. Primer Design


KRAS and CTLA-4 gene expression was analysed using 5ʹ GGCCTGCTGAAAATGACTG 3ʹ forward and 5ʹ CTTGCTTCCTGTAGGAATCCTC 3ʹ reverse, and 5′ TTGCTAAAGAAAAGAAGCCC 3ʹ forward and 5ʹ AAAGTTAGAATTGCCTCAGC 3′ reverse primers, respectively. Primers specific for detecting KRAS mutations in exon 2 and exon 3, specifically the common KRAS mutations at codon 12, codon 13, codon 59, and codon 61, were designed using Primer3web version 4.1.0 [34]. KRAS exon 2 was amplified using 5′ AAGCGTCGATGGAGGAG 3′ forward primer and 5ʹ CGTCAAGGCACTCTTGC 3′ reverse primer. Exon 3 was amplified using 5ʹ TCCAGACTGTGTTTCTCCCTTC 3′ forward and 5′ CAAAGAAAGCCCTCCCCAGT 3ʹ reverse primer. All primers were cross-checked for specificity using Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 17 November 2022). The primer pairs were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Integrated DNA Technologies Australia Pty Ltd. (Melbourne, VIC, Australia).




2.6. Quantitative Real-Time Polymerase Chain Reaction Analysis


First-strand complementary DNA (cDNA) was synthesised by converting 1 μg of total RNA into cDNA by the SensiFAST cDNA synthesis kit (Meridian Bioscience, Cincinnati, OH, USA) according to the manufacturer’s guidelines. Alterations in KRAS and CTLA-4 gene expressions in CTC fractions and CRC tissue samples were investigated using real-time polymerase chain reaction (RT-PCR) (QuantStudio, Thermo Fisher Scientific, Waltham, MA, USA). Quantitative PCR was performed in a volume of 10 μL reaction mixture consisting of 5 μL of SensiFAST SYBR No-ROX (Bioline, Meridian Bioscience, London, UK), 0.4 μL of 10 μmoL/L forward and reverse primer, 3.2 μL of 0.1% diethylpyrocarbonate (DEPC)-treated water, and 1 μL of cDNA template (100 ng/μL). The housekeeping gene, β-actin, was used as an internal control because of the established consistent results in CRC tissues [35]. The Ct values <35 for all target genes and <30 for housekeeping genes were included in the gene expression analysis. The gene expression analysis was performed as previously reported [30,36,37]. If the fold change value was greater than 1, the gene expression level was categorised as high; conversely, if it was less than 1, the expression level was considered low. Healthy blood samples (n = 6) were used as calibrators to exclude the possible leukocyte contamination in CTC fractions, as discussed in the previous reports [30].




2.7. High-Resolution Melt (HRM) Curve Analysis


Genomic DNA extracted from CRC tissues and matched CTCs were used for HRM analysis to screen the mutations in the KRAS gene at known mutation sites. HRM curve analysis and target gene amplification were performed on QuantStudio 6/7 Flex systems using HRM software version 3.2 (Thermo Fisher, Waltham, MA, USA). Exons 2 and 3 of KRAS were amplified using SensiMIX HRM mastermix (Meridian Bioscience, Cincinnati, OH, USA) following the manufacturer’s protocol. Melt curves were recorded for every 0.05 °C/s temperature rise between 65 and 85 °C. When both replicates of HRM analysis showed a variation relative to the wild type, we considered the result as a mutant, as described in previous reports [38,39,40].




2.8. Sanger Sequencing


Following HRM, the unpurified products were sent to the Australian Genome Research Facility (AGRF) for sequencing. The unpurified PCR products were first cleaned up from gel and purified within the AGRF facility and then sequenced using the respective forward and reverse primer by the Big Dye Terminator chemistry version 3.1 (Applied Biosystems, Foster City, CA, USA) with standardised cycling PCR conditions and analysed by the 3730xl Capillary sequencer (Applied Biosystems). The DNA sequencing reactions were produced by following the AGRF sample preparation guide. The resultant chromatograms were analysed by a sequence analyser, Chromas 2.5.0 software. The identification of mutations was made by NCBI BLAST: Basic Local Alignment Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 February 2023) and further verified by Indigo: Rapid Indel Discovery in Sanger Chromatograms (https://www.gear-genomics.com/indigo, accessed on 15 February 2023). Both forward and reverse sequences were meticulously analysed to confirm mutations.




2.9. Statistical Analysis


Gene expression analysis of KRAS and CTLA-4 in CTCs and matched tumour tissues was performed using GraphPad Prism 7 (San Diego, CA, USA). Comparisons of KRAS and CTLA-4 expressions (fold changes) and KRAS mutation status and clinicopathological parameters were performed using the chi-square test, the likelihood ratio, and Fisher’s exact test (Version 29; IBM SPSS Inc., Armonk, NY, USA). The statistical significance level was considered at p < 0.05.





3. Results


3.1. CTCs Identification


A total of 23 out of 57 patients were included in this study who were CTC-positive with a wide range of CTC counts (range: 2–200). Patients positive for all four surface markers (EpCAM, SNAIL1, E-cadherin, and MMP-9) and the number of different subpopulations of CTCs in individual patients are represented in Figure 1.




3.2. Identification of KRAS Mutations in CTCs and CRC Tissues


We evaluated the KRAS mutations (codons 12 and 13 in exon 2 and codons 59 and 61 in exon 3) in CTC samples obtained from 23 patients with CRC. Then, we matched their results with the results of KRAS mutations detected in primary tumours. KRAS gene mutations in CTCs and CRC tissue were initially suspected based on the deviated melt curves in HRM analysis (Figure 2). All mutations of KRAS in CTC samples were found in both codon 12 and codon 13. No mutations were noted in exon 3. Six known heterozygous mutations were identified: c.35G>T/G12V, c.35G>A7/G12D, c.35G>C/G12A, c.34G>A/G12S, c.38G>C/G13A, and c.38G>A/G13D. Among them, three mutations were identified in the CTCs and fifteen in matched primary tumour tissues (Table 2).



