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Purpose: Monocarboxylate transporter 4 (MCT4) can influence the amount of lactate in the tumor microenvironment and further control cancer cell proliferation, migration, and angiogenesis. We investigated for the first time the expression of MCT4 in circulating tumor cells (CTCs) derived from early stage Non-Small Cell Lung Cancer patients (NSCLC) and whether this is associated with clinical outcome.

Experimental Design: A highly sensitive RT-qPCR assay for quantification of MCT4 transcripts was developed and validated and applied to study MCT4 expression in CTC isolated through the Parsortix size-dependent microfluidic device from 53 and 9 peripheral blood (PB) samples of NSCLC patients at baseline (pre-surgery) and at relapse, respectively, as well as the “background noise” was evaluated using peripheral blood samples from 10 healthy donors (HD) in exactly the same way as patients.

Results: MCT4 was differentially expressed between HD and NSCLC patients. Overexpression of MCT4 was detected in 14/53 (26.4%) and 3/9 (33.3%) patients at baseline and at progression disease (PD), respectively. The expression levels of MCT4 was found to increase in CTCs at the time of relapse. Kaplan-Meier analysis showed that the overexpression of MCT4 was significantly (P = 0.045) associated with progression-free survival (median: 12.5 months, range 5–31 months).

Conclusion: MCT4 overexpression was observed at a high frequency in CTCs from early NSCLC patients supporting its role in metastatic process. MCT4 investigated as clinically relevant tumor biomarker characterizing tumor aggressiveness and its potential value as target for cancer therapy. We are totally convinced that MCT4 overexpression in CTCs merits further evaluation as a non-invasive circulating tumor biomarker in a large and well-defined cohort of patients with NSCLC.
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INTRODUCTION

Lung cancer remains the most commonly diagnosed cancer and the leading cause of cancer death globally. Non-Small Cell Lung Cancer (NSCLC) is the common histological subtype of the disease, accounting for 85% of all lung cancer diagnoses (Molina et al., 2008). Almost 45% of patients with operable early stage NSCLC relapse within the first 18 months and the probability of patients’ survival depends on the possibility of early detection of relapse (Siegel et al., 2015). The use of targeted therapy such as tyrosine kinase inhibitors (TKIs) and/or immunotherapy has led to unprecedented survival benefits in selected patients (Wu et al., 2020). Moreover, the use of therapeutic modalities against the Minimal Residual Disease (MRD) and before the development of clinically detectable metastatic lesions seems to be emerged as an important advancement in the management of early stage NSCLC. Indeed, it has been recently reported that the administration of Osimertinib in the context of adjuvant treatment in resected EGFR mutant NSCLC significantly reduced the relapse rate and prolonged the overall survival (Wu et al., 2020). The possibility of probing the early detection of NSCLC via a blood draw –termed as “liquid biopsy”- has attracted remarkable interest among the oncology community (Pawlikowska et al., 2019; Tamminga et al., 2019; Frick et al., 2020). Different tumor-derived components can be isolated from blood, including Circulating Tumor Cells (CTCs), circulating tumor DNA (ctDNA), cellfree RNA (cfRNA), exosomes, and tumor-educated platelets (TEP), providing information about the dynamic tumor profile over time (Heidrich et al., 2020). The FDA has approved the use of ctDNA for the response prediction and monitoring development resistance to EGFR TKI therapy in NSCLC patients (Wang et al., 2017; Zhang et al., 2017).

The application of liquid biopsy in NSCLC is being used for the diagnosis, prognosis and monitoring of disease based on signature molecular markers (Luo et al., 2018). However, the clinical significance of CTC enumeration in NSCLC is yet to be established since due to the EMT process, EpCAM-independent methods are required in order to isolate and characterize CTCs from NSCLC patients. Indeed, molecular characterization of CTCs got potential for the improvement of our knowledge in the field of metastatic process, the identification of new treatment predictive markers and stratification of patients into prognostic groups.

The CellSearch® system, which is the only FDA approved assay for CTC detection in metastatic breast, colorectal and prostate cancers but is able to identify CTCs only in about 23–39% of stage IV NSCLC patients (Krebs et al., 2012). Detection of CTCs in NSCLC has been challenging due to the rarity of these cells in circulation and the presence of non-epithelial characteristics due to epithelial mesenchymal transition (EMT) (Lianidou et al., 2015). EMT is characterized by down-regulation of epithelial markers, such as cytokeratin’s (CKs), and up-regulation of mesenchymal markers like Vimentin (VIM).