KRAS mutations were noted in 13.04% (3/23) of CTCs, whereas 65.2% (15/23) showed KRAS mutations in matched primary tumours. Two of the three KRAS-mutated CTCs harboured G12D (c.35G>A) mutation, while the other one was detected with G13A (c.38G>C) mutation. In twelve primary tumour samples, a KRAS mutation was observed in codon 12; in three samples, the mutation was observed in codon 13. Furthermore, 50% (7/15) of patients showed G12V (c.35G>T) in CRC tissue. No concordance between KRAS mutations in CTCs and primary tumours was found.



Additionally, two patients harboured a KRAS mutation in CTCs, which is dissimilar to the matched primary tumours. Another patient harboured a mutation in CTCs, but a wild-type KRAS was identified in the primary tumour. Table 2 shows the presence of KRAS mutations at different positions in CTC samples and matched primary tumours.




3.3. Correlation between KRAS and CTLA-4 mRNA Expression


The majority of CTC samples showed high KRAS and CTLA-4 expression, while all the CRCs had low gene expression for these markers (Figure 3A,B). We discovered KRAS mutations in CTCs from a small group of only three patients. Hence, we present the levels of KRAS and CTLA-4 mRNA expression in individuals with both wild-type (WT) and mutant (MT) KRAS cases, identified in both CTCs and CRC tissues. Most of the cases that harboured KRAS mutations either in CTCs or in tumour tissues had higher KRAS expression (Figure 3C). Similarly, CTLA-4 is predominantly expressed higher in CTCs in patients harbouring KRAS mutations (Figure 3D).



However, we did not find any correlation between KRAS mutation and KRAS and CTLA-4 mRNA expression in CTCs and primary tumours (KRAS: p = 0.56, CTLA-4: p = 0.24) (Table 3). Due to the low number of CTCs, protein expression was not feasible to perform on the samples.




3.4. Clinicopathological Correlations


The KRAS status in CTCs and primary tumours and its association with clinical-pathological parameters are shown in Table 4. All CTCs harbouring KRAS mutations were from patients with advanced pathological stages (III or IV) and with lymph node metastasis. KRAS mutation in CTCs was also significantly correlated with perineural invasion (5% vs. 66.7%, p = 0.014). Though insignificant, all KRAS mutant CTC samples showed advanced local spread (T3 or T4) (p = 0.09).



No correlation is noted between the KRAS mutation status in CRC tissue and clinical parameters. However, of the 15 patients diagnosed with advanced local spread, 11 patients harboured KRAS mutations in the primary tumours, though this was not significant (p = 0.09). Like CTCs, it is noted that cancers with a microsatellite instability phenotype were more likely not to harbour this mutation in the primary tumours (p = 0.06).



The association between clinicopathological parameters and KRAS and CTLA-4 gene expression levels in CTCs was also compared (Table 5 and Table 6). There was a significant association between the KRAS expression in CTC fraction and the age of the patients in this cohort. Patients below 60 years old had higher KRAS expression than those >60 years old (85.7% vs. 43.8%, p = 0.05). Although not statistically significant, KRAS was more likely to be expressed highly in the rectum (70% vs. 46.2%), in patients with an advanced tumour (T) stage (60% vs. 50%) and with lymph node metastasis (72.5% vs. 41.7%) and advanced (III or IV) pathological stages (72.5% vs. 41.7%) and with no MSI (10/13, 77%).



On the other hand, we found a significant correlation between the CTLA-4 mRNA expression level in CTCs and the tumour stage (T) (Table 6). CTLA-4 is more likely to be positively expressed in patients with advanced T stages (III or IV) (73.3% vs. 37.55, p = 0.036). Around 52.2% of patients with moderately differentiated tumours had a positive expression of CTLA-4 (p = 0.01). Like KRAS, it is noted that CTLA-4 expression was also higher in patients with lymph node metastasis, advanced pathological stages (72.7% vs. 50.0%), and MSI-stable cancer (68.4% vs. 25.0%). Also, patients with large tumours (>40 mm) had higher CTLA-4 expression (70% vs. 53.8%).





4. Discussion


Since CTCs can provide real-time information regarding tumour biology, genotyping them can provide a platform for research into cellular heterogeneities, resistance mechanisms, and therapeutic targets in cancer. In this study, we compared the prevalence of KRAS mutations in CTCs to that of their corresponding primary tumours from patients with CRC.



We found no concordance of KRAS status between CTC and primary tumours, which is consistent with a previous report [41]. However, few previous studies found higher concordance between CTCs and primary tumours [42,43,44,45]. This discrepancy may happen because the CTC subclone that is shed into the bloodstream might be genetically distinct from the primary tumour sections that were analysed. Several studies have also attempted to account for the fact that CTCs harbouring KRAS mutations are dissimilar to their matched primary tumours [26,45,46,47]. Intratumor heterogeneity is one of the reasons for this discordance, suggesting that both KRAS wild-type and mutant subpopulations of cells may coexist within the same tumour and compete with one another for shedding into the bloodstream. Another reason is that as tumours evolve, CTCs may acquire unique mutations, which could explain why mutations exist in CTCs but not in the primary tumours. Despite the low sample size, these findings could imply that KRAS wild-type CTCs are often found in the peripheral blood of patients harbouring mutant primary tumours.



KRAS mutant status was associated with unique clinical–pathological features in patients with CRC. Most mutations in the current study, in both CTCs and CRC tissues, were from advanced local tumour spread and pathological stages and showed a higher rate of lymph nodes with metastatic carcinoma. These findings are consistent with previous findings that patients with KRAS mutations are more likely to be aggressive, which promotes tumour progression [48,49]. Previous research also supports the hypothesis that KRAS mutations are more common in patients exhibiting the microsatellite stability phenotype [48,50]. Perineural invasion (PNI) is associated with a poorer prognosis, because neoplastic cells positioned along nerve fascicles are difficult to remove during radical surgery, leading to disease recurrence [51,52,53]. In the current study, almost all patients with perineural invasion had KRAS mutations, suggesting that KRAS mutation status can predict tumour growth and progression as well as recurrence, though we did not find any correlation between KRAS status and disease recurrence. The lack of association between CTCs and primary tumours may be due to the low frequency of mutations and the small number of cases analysed.