Three metabolic properties of cancer cells (a) glucose uptake, (b) lactate secretion and (c) oxygen availability constitute the Warburg effect which attracts the interest of the scientific community for a many years (Warburg, 1956; DeBerardinis and Chandel, 2020). Moreover, Reprogramming Energy Metabolism is an Emerging Hallmark for cancer (Hanahan and Weinberg, 2011). Monocarboxylic acids including lactate play a crucial role in cellular metabolism, and their regulation has become a new target for understanding the pathogenesis of abnormal cellular processes such as oncogenesis (Poole and Halestrap, 1993; Halestrap and Price, 1999). These acids must be rapidly transported across the plasma membrane of cells and this transportation is mediated by proton-linked monocarboxylate transporters (MCTs). MCT4 is highly expressed in glycolytic tissues such as white skeletal muscle fibers, astrocytes, white blood cells, and chondrocytes, and it plays an important role in lactate efflux from cells (Meredith and Christian, 2008). MCT4 can control the amount of lactate in the tumor microenvironment regulating cancer cell proliferation, migration, and angiogenesis. MCT4 expression in the tumor microenvironment has been associated with decreased overall survival (OS) (Nakayama et al., 2012; Baek et al., 2014; Doyen et al., 2014; Zhu et al., 2014), and decreased disease-free survival (DFS) in cancer patients (Curry et al., 2013; Doyen et al., 2014; Zhu et al., 2014). Moreover, MCT4 has been proposed as a new therapeutic target in several tumor types including NSCLC (Kim et al., 2018; Kuo et al., 2020; Puri and Juvale, 2020).

In the current study, we first developed and validated a highly sensitive RT-qPCR assay for the quantification of MCT4 transcripts, and report for the first time that MCT4 is overexpressed in CTC isolated from patients with early NSCLC. We further evaluated whether MCT4 overexpression in CTC is associated with DFS. Our findings indicate that MCT4 overexpression in CTCs should be prospectively evaluated as a potential biomarker for early relapse in patients with resected NSCLC.



MATERIALS AND METHODS


Clinical Samples

Fifty three patients with early stage NSCLC were enrolled in the study and 62 peripheral blood samples (25 mL in EDTA tubes) from these patients were prospectively collected; 53 samples were obtained at baseline (pre-surgery), and 9 samples at the time of relapse whilst 10 peripheral blood samples from healthy donors (HD) were used as controls. For 12 patients that have been randomly chosen, 10 mL peripheral blood from the same blood draws were used to perform CTCs’ IF analysis. The first 5 mL of blood were discarded in order, to avoid contamination from skin epithelial cells. All patients gave a written informed consent to participate in the study, which was approved by the Ethics and Scientific Committee of Thoracic Diseases General Hospital Sotiria. All HD had no known illness or fever at the time of draw, no history of malignant disease, and were ≥35 years old. Clinical samples were collected from 32 men and 21 women (median age: 65.2 years, range: 39–81) and all patients were diagnosed with operable (stage IA–IIIA) NSCLC. 23 patients were diagnosed with adenocarcinoma (ADC), 26 with Squamous Cell Carcinoma (SCC) and 4 with undifferentiated (NOS) NSCLC. Thirty-eight (71.6%) patients had no evidence of disease infiltration in resected lymph nodes (N0 disease). The main patients’ characteristics are summarized in Supplementary Table 1.



CTCs Enrichment Using the Parsortix Size-Based Microfluidic Device

Micro-fluidic device named as Parsortix (ANGLE plc, United Kingdom) (Hvichia et al., 2016) was used to for the isolation of CTCs from 25 mL whole blood. A microscope slide sized disposable cassette was used for the division of blood components (Chudziak et al., 2016; Porras et al., 2018). After that, CTCs were collected in a total volume of 200 μL of PBS into tubes. The isolation of total RNA from enriched CTCs was performed by TRIZOL-LS (Thermo Fisher Scientific, United States), and finally cDNA synthesis of the extracted total RNA was carried out as previously described (Strati et al., 2017; Zavridou et al., 2018).



CTCs Isolation by ISET System

For the isolation of CTCs with the ISET (Isolation by SizE of Tumor cells) platform (Rarecells Diagnostics, France) 10 mL of peripheral blood was used. At first, each sample was diluted in 1:10 ISET buffer (Rarecells Diagnostics) and was incubated for 10 min at room temperature (RT). 100 mL of the diluted sample was filtered using a depression tab adjusted at −10 kPa. Finally, the membrane was dried for 2 h at RT and stored at −20°C. Each membrane spot was used for identification of CTCs after immunostaining and fluorescence microscopy analysis (Kallergi et al., 2016).



RT-qPCR Assay for MCT4 Expression

In silico study for the design of the primers and TaqMan probes for MCT4 and B2M (used as a reference gene) was carefully performed using Primer Premier 5.0 software. In order to ensure the specificity of all primers and probe sequences BLAST analysis was carried out (NCBI, nucleotide BLAST). Moreover, we carefully designed our primers and probes to completely avoid primer–dimer formation, false priming sites, formation of hairpin structures and hybridization to genomic DNA. The sequences of primers and probes are available in Supplementary Table 3.

RT-qPCR was performed in the LightCycler® 480 instrument (Roche, Germany). Detailed optimization experiments were carried out (results not shown). The amplification reaction mixture for MCT4 contained 2 μL of the PCR synthesis buffer (5×), 1 μL MgCl2 (25 mM), 0.2 μL dNTPs (10 mM), 0.15 μL BSA (10 μg/μL), 0.1 μL Hot-Start DNA polymerase (Promega), 0.3 μL of forward and reverse primer (10 μM), 1 μL hydrolysis probe (3 μM) and H2O to a final volume of 10 μL while the amplification reaction mixture for B2M contained 1 μL of PCR synthesis buffer (5×), 1.2 μL MgCl2 (25 mM), 0.15 μL dNTPs (10 mM), 0.3 μL BSA (10 μg/μL), 0.1 μL Hot-Start DNA polymerase (Promega), 0.25 μL of forward and reverse primer (10 μM), 0.83 μL hydrolysis probe (3 μM) and H2O to a final volume of 10 μL. Each experimental procedure included one positive and one negative control. cDNA from MCF-7 cell line was used as a positive control. In order to ensure that amplification of gDNA was completely avoided, four genomic DNAs at high concentrations were used as templates. None of these DNA samples were amplified. B2M was used as a reference gene for RT-qPCR. I n addition, single RT-qPCR was performed for epithelial markers (CK-19, CK-8, CK-18) and for EMT markers (TWIST-1 and VIM) as previously described (Markou et al., 2018; Strati et al., 2019).

RT-qPCR data for MCT4 expression were normalized in respect to B2M expression in the same cDNAs, using the 2–ΔΔCt approach (Livak and Schmittgen, 2001). CTCs isolated through micro-fluidics device are not 100% pure; since the presence of co-isolated PBMC in CTC fractions could affect the specificity of the MCT4 assay, we evaluated this “background noise” by analyzing peripheral blood samples from 10 HD in exactly the same way as patients. We estimated a cut-off based on MCT4 normalized expression in respect to B2M expression in this control group. Using this approach we defined a sample as positive for MCT4 overexpression (MCT4 positive) based on the fold change of MCT4 expression in the CTC fraction in respect to the corresponding fraction in the group of the 10 HD.



Immunostaining and Confocal Imaging

ISET filters were washed with PBS and permeabilized with 0.5% Triton-X-100 in PBS for 10 min at 20°C. Non-specific antibody binding was blocked by incubation with 10% FBS in PBS for 1 h at 20°C. To identify CK, filters were incubated with a cocktail of mouse anti-CK7 antibody (Invitrogen, United States; 1:100 dilution in PBS with 1% FBS) and mouse A45 B/B3 anti-human cytokeratin (Amgen, United States); 1:70 dilution in PBS with 1% FBS) for 1 h at 20°C. Filters were washed (3 × 5 min) with PBS and then incubated with goat anti-mouse Alexa Fluor® 488 secondary antibody (Life Technologies, United States; 1:500 dilution in PBS with 1% FBS) for 45 min at 20°C. Filters were washed (3 × 5 min) with PBS and then incubated with rabbit anti-VIM antibody (Abcam, 1:500 dilution in PBS with 1% FBS) for 1 h at 20°C. After washing (3 × 5 min) with PBS, filters were incubated with goat anti-rabbit Alexa Fluor® 555 secondary antibody (Life Technologies; 1:600 dilution in PBS with 1% FBS) for 45 min at 20°C. Filters were washed (3 × 5 min) with PBS and mounted in Prolong anti-fade mounting medium containing DAPI (Cell signaling, United States). Slides were stored at −20°C before confocal imaging.