The present work also investigated KRAS and CTLA-4 mRNA expression in CTCs and matched primary tumour tissues. A correlation between these two genes suggests a potential role of CTLA-4 in the KRAS-mediated carcinogenic pathway. It is worth noting that high expression of CTLA-4 is observed in most KRAS-mutated CTCs and CRC tissues. Additionally, higher CTLA-4 expression was more likely to be aggressive, to be of higher histological grade and advanced tumour stages, as well as advanced pathological stages. These results suggest the cancer-promoting function of CTLA-4 in CRC through immune escape pathways, thus facilitating tumour spread.



However, different CTC subpopulations and the usage of CTC fractions rather than a single CTC, which might be contaminated with diverse cell populations such as leukocytes or normal epithelial cells due to the limitation of the CTC isolation procedure, may confound the conclusions of the current experiment. Molecular characterisation of CTCs at the single-cell level would avoid this limitation. To address this problem, three blood samples from patients negative for CTCs were analysed for KRAS mutations, as discussed in a previous report [42]. Although no mutations were found, PCR amplification detected the presence of haematopoietic cells in those samples. Nonetheless, it is suggested that the constraints inherent in the process of amplification and sequencing could potentially contribute to the observed heterogeneity [26]. Moreover, the utilisation of distinct sequencing techniques could potentially lead to disparate outcomes in terms of mutations detected. In a comparative study involving high-resolution melt (HRM), allele-specific PCR (ASPCR), and pyrosequencing methods, Suhaimi et al. observed discrepancies in the mutation status determined through the aforementioned approaches [47].



In conclusion, given the inherent restrictions of current molecular biomarkers due to intratumor heterogeneity, these results may facilitate the assessment of clonal dynamics in a single individual patient. However, due to the limited number of KRAS mutations detected in CTCs, we could not show the correlation between CTLA-4 expression and KRAS mutations in CTCs. More research is warranted to determine the clinical significance of genomic profiling of CTCs during KRAS-mediated CRC carcinogenesis in predicting responsiveness to anti-CTLA-4 targeted therapy.







Author Contributions


Conceptualisation, data interpretation, original draft preparation, S.A.; data acquisition, T.C., S.M.K.G., I.N.C., M.S.I., C.T.L., F.B.H., H.I., I.A. and N.X.; supervision, conceptualisation, review, and editing, F.I., V.G. and A.K.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available in Correlation between KRAS Mutation and CTLA-4 mRNA Expression in Circulating Tumour Cells: Clinical Implications in Colorectal Cancer.




Acknowledgments


The authors would like to acknowledge the Griffith University for the HDR scholarship. The authors also wish to thank other members of our research group who work behind the scenes.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pereira, F.; Ferreira, A.; Reis, C.A.; Sousa, M.J.; Oliveira, M.J.; Preto, A. KRAS as a Modulator of the Inflammatory Tumor Microenvironment: Therapeutic Implications. Cells 2022, 11, 398. [Google Scholar] [CrossRef] [PubMed]

	



Matikas, A.; Voutsina, A.; Lagoudaki, E.; Hatzidaki, D.; Trypaki, M.; Stoupis, G.; Tzardi, M.; Mavroudis, D.; Georgoulias, V. Detection of KRAS Exon 2 Mutations in Circulating Tumor Cells Isolated by the ISET System from Patients with RAS Wild Type Metastatic Colorectal Cancer. Transl. Oncol. 2017, 10, 693–698. [Google Scholar] [CrossRef] [PubMed]

	



De Roock, W.; Claes, B.; Bernasconi, D.; De Schutter, J.; Biesmans, B.; Fountzilas, G.; Kalogeras, K.T.; Kotoula, V.; Papamichael, D.; Laurent-Puig, P. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal cancer: A retrospective consortium analysis. Lancet Oncol. 2010, 11, 753–762. [Google Scholar] [CrossRef]

	



Lenz, H.J.; Van Cutsem, E.; Luisa Limon, M.; Wong, K.Y.M.; Hendlisz, A.; Aglietta, M.; García-Alfonso, P.; Neyns, B.; Luppi, G.; Cardin, D.B.; et al. First-Line Nivolumab plus low-dose Ipilimumab for microsatellite instability-high/mismatch repair-deficient metastatic colorectal cancer: The Phase II CheckMate 142 study. J. Clin. Oncol. 2022, 40, 161–170. [Google Scholar] [CrossRef] [PubMed]

	



Barbee, M.S.; Ogunniyi, A.; Horvat, T.Z.; Dang, T.-O. Current Status and Future Directions of the Immune Checkpoint Inhibitors Ipilimumab, Pembrolizumab, and Nivolumab in Oncology. Ann. Pharmacother. 2015, 49, 907–937. [Google Scholar] [CrossRef]

	



Chen, N.; Fang, W.; Lin, Z.; Peng, P.; Wang, J.; Zhan, J.; Hong, S.; Huang, J.; Liu, L.; Sheng, J.; et al. KRAS mutation-induced upregulation of PD-L1 mediates immune escape in human lung adenocarcinoma. Cancer Immunol. Immunother. 2017, 66, 1175–1187. [Google Scholar] [CrossRef]

	



Kim, E.Y.; Kim, A.; Kim, S.K.; Chang, Y.S. MYC expression correlates with PD-L1 expression in non-small cell lung cancer. Lung Cancer 2017, 110, 63–67. [Google Scholar] [CrossRef]

	



Casey, S.C.; Tong, L.; Li, Y.; Do, R.; Walz, S.; Fitzgerald, K.N.; Gouw, A.M.; Baylot, V.; Gütgemann, I.; Eilers, M.; et al. MYC regulates the antitumor immune response through CD47 and PD-L1. Science 2016, 352, 227–231. [Google Scholar] [CrossRef]

	



Glorieux, C.; Xia, X.; He, Y.Q.; Hu, Y.; Cremer, K.; Robert, A.; Liu, J.; Wang, F.; Ling, J.; Chiao, P.J.; et al. Regulation of PD-L1 expression in K-ras-driven cancers through ROS-mediated FGFR1 signaling. Redox Biol. 2021, 38, 101780. [Google Scholar] [CrossRef]

	



Fu, X.; Wang, X.; Duanmu, J.; Li, T.; Jiang, Q. KRAS mutations are negatively correlated with immunity in colon cancer. Aging 2020, 13, 750–768. [Google Scholar] [CrossRef]

	