Cytospins with H 1299 cells were used as controls (Supplementary Figure 1). One positive control (stained with all antibodies) and two negative controls (omitting one of the first antibodies) were used. Slides were washed with PBS and cells were fixed/permeabilized with ice-cold acetone/methanol (9:1) for 20 min and, thereafter, non-specific antibody binding was blocked by incubation with 5% FBS overnight at 4°C.

All imaging used a Leica (Germany) TCS SP8 confocal microscope with a ×40 oil-immersion objective. In all dual-labeling analyses we confirmed, with the use of the controls, that there was no bleed-through between the two wavelengths. Cyto-morphological criteria proposed by Meng et al. (2004) (such as high nuclear/cytoplasmic ratio, etc.) were used in order to characterize a CK-positive cell as a CTC.



Statistical Analysis

SPSS program was used for the statistical analysis of our data (SPSS Statistics 25.0, company, Armonk, NY, United States). In order to estimate the differences between groups chi-square test of independence or Fisher exact test (SPSS, version 25.0) was used. Kaplan–Meier analysis used to evaluate “time-to-event” data. Parametric and non-parametric tests were used to compare continuous variables between groups. Non-parametric tests were used to analyze the relationship between MCT4 expression and various clinicopathological characteristics for each patient (the Mann–Whitney and χ2-test between 2 groups and the Kruskall Wallis test for 3 or more groups). All P-values are two-sided. A level of P < 0.05 is considered statistically significant unless specified otherwise.



RESULTS

The outline of the study is shown in Figure 1.
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FIGURE 1. Outline of the experimental procedure. (A) Gene expression profiling of CTCs. (B) Phenotypic evaluation of CTCs.



Phenotypic Evaluation of CK and VIM in CTCs

CTCs were detected in 14 of 16 (87.5%) patients with early stage NSCLC. The mean and median numbers of CTCs per patient were 4.6 and 1 (range, 0–20), respectively. The absolute number of CTCs per patient for each distinct phenotype is shown in Table 1. Double-staining experiments (VIM/CK) and confocal laser scanning analysis revealed an heterogeneous expression of CK and VIM. Indeed, CTCs had low expression of CKs (lower than the CK expression in control H 1299 cells) (Supplementary Figure 2); VIM+CKlow CTCs could be detected in 12 out of 16 patients (75%) and VIM–CKlowCTCs in 37.5% (6 of 16) of patients.


TABLE 1. The absolute number of CTCs per patient for CKlowVIM+ and CKlowVIM– phenotype.

[image: Table 1]


Gene Expression of CTCs Using RT-qPCR


Epithelial Markers

cDNAs isolated from clinical samples were further analyzed for epithelial markers (CK8, CK18, CK19) using our previously developed and analytically validated RT-qPCR assays. At baseline, CK8 expression was detected in 8/53 (15.1%), while CK18 and CK19 were detected in 14/53 (26.4%) and 14/53 (26.4%), respectively. In total, in 27/53 (50.9%) samples were detected at least one CK marker (Figure 2).
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FIGURE 2. Heat map of CK-8/CK-18/CK-19 epithelial markers, VIM, TWIST-1, and MCT4 as quantified by RT-qPCR.




EMT Markers

The expression of EMT markers TWIST-1 and VIM was also evaluated in the same cDNAs, using our previously developed and analytically validated RT-qPCR assay (Markou et al., 2018; Strati et al., 2019). TWIST-1 was overexpressed in 11/53 (20.7%) of samples, while VIM in 35/53 (66%) of samples. In total, at least one EMT marker was detected in 41/53 (77.3%) samples (Figure 2).