Cha, Y.J.; Kim, H.R.; Lee, C.Y.; Cho, B.C.; Shim, H.S. Clinicopathological and prognostic significance of programmed cell death ligand-1 expression in lung adenocarcinoma and its relationship with p53 status. Lung Cancer 2016, 97, 73–80. [Google Scholar] [CrossRef] [PubMed]

	



Layer, J.P.; Kronmüller, M.T.; Quast, T.; Boorn-Konijnenberg, D.V.D.; Effern, M.; Hinze, D.; Althoff, K.; Schramm, A.; Westermann, F.; Peifer, M. Amplification of N-Myc is associated with a T-cell-poor microenvironment in metastatic neuroblastoma restraining interferon pathway activity and chemokine expression. Oncoimmunology 2017, 6, e1320626. [Google Scholar] [CrossRef] [PubMed]

	



Cen, B.; Wei, J.; Wang, D.; Xiong, Y.; Shay, J.W.; DuBois, R.N. Mutant APC promotes tumor immune evasion via PD-L1 in colorectal cancer. Oncogene 2021, 40, 5984–5992. [Google Scholar] [CrossRef] [PubMed]

	



Song, M.; Chen, D.; Lu, B.; Wang, C.; Zhang, J.; Huang, L.; Wang, X.; Timmons, C.L.; Hu, J.; Liu, B.; et al. PTEN loss increases PD-L1 protein expression and affects the correlation between PD-L1 expression and clinical parameters in colorectal cancer. PLoS ONE 2013, 8, e65821. [Google Scholar] [CrossRef]

	



Rosenbaum, M.W.; Bledsoe, J.R.; Morales-Oyarvide, V.; Huynh, T.G.; Mino-Kenudson, M. PD-L1 expression in colorectal cancer is associated with microsatellite instability, BRAF mutation, medullary morphology and cytotoxic tumor-infiltrating lymphocytes. Mod. Pathol. 2016, 29, 1104–1112. [Google Scholar] [CrossRef]

	



Thiem, A.; Hesbacher, S.; Kneitz, H.; di Primio, T.; Heppt, M.V.; Hermanns, H.M.; Goebeler, M.; Meierjohann, S.; Houben, R.; Schrama, D. IFN-gamma-induced PD-L1 expression in melanoma depends on p53 expression. J. Exp. Clin. Cancer Res. 2019, 38, 397. [Google Scholar] [CrossRef]

	



Liu, J.; Huang, X.; Liu, H.; Wei, C.; Ru, H.; Qin, H.; Lai, H.; Meng, Y.; Wu, G.; Xie, W.; et al. Immune landscape and prognostic immune-related genes in KRAS-mutant colorectal cancer patients. J. Transl. Med. 2021, 19, 27. [Google Scholar] [CrossRef]

	



Ischenko, I.; D’Amico, S.; Rao, M.; Li, J.; Hayman, M.J.; Powers, S.; Petrenko, O.; Reich, N.C. KRAS drives immune evasion in a genetic model of pancreatic cancer. Nat. Commun. 2021, 12, 1482. [Google Scholar] [CrossRef]

	



Zou, J.; Zhuang, M.; Yu, X.; Li, N.; Mao, R.; Wang, Z.; Wang, J.; Wang, X.; Zhou, H.; Zhang, L.; et al. MYC inhibition increases PD-L1 expression induced by IFN-γ in hepatocellular carcinoma cells. Mol. Immunol. 2018, 101, 203–209. [Google Scholar] [CrossRef]

	



Blagih, J.; Buck, M.D.; Vousden, K.H. p53, cancer and the immune response. J. Cell. Sci. 2020, 133, jcs237453. [Google Scholar] [CrossRef]

	



Kortlever, R.M.; Sodir, N.M.; Wilson, C.H.; Burkhart, D.L.; Pellegrinet, L.; Swigart, L.B.; Littlewood, T.D.; Evan, G.I. Myc cooperates with Ras by programming inflammation and immune suppression. Cell 2017, 171, 1301–1315.e14. [Google Scholar] [CrossRef] [PubMed]

	



Coelho, M.A.; de Carné Trécesson, S.; Rana, S.; Zecchin, D.; Moore, C.; Molina-Arcas, M.; East, P.; Spencer-Dene, B.; Nye, E.; Barnouin, K. Oncogenic RAS signaling promotes tumor immunoresistance by stabilizing PD-L1 mRNA. Immunity 2017, 47, 1083–1099.e6. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, S.J.; Punt, C.J.; Iannotti, N.; Saidman, B.H.; Sabbath, K.D.; Gabrail, N.Y.; Picus, J.; Morse, M.; Mitchell, E.; Miller, M.C.; et al. Relationship of circulating tumor cells to tumor response, progression-free survival, and overall survival in patients with metastatic colorectal cancer. J. Clin. Oncol. 2008, 26, 3213–3221. [Google Scholar] [CrossRef] [PubMed]

	



Sastre, J.; Maestro, M.L.; Gómez-España, A.; Rivera, F.; Valladares, M.; Massuti, B.; Benavides, M.; Gallén, M.; Marcuello, E.; Abad, A. Circulating tumor cell count is a prognostic factor in metastatic colorectal cancer patients receiving first-line chemotherapy plus bevacizumab: A Spanish Cooperative Group for the Treatment of Digestive Tumors study. Oncologist 2012, 17, 947–955. [Google Scholar] [CrossRef]

	



Kalikaki, A.; Politaki, H.; Souglakos, J.; Apostolaki, S.; Papadimitraki, E.; Georgoulia, N.; Tzardi, M.; Mavroudis, D.; Georgoulias, V.; Voutsina, A. KRAS genotypic changes of circulating tumor cells during treatment of patients with metastatic colorectal cancer. PLoS ONE 2014, 9, e104902. [Google Scholar] [CrossRef]

	



Wang, Q.; Zhao, L.; Han, L.; Tuo, X.; Ma, S.; Wang, Y.; Feng, X.; Liang, D.; Sun, C.; Wang, Q.; et al. The Discordance of Gene Mutations between Circulating Tumor Cells and Primary/Metastatic Tumor. Mol. Ther. Oncolytics 2019, 15, 21–29. [Google Scholar] [CrossRef]

	



Casasent, A.K.; Schalck, A.; Gao, R.; Sei, E.; Long, A.; Pangburn, W.; Casasent, T.; Meric-Bernstam, F.; Edgerton, M.E.; Navin, N.E. Multiclonal invasion in breast tumors identified by topographic single cell sequencing. Cell 2018, 172, 205–217.e212. [Google Scholar] [CrossRef]

	



Zhang, J.; Fujimoto, J.; Zhang, J.; Wedge, D.C.; Song, X.; Zhang, J.; Seth, S.; Chow, C.-W.; Cao, Y.; Gumbs, C. Intratumor heterogeneity in localized lung adenocarcinomas delineated by multiregion sequencing. Science 2014, 346, 256–259. [Google Scholar] [CrossRef]

	



Hao, J.-J.; Lin, D.-C.; Dinh, H.Q.; Mayakonda, A.; Jiang, Y.-Y.; Chang, C.; Jiang, Y.; Lu, C.-C.; Shi, Z.-Z.; Xu, X. Spatial intratumoral heterogeneity and temporal clonal evolution in esophageal squamous cell carcinoma. Nat. Genet. 2016, 48, 1500–1507. [Google Scholar] [CrossRef]

	



Aktar, S.; Hamid, F.B.; Gamage, S.M.K.; Cheng, T.; Pakneshan, N.; Lu, C.T.; Islam, F.; Gopalan, V.; Lam, A.K.Y. Gene Expression Analysis of Immune Regulatory Genes in Circulating Tumour Cells and Peripheral Blood Mononuclear Cells in Patients with Colorectal Carcinoma. Int. J. Mol. Sci. 2023, 24, 5051. [Google Scholar] [CrossRef]

	



Nagtegaal, I.; Arends, M.; Salto-Tellez, M. Colorectal Adenocarcinoma: Tumours of the Colon and Rectum. In World Health Organization Classification of Tumours of the Digestive System; IARC Press: Lyon, France, 2019; pp. 177–187. [Google Scholar]

	



Gopalan, V.; Ebrahimi, F.; Islam, F.; Vider, J.; Qallandar, O.B.; Pillai, S.; Lu, C.-T.; Lam, A.K.-Y. Tumour suppressor properties of miR-15a and its regulatory effects on BCL2 and SOX2 proteins in colorectal carcinomas. Exp. Cell Res. 2018, 370, 245–253. [Google Scholar] [CrossRef] [PubMed]

	



Hamid, F.B.; Lu, C.T.; Matos, M.; Cheng, T.; Gopalan, V.; Lam, A.K. Enumeration, characterisation and clinicopathological significance of circulating tumour cells in patients with colorectal carcinoma. Cancer Genet. 2021, 254–255, 48–57. [Google Scholar] [CrossRef] [PubMed]

	



Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3—New capabilities and interfaces. Nucleic Acids Res. 2012, 40, e115. [Google Scholar] [CrossRef] [PubMed]

	



Islam, F.; Gopalan, V.; Wahab, R.; Lee, K.T.; Haque, M.H.; Mamoori, A.; Lu, C.; Smith, R.A.; Lam, A.K. Novel FAM134B mutations and their clinicopathological significance in colorectal cancer. Hum. Genet. 2017, 136, 321–337. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Islam, F.; Gopalan, V.; Wahab, R.; Smith, R.A.; Qiao, B.; Lam, A.K.-Y. Stage dependent expression and tumor suppressive function of FAM134B (JK1) in colon cancer. Mol. Carcinog. 2017, 56, 238–249. [Google Scholar] [CrossRef] [PubMed]

	



Gamage, S.M.K.; Islam, F.; Cheng, T.; Aktar, S.; Lu, C.T.; Ranaweera, C.D.; Lee, K.T.W.; Dissabandara, L.; Gopalan, V.; Lam, A.K. HFE variants in colorectal cancer and their clinicopathological correlations. Hum. Pathol. 2021, 117, 9–30. [Google Scholar] [CrossRef]

	



Haque, M.H.; Gopalan, V.; Chan, K.-W.; Shiddiky, M.J.; Smith, R.A.; Lam, A.K.-Y. Identification of novel FAM134B (JK1) mutations in oesophageal squamous cell carcinoma. Sci. Rep. 2016, 6, 29173. [Google Scholar] [CrossRef]

	



Cheng, T.; Gamage, S.M.K.; Lu, C.-T.; Aktar, S.; Gopalan, V.; Lam, A.K.-y. Polymorphisms in PAH metabolising enzyme CYP1A1 in colorectal cancer and their clinicopathological correlations. Pathol. Res. Pract. 2022, 231, 153801. [Google Scholar] [CrossRef]

	



Fabbri, F.; Carloni, S.; Zoli, W.; Ulivi, P.; Gallerani, G.; Fici, P.; Chiadini, E.; Passardi, A.; Frassineti, G.L.; Ragazzini, A.; et al. Detection and recovery of circulating colon cancer cells using a dielectrophoresis-based device: KRAS mutation status in pure CTCs. Cancer Lett. 2013, 335, 225–231. [Google Scholar] [CrossRef]

	



Buim, M.E.; Fanelli, M.F.; Souza, V.S.; Romero, J.; Abdallah, E.A.; Mello, C.A.; Alves, V.; Ocea, L.M.; Mingues, N.B.; Barbosa, P.N.; et al. Detection of KRAS mutations in circulating tumor cells from patients with metastatic colorectal cancer. Cancer Biol. Ther. 2015, 16, 1289–1295. [Google Scholar] [CrossRef] [PubMed]

	



Lyberopoulou, A.; Aravantinos, G.; Efstathopoulos, E.P.; Nikiteas, N.; Bouziotis, P.; Isaakidou, A.; Papalois, A.; Marinos, E.; Gazouli, M. Mutational analysis of circulating tumor cells from colorectal cancer patients and correlation with primary tumor tissue. PLoS ONE 2015, 10, e0123902. [Google Scholar] [CrossRef] [PubMed]

	



Mostert, B.; Jiang, Y.; Sieuwerts, A.M.; Wang, H.; Bolt-de Vries, J.; Biermann, K.; Kraan, J.; Lalmahomed, Z.; Van Galen, A.; De Weerd, V. KRAS and BRAF mutation status in circulating colorectal tumor cells and their correlation with primary and metastatic tumor tissue. Int. J. Cancer 2013, 133, 130–141. [Google Scholar] [CrossRef] [PubMed]