MCT4 Expression in CTC of Healthy Individuals and NSCLC Patients

Overexpression of MCT4 transcripts could be detected in 14/53 (26.4%) patient samples. The evaluation of the differences in the expression of MCT4 in CTC between HD and early stage NSCLC patients revealed a significantly higher expression of MCT4. As can be seen in Figure 3, the overexpression of MCT4 differed significantly in patient’s samples compared to HD’s samples (P = 0.036; Figure 3). For a subgroup of these patients (n = 9), peripheral blood samples were available both at baseline and at the time of relapse. In this group, MCT4 overexpression was observed in 6/18 (33.3%) CTC fraction samples [in 3/9 (33.3%) at baseline and 3/9 (33.3%) at disease progression. In two of these three cases both CTC fractions at baseline and time of relapse were found to be positive for MCT4 overexpression. There was one case where MCT4 overexpression was detected only in the baseline, but not at progression disease whereas there was one case where the sample was found to be positive for MCT4 overexpression in the time of relapse. Moreover, there was only one case where the patient was identified to decrease the expression levels of MCT4 at the time of relapse in respect to the baseline sample but it seemed to remain overexpressed (Figure 4).
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FIGURE 3. Expression levels of MCT4 in CTC fractions of HD (n = 10) and early stage NSCLC patients (n = 53).
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FIGURE 4. Relative fold change (2–ΔΔCq) of MCT4 in CTCs of 9 pairs of early stage NSCLC patient samples at the baseline and at the time of relapse.




Prognostic Significance of MCT4 Expression in CTCs

The correlation between the expression levels of MCT4 in CTCs and prognosis was further analyzed. During of follow-up period (median: 12.5, range: 5–31 months) 14/53 (26.4%) NSCLC patients developed metastases. Kaplan–Meier survival analysis demonstrated that patients who overexpressed MCT4 (n = 14) had a significantly shorter DFI than those without MCT4 overexpression (P = 0.045; Figure 5). Moreover, as can been seen in Supplementary Table 2, MCT4 overexpression was not correlated with gender, smoking history, tumor size, lymph node status, and stage of disease in the population studied (P > 0.05).
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FIGURE 5. Kaplan–Meier estimates of DFI of early stage NSCLC patients in respect to MCT4 overexpression in CTCs.




DISCUSSION

Increased rates of glycolysis is one of the molecular mechanisms that has been studied for initiation of cancer cell metastasis (Wang et al., 2015). Warburg et al. (1927) have shown that cancer cells have an increased rate of glucose uptake and favored production of lactate, even in the normoxic conditions. It is well-known that cancer cells in order to avoid apoptosis and cellular acidosis export the intracellular lactate and monocarboxylate transporters (MCTs) play a critical role in this exportation (Halestrap and Price, 1999). This mainly performed through the action of MCT1 and MCT4 that control intracellular pH in cells relying on high glycolysis rates, such as red blood cells, skeletal muscle cells and tumor cells (Halestrap and Price, 1999; Halestrap, 2013). Although the expression of MCT4 in the tumor microenvironment has been associated with poor prognosis (Nakayama et al., 2012; Baek et al., 2014) and MCT4 has been studied as a new therapeutic target (Kim et al., 2018; Puri and Juvale, 2020). Immunofluoresence has been used for the detection of MCT 1 and MCT4 in cancer patient’s CTC by Kershaw et al. (2015) but so far there is no any other reference on MCT4 expression at the mRNA level on CTCs.

In the present study, we evaluated for the first time MCT4 expression in CTC fractions isolated by a size- based EpCAM independent technology (Parsortix) from early stage NSCLC patients using a highly sensitive and specific RT-qPCR assay. MCT4 plays a critical role in energy production, tumor proliferation and invasion since lactic acid is secreted by cancer cells and acidify the tumor microenvironment (Shu et al., 2016). The inhibition of MCT4 protein has been suggested as a novel therapeutic approach for many malignancies including NSCLC (Kuo et al., 2020). Bioinformatic analyses of the TCGA datasets demonstrated that MCT4 is elevated in 9% of lung adenocarcinomas cases. Our findings indicate that MCT4 is overexpressed at 14/53 (26.4%) on CTC fractions of early stage NSCLC patients. A similar positivity rate (26.4%) was also detected for epithelial markers (CK18 and CK19) while the positivity rate was increased (66%) regarding the EMT marker VIM indicating that in NSCLC a large fraction of CTCs is under EMT status which is further supported by the observation that 13 out of 14 (92.8%) of MCT4 overexpressed samples were found to express at least one EMT marker; conversely, the correspondent proportion of blood samples harboring at least one epithelial marker was 50%. These findings are consistent with previous studies demonstrating that the vast majority of CTC in NSCLC patients express EMT markers (Allard et al., 2004; Lecharpentier et al., 2011; Zhang et al., 2019).