	



Raimondi, C.; Nicolazzo, C.; Gradilone, A.; Giannini, G.; De Falco, E.; Chimenti, I.; Varriale, E.; Hauch, S.; Plappert, L.; Cortesi, E.; et al. Circulating tumor cells: Exploring intratumor heterogeneity of colorectal cancer. Cancer Biol. Ther. 2014, 15, 496–503. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Guan, Y.; Sun, Y.; Ai, D.; Guo, Q. Tumor heterogeneity and circulating tumor cells. Cancer Lett. 2016, 374, 216–223. [Google Scholar] [CrossRef]

	



Suhaimi, N.-A.M.; Foong, Y.M.; San Lee, D.Y.; Phyo, W.M.; Cima, I.; Lee, E.X.W.; Goh, W.L.; Lim, W.-Y.; Chia, K.S.; Kong, S.L. Non-invasive sensitive detection of KRAS and BRAF mutation in circulating tumor cells of colorectal cancer patients. Mol. Oncol. 2015, 9, 850–860. [Google Scholar] [CrossRef]

	



El Agy, F.; El Bardai, S.; El Otmani, I.; Benbrahim, Z.; Karim, M.H.; Mazaz, K.; Benjelloun, E.B.; Ousadden, A.; El Abkari, M.; Ibrahimi, S.A.; et al. Mutation status and prognostic value of KRAS and NRAS mutations in Moroccan colon cancer patients: A first report. PLoS ONE 2021, 16, e0248522. [Google Scholar] [CrossRef]

	



Mannan, A.; Hahn-Strömberg, V. K-ras mutations are correlated to lymph node metastasis and tumor stage, but not to the growth pattern of colon carcinoma. Apmis 2012, 120, 459–468. [Google Scholar] [CrossRef]

	



Rimbert, J.; Tachon, G.; Junca, A.; Villalva, C.; Karayan-Tapon, L.; Tougeron, D. Association between clinicopathological characteristics and RAS mutation in colorectal cancer. Mod. Pathol. 2018, 31, 517–526. [Google Scholar] [CrossRef]

	



Liebig, C.; Ayala, G.; Wilks, J.; Verstovsek, G.; Liu, H.; Agarwal, N.; Berger, D.H.; Albo, D. Perineural invasion is an independent predictor of outcome in colorectal cancer. J. Clin. Oncol. 2009, 27, 5131. [Google Scholar] [CrossRef]

	



Huh, J.W.; Lee, W.Y.; Shin, J.K.; Park, Y.A.; Cho, Y.B.; Kim, H.C.; Yun, S.H. A novel histologic grading system based on lymphovascular invasion, perineural invasion, and tumor budding in colorectal cancer. J. Cancer Res. Clin. Oncol. 2019, 145, 471–477. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Eresen, A.; Shangguan, J.; Yang, J.; Benson, A.B.; Yaghmai, V.; Zhang, Z. Preoperative prediction of perineural invasion and KRAS mutation in colon cancer using machine learning. J. Cancer Res. Clin. Oncol. 2020, 146, 3165–3174. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 14 01808 g001] 





Figure 1. Enumeration of circulating tumour cells (CTCs) in colorectal carcinoma patients. (A) A representative image of CTCs detected from patients with colorectal carcinoma (Scale bar: 50 µm), (B) a comparison of the number of different subpopulations of CTCs detected in patients with colorectal carcinoma. 
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Figure 2. Exonic mutations were detected in CTCs and matched CRC tissues. Representative wild-type and mutant sequences of KRAS as seen via high-resolution melt (HRM) versus Sanger sequencing analysis in exon 2 and exon 3 are represented. Black arrow in HRM curve represents the heterozygous variant deviation against wild type. Different colured lines in chromatogram indicates the presence of six known heterozygous mutations, (A) c.35G>T/G12V, (B) c.35G>A7/G12D, (C) c.35G>C/G12A, (D) c.34G>A/G12S, (E) c.38G>C/G13A, and (F) c.38G>A/G13D against the respective wild type. 
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Figure 3. KRAS and CTLA-4 mRNA expression level in CTCs and CRC tissues and their comparison with KRAS mutation status in patients with CRC. (A,B) Fold change (log2) expression of KRAS and CTLA-4 in CTCs calculated relative to healthy donor blood samples and in CRC tissues calculated relative to the expression in adjacent non-neoplastic mucosa tissue and normalised by β-actin as an internal control. (C,D) Relative fold change expression level of KRAS and CTLA-4 in KRAS wild type (KRAS WT) and KRAS mutant (KRAS MT) cases detected in both CTC fractions and CRC tissues. The dashed line indicates the normal fold change value. ns; not significant. 
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Table 1. Clinical and pathological characteristics of patients with colorectal cancer in this series.
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	Characteristics
	Total (23)





	Gender
	



	Female
	13 (56.5%)



	Male
	10 (43.5%)



	Age
	



	≤60 years
	7 (30.4%)



	>60 years
	16 (69.6%)



	Size
	



	≤40 mm
	13 (56.5%)



	>40 mm
	10 (43.5%)



	Site
	



	Colon
	13 (56.5%)



	Rectum
	10 (43.5%)



	Grade
	



	Well (1)
	4 (17.4%)



	Moderate (2)
	16 (69.6%)



	Poor (3)
	3 (13.0%)



	T Stage
	



	I or II
	8 (34.8%)



	III or IV
	15 (65.2%)



	Lymph node status
	



	Negative
	12 (52.2%)



	Positive
	11 (47.8%)



	Distant metastasis
	



	Negative
	21 (91.3%)



	Positive
	2 (8.7%)



	Overall pathological stage
	



	I or II
	12 (52.2%)



	III or IV
	11 (47.8%)



	Microsatellite instability (MSI)
	



	Stable
	19 (82.6%)



	High
	4 (17.4%)










 





Table 2. Exon mutations of KRAS at codon 12 and codon 13 detected in circulating tumour cells (CTCs) and matched colorectal cancer (CRC) tissues.
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Patient ID

	
# of CTCs

	
KRAS Mutation




	
CTC

	
Tumour






	
Patient 1

	
32

	
WT

	
c.35G>T/G12V




	
Patient 2

	
12

	
c.35G>A7G12D

	
WT




	
Patient 3

	
14

	
WT

	
c.35G>T/G12V




	
Patient 4

	
4

	
WT

	
WT




	
Patient 5

	
2

	
WT

	
c.34G>A/G12S




	
Patient 6

	
2

	
WT

	
c.34G>A/G12S




	
Patient 7

	
6

	
WT

	
c.35G>T/G12V




	
Patient 8

	
2

	
WT

	
c.35G>T/G12V




	
Patient 9

	
6

	
c.35G>A7G12D

	
c.35G>T/G12V




	
Patient 10

	
4

	
c.38G>C/G13A

	
c.35G>T/G12V




	
Patient 11

	
16

	
WT

	
c.38G>A/G13D




	
Patient 12

	
4

	
WT

	
WT




	
Patient 13

	
10

	
WT

	
WT




	
Patient 14

	
6

	
WT

	
WT




	
Patient 15

	
52

	
WT

	
c.35G>T/G12V




	
Patient 16

	
80

	
WT

	
WT




	
Patient 17

	
30

	
WT

	
WT




	
Patient 18

	
200

	
WT

	
c.35G>C/G12A




	
Patient 19

	
20

	
WT

	
c.35G>A7/G12D




	
Patient 20

	
6

	
WT

	
WT




	
Patient 21

	
4

	
WT

	
c.34G>A/G12S




	
Patient 22

	
100

	
WT

	
c.38G>A/G13D




	
Patient 23

	
80

	
WT

	
c.38G>A/G13D








WT: wild type.













 





Table 3. Correlation of KRAS and CTLA-4 mRNA expression level in CTC fractions with the KRAS mutation status either in CTCs or in CRC tissues.
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KRAS Mutation Status

	
KRAS mRNA Expression Level in CTC Fraction

	
CTLA-4 mRNA Expression Level in CTC Fraction




	

	
Low

	
High

	
Total

	
p-Value

	
Low

	
High

	
Total

	
p-Value






	
KRAS WT

	
4

	
3

	
7

	
0.56

	
4

	
3

	
7

	
0.24




	
KRAS MT

	
8

	
8

	
16

	
5

	
11

	
16








WT: wild type, MT: mutant.













 





Table 4. The correlations of KRAS mutation with clinicopathological features in patients with colorectal carcinoma (CRC).
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Characteristics

	
CTCs

	
Cancer Tissue




	
MT (%)

	
WT (%)

	
p-Value

	
MT (%)

	
WT (%)

	
p-Value






	
Gender

	

	

	

	

	

	




	
Female

	
1 (7.7%)

	
12 (92.3%)

	
0.386

	
8 (61.5%)

	
5 (38.5%)

	
0.54




	
Male

	
2 (20.0%)

	
8 (80.0%)

	
7 (70.0%)

	
3 (30.0%)




	
Age

	

	

	

	

	

	




	
≤60 years

	
1 (14.3%)

	
6 (85.7%)

	
0.684

	
3 (42.9%)

	
4 (57.1%)

	
0.14




	
>60 years

	
2 (12.5%)

	
14 (87.5%)

	
12 (75.0%)

	
4 (25.0%)




	
Size

	

	

	

	

	

	




	
≤40 mm

	
2 (15.4%)

	
11 (84.6%)

	
0.602

	
8 (61.5%)

	
5 (38.5%)

	
0.51




	
>40 mm

	
1 (10.0%)

	
9 (90.0%)

	
7 (70.0%)

	
3 (30.0%)




	
Site

	

	

	

	

	

	




	
Colon

	
2 (15.4%)

	
11 (84.6%)

	
0.602

	
8 (61.5%)

	
5 (38.5%)

	
0.51




	
Rectum

	
1 (10.0%)

	
9 (90.0%)

	

	
7 (70.0%)

	
3 (30.0%)




	
Grade

	

	

	

	

	

	




	
Well (1)

	
0 (0%)

	
4 (100%)

	
0.039

	
2 (50%)

	
2 (50.0%)

	
0.79




	
Moderate (2)

	
1 (6.25%)

	
15 (93.8%)

	
11 (68.8%)

	
5 (31.3%)

	




	
Poor (3)

	
2 (66.7%)

	
1 (33.3%)

	

	
2 (66.7%)

	
1 (33.3%)

	




	
T Stage

	

	

	

	

	

	




	
I or II

	
0 (0%)

	
8 (100%)

	
0.094

	
4 (50.0%)

	
4 (50.0%)

	
0.09




	
III or IV

	
3 (20.0%)

	
12 (80.0%)

	

	
11 (73.3%)

	
4 (26.7%)

	




	
Lymph node status

	

	

	

	

	

	




	
Negative

	
0 (0%)

	
12 (100%)

	
0.027

	
7 (58.3%)

	
5 (41.7%)

	
0.39




	
Positive

	
3 (27.3%)

	
8 (72.7%)

	

	
8 (72.7%)

	
3 (27.3%)

	




	
Distant metastasis

	

	

	

	

	

	




	
Negative

	
3 (14.3%)

	
18 (85.7%)

	
0.444

	
13 (61.9%)

	
8 (38.1%)

	
0.18




	
Positive

	
0 (0%)

	
2 (100%)

	

	
2 (100%)

	
0 (0%)

	




	
Overall pathological stage

	

	

	

	

	

	




	
I or II

	
0 (0%)

	
12 (100%)

	
0.027

	
7 (58.3%)

	
5 (41.7%)

	
0.39




	
III or IV

	
3 (27.3%)

	
8 (72.7%)

	

	
8 (72.7%)

	
3 (27.3%)

	




	
MSI

	

	

	

	

	

	




	
Stable

	
3 (15.8%)

	
16 (84.2%)

	
0.266

	
14 (73.7%)

	
5 (26.3%)

	
0.06




	
High

	
0 (0%)

	
4 (100%)

	

	
1 (25.0%)

	
3 (75.0%)

	




	
Perineural invasion

	

	

	

	

	

	




	
Negative

	
1 (5.0%)

	
19 (95.0%)

	
0.014

	
12 (60.0%)

	
8 (40.0%)

	
0.09




	
Positive

	
2 (66.7%)

	
1 (33.3%)

	

	
3 (100%)

	
0 (0%)

	




	
Lymphovascular invasion

	

	

	

	

	

	




	
Negative

	
1 (6.7%)

	
14 (93.3%)

	
0.226

	
8 (53.3%)

	
7 (46.7%)

	
0.089




	
Positive

	
2 (25.0%)

	
6 (75.0%)

	

	
7 (87.5%)

	
1 (12.5%)

	








MT, mutation; WT, wild type; Bold = p-value is significant. 