The expression of MCT4 in the CTC fraction of patients was significantly higher than that observed in the corresponding “PBMC” fraction of HD (P = 0.036). Moreover, a higher expression level of MCT4 in CTC were observed at the time of tumor relapse. This finding, which is in agreement with the reported increased tumoral expression of MCT4 when the tumor progress to higher grade or metastasis, strongly which suggests that MCT4 expression is associated with the migration and/or invasion of cancer cells (Gerlinger et al., 2012; Choi et al., 2014; Kim et al., 2015).

According to our results, overexpression of MCT4 had a prognostic implication for early stage NSCLC patients, since it was associated with significantly reduced DFI; but conversely, there was no correlation with other patients’ clinic-pathological characteristics. On the contrary, neither the expression of epithelial markers nor EMT markers provided prognostic information for NSCLC patients. However, these observations and conclusions have to be been taken with cautious because of the relatively small number of enrolled patients in the study and the low number of observed relapses during the follow-up period and need further confirmation in larger future studies. In a previous study, Ruan et al. (2017) reported that the expression MCT-4protein in the primary tumor cells was significantly associated with the depth of tumoral invasion (P = 0.034) and with a decreased overall survival (P = 0.001).

In recent years, MCT4 inhibitors are still in the discovery phase. Very recently Kuo et al. (2020) suggested a new therapeutic approach for the control of MCT4 in the aerobic glycolysis-preference NSCLC cell subtype. Moreover, the elimination of lactace secretion could be more effective by developing drugs that co-inhibit MCT1 and MCT4. The experimental approach in vivo or in vitro establishes that not only the inhibition of MCTs can be useful, but also MCTs could serve as vehicles for new anticancer drugs (Baltazar et al., 2014).



CONCLUSION

In conclusion, we show that overexpression MCT4 in CTCs has prognostic significance in early stage NSCLC patients. It would be valuable to extend this study in a prospective large study as well as in different cancers, since most studies so far are based on the expression of MCT4 in paired fresh frozen tissues. Taking into account the importance of MCT4 in cancer, its promising potential as a new specific liquid biopsy prognostic biomarker as well as molecular targets for the development of novel cancer therapeutics, we strongly believe that our results will be of importance for both clinical researchers and those who design novel cancer therapeutics.
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Supplementary Figure 1 | Positive and negative controls of CK/A45/VIM staining. (A) Cytospin with H1299 cells stained with CK/A45 (green) anti-mouse, Alexa 488 anti-mouse, VIM (red) anti-rabbit and Alexa 555 anti-rabbit (positive control). (B) Cytospin with H1299 cells stained with Alexa 488 anti-mouse, VIM (red) anti-rabbit and Alexa 555 anti-rabbit (negative control for CK). (C) Cytospin with H1299 cells stained with CK/A45 (green) anti-mouse, Alexa 488 anti-mouse and Alexa 555 anti-rabbit (negative control for VIM).

Supplementary Figure 2 | Phenotypic characterization of CKlow/CK– CTCs. Patients’ samples were stained with DAPI (blue; first column), CK/A45 (green; second column) and VIM (red; third column). The fourth column shows overlays. Representative images from confocal laser scanning microscopy of (A) CKlow/CK–/VIM– and (B) CKlow/CK–/VIM+ CTCs. Scale bars = 10 μm.

Supplementary Table 1 | Patients clinicopathological characteristics.

Supplementary Table 2 | MCT4 overexpression in respect to patients clinicopathological characteristics.

Supplementary Table 3 | Primers and probe sequence for the RT-qPCR of MCT4.
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