 





Table 5. The correlations of KRAS gene expression levels in CTCs with clinicopathological features of patients with colorectal carcinoma (CRC).
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Characteristics

	
Total (23)

	
Low

	
High

	
p-Value






	
Gender

	

	

	

	




	
Female

	
13 (56.5%)

	
6 (46.2%)

	
7 (53.8%)

	
0.552




	
Male

	
10 (43.5%)

	
4 (40.0%)

	
6 (60.0%)




	
Age

	

	

	

	




	
≤60 years

	
7 (30.4%)

	
1 (14.3%)

	
6 (85.7%)

	
0.05




	
>60 years

	
16 (69.6%)

	
9 (56.3%)

	
7 (43.8%)




	
Size

	

	

	

	




	
≤40 mm

	
13 (56.5%)

	
5 (53.8%)

	
8 (46.2%)

	
0.448




	
>40 mm

	
10 (43.5%)

	
5 (50.0%)

	
5 (50.0%)




	
Site

	

	

	

	




	
Colon

	
13 (56.5%)

	
7 (53.8%)

	
6 (46.2%)

	
0.237




	
Rectum

	
10 (43.5%)

	
3 (30.0%)

	
7 (70.0%)




	
Grade

	

	

	

	




	
Well (1)

	
4 (17.4%)

	
1 (25.0%)

	
3 (75.0%)

	
0.608




	
Moderate (2)

	
16 (69.6%)

	
8 (50.0%)

	
8 (50.0%)

	




	
Poor (3)

	
3 (13.04%)

	
1 (33.3%)

	
2 (66.7%)

	




	
T Stage

	

	

	

	




	
I or II

	
8 (34.8%)

	
4 (50.0%)

	
4 (50.0%)

	
0.490




	
III or IV

	
15 (65.2%)

	
6 (40.0%)

	
9 (60.0%)




	
Lymph node status

	

	

	

	




	
Negative

	
12 (52.2%)

	
7 (58.3%)

	
5 (41.7%)

	
0.129




	
Positive

	
11 (47.8%)

	
3 (27.3%)

	
8 (72.75)

	




	
Distant metastasis

	

	

	

	




	
Negative

	
21 (91.3%)

	
9 (42.9%)

	
12 (57.1%)

	
0.692




	
Positive

	
2 (8.7%)

	
1 (50.0%)

	
1 (50.0%)

	




	
Overall pathological stage

	

	

	

	




	
I or II

	
12 (52.2%)

	
7 (58.3%)

	
5 (41.7%)

	
0.129




	
III or IV

	
11 (47.8%)

	
3 (27.3%)

	
8 (72.7%)




	
Microsatellite instability (MSI)

	

	

	

	




	
Stable

	
19 (82.6%)

	
9 (47.4%)

	
10 (52.6%)

	
0.401




	
High

	
4 (17.4%)

	
1 (25.0%)

	
3 (75.0%)








Bold = p-value is significant.













 





Table 6. The correlations of CTLA-4 gene expression levels in CTCs with clinicopathological features of patients with colorectal carcinoma (CRC).






Table 6. The correlations of CTLA-4 gene expression levels in CTCs with clinicopathological features of patients with colorectal carcinoma (CRC).





	
Characteristics

	
Total (23)

	
Low

	
High

	
p-Value






	
Gender

	

	

	

	




	
Female

	
13 (56.5%)

	
4 (30.8%)

	
9 (69.2%)

	
0.306




	
Male

	
10 (43.5%)

	
5 (50.0%)

	
5 (50.0%)




	
Age

	

	

	

	




	
≤60 years

	
7 (30.4%)

	
3 (42.9%)

	
4 (57.1%)

	
0.582




	
>60 years

	
16 (69.6%)

	
6 (37.5%)

	
10 (62.5%)




	
Size

	

	

	

	




	
≤40 mm

	
13 (56.5%)

	
6 (46.2%)

	
7 (53.8%)

	
0.363




	
>40 mm

	
10 (43.5%)

	
3 (30%)

	
7 (70%)




	
Site

	

	

	

	




	
Colon

	
13 (56.5%)

	
6 (46.2%)

	
7 (53.8%)

	
0.363




	
Rectum

	
10 (43.5%)

	
3 (30%)

	
7 (70%)




	
Grade

	

	

	

	




	
Well (1)

	
4 (17.4%)

	
4 (100%)

	
0 (0%)

	
0.011




	
Moderate (2)

	
16 (69.6%)

	
4 (25.0%)

	
12 (75.0%)

	




	
Poor (3)

	
3 (13.0%)

	
1 (33.3%)

	
2 (66.7%)

	




	
T Stage

	

	

	

	




	
I or II

	
8 (34.7%)

	
5 (62.5%)

	
3 (37.5%)

	
0.036




	
III or IV

	
15 (65.2%)

	
4 (26.7%)

	
11 (73.3%)




	
Lymph node status

	

	

	

	




	
Negative

	
12 (52.2%)

	
6 (50.0%)

	
6 (50%)

	
0.247




	
Positive

	
11 (47.8%)

	
3 (27.3%)

	
8 (72.7%)

	




	
Distant metastasis

	

	

	

	




	
Negative

	
21 (91.3%)

	
9 (42.9%)

	
12 (57.1%)

	
0.147




	
Positive

	
2 (8.7%)

	
0 (0%)

	
2 (100%)

	




	
Overall pathological stage

	

	

	

	




	
I or II

	
12 (52.2%)

	
6 (50.0%)

	
6 (50.0%)

	
0.247




	
III or IV

	
11 (47.8%)

	
3 (27.3%)

	
8 (72.7%)




	
Microsatellite instability (MSI)

	

	

	

	




	
Stable

	
19 (82.6%)

	
6 (31.6%)

	
13 (68.4%)

	
0.107




	
High

	
4 (17.4%)

	
3 (75%)

	
1 (25%)








Bold = p-value is significant.
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