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Abstract

:

Simple Summary


Carbonic anhydrase IX (CAIX) is a hypoxia-induced protein that is highly expressed in numerous human cancers. However, the molecular mechanisms involved in CAIX and human cervical cancer metastasis remain poorly understood. Our study found that CAIX overexpression increases PFKFB4 expression and EMT, promoting cervical cancer cell migration. CAIX could contribute to cervical cancer cell metastasis and its inhibition could be a cervical cancer treatment strategy.




Abstract


Carbonic anhydrase IX (CAIX) is a hypoxia-induced protein that is highly expressed in numerous human cancers. However, the molecular mechanisms involved in CAIX and human cervical cancer metastasis remain poorly understood. In this study, CAIX overexpression in SiHa cells increased cell migration and epithelial-to-mesenchymal transition (EMT). Silencing CAIX in the Caski cell line decreased the motility of cells and EMT. Furthermore, the RNA-sequencing analysis identified a target gene, bifunctional 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB4), which is influenced by CAIX overexpression and knockdown. A positive correlation was found between CAIX expression and PFKFB4 levels in the cervical cancer of the TCGA database. Mechanistically, CAIX overexpression activated the phosphorylation of extracellular signal-regulated kinases (ERKs) to induce EMT and promote cell migration. In clinical results, human cervical cancer patients with CAIXhigh/PFKFB4high expression in the late stage had higher rates of lymph node metastasis and the shortest survival time. Our study found that CAIX overexpression increases PFKFB4 expression and EMT, promoting cervical cancer cell migration. CAIX could contribute to cervical cancer cell metastasis and its inhibition could be a cervical cancer treatment strategy.
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1. Introduction


Cervical cancer was the fourth most common cancer affecting women in 2018, following breast cancer, colorectal cancer, and lung cancer [1]. Developing countries have been affected by infectious agents such as human papillomavirus (HPV), which causes 70% of human cervical cancers [2,3]. Cervical cancer continues to be the second leading cause of mortality from cancer in women aged 20 to 39 years [4]. The hallmark of cancer is “metastasis”, which means the development of secondary tumors far from the original primary tumor [5]. Metastasis has been the key cause of the fatality rate of cancer, including human cervical cancer. The development of metastasis requires cancer cells to leave their main sites, circulate in the blood, withstand vascular pressure, adapt to the new cellular environment in secondary sites, and escape the deadly battle with immune cells [6,7]. Metastasis has been the primary cause of death for more than 90% of cancer patients [8]. Therefore, understanding the dynamics of this process will help determine targets for molecular therapies that may stop or may reverse cancer growth and metastasis. Dissemination of tumor cells is a multi-step process; epithelial-to-mesenchymal transition (EMT) occurs when tumor cells become more invasive, facilitated by a loss of cell–cell adhesion, and pass through the basement membrane into the blood or lymphatic system [9]. EMT is a process that enhances the capacity of migration and invasion and increases the expression of extracellular matrix (ECM) components [10].



Carbonic anhydrase IX (CAIX) is a membrane enzyme that catalyzes the reversible hydration of carbon dioxide, producing bicarbonate and hydrogen ions [11]. The CA family has 16 distinct members in humans. Among the CA members, CAIX is associated with cancer metastasis, progression, and therapeutic response [11,12,13]. Moreover, the catalytic activity of CAIX allows the intracellular pH (pHi) to be preserved in a range that is advantageous to cancer cell survival [14]. Among these CA isoforms, CAIX is unique because it is seldom expressed in normal tissues [15]. CAIX-inhibited is effective in anti-cancer has been demonstrated in several cancers [16,17,18,19]. Parkkila et al. showed that inhibitors of CAIX decreased renal cancer cell invasion [16]. In human breast cancer, CAIX-inhibited may reduce the ability of cell proliferation, migration, and invasion [17]. Furthermore, previous studies have demonstrated that CAIX can decrease the cell binding of E-cadherin to cytoskeleton and affect the metastatic ability of tumor cells [18,19]. Moreover, in several types of epithelial cancers, the high-level expression of CAIX was noted to be associated with such patient outcomes as breast cancer, non-small lung cancer, and cervical cancer [20,21,22,23]. A high level of CAIX is common in renal cell cancer, and CAIX target antibodies are being tested in phase III clinical trials (WX-G250, Rencarex®) [24]. CAIX has two major forms: one is a cell-associated, membranous form expressed in several types of cancer; the other is a soluble protein that may be released into a cell-culture medium or body fluids [25]. The soluble isoform of CAIX can be detected in the serum, so it can be used as an easy-to-use marker to stratify patients and monitor response [26]. In 1994, CAIX was cloned from HeLa cells, and it has been known that CAIX is the only tumor-associated member in the CA family [27]. Lieskovska et al. subsequently demonstrated that CAIX was involved in cell–cell and cell–matrix interactions [28]. In addition, due to the possible link between CAIX and HPV infection, it might be particularly meaningful to identify CA9 expression in cervical cancer cells [29]. The molecule may be used as a novel guiding principle for the diagnosis of HPV infection.



Research on cancer metabolism has provided insights into the adaptive processes of cancer cells. The “Warburg effect”, also known as enhanced glycolysis, which provides the cancer cell with a metabolic basis for cell proliferation, is commonly observed in several cancer cells [30]. Glucose metabolism is regulated by four bifunctional 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB1, PFKFB2, PFKFB3, and PFKFB4) [31]. PFKFB4 is induced via hypoxia in several cancer cell lines. Moreover, PFKFB4 is overexpressed in the human breast, lung, colon, and pancreatic cancers compared with normal tissue in patients [31,32,33,34]. Several studies have indicated that PFKFB4 supports the survival of prostate cancer cells and glioma stem-like cells [35,36] but is not involved in normal cell survival. Therefore, PFKFB4 may be a potential target for the development of cancer therapeutics. Moreover, Chesney et al. demonstrated that PFKFB4 expression correlates with hypoxia. A significantly correlation was observed between PFKFB4 and CAIX expression in human lung adenocarcinoma xenografts [37]; however, how PFKFB4 is involved in cervical cancer is unclear at present.




2. Materials and Methods


2.1. Cell Lines and Culture


Human cervical cancer cell lines, SiHa, HeLa, C33A, and CC7T, were cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories) and 100 ng/mL each of streptomycin and penicillin (Sigma-Aldrich Corporation, St. Louis, MO, USA). The Caski cell line was cultured in an RPMI medium supplemented with 10% FBS and 100 ng/mL each of streptomycin and penicillin. All cell lines were cultured at 37 °C in a humidified atmosphere of 5% CO2.




2.2. pENTER-PFKFB4 Transfection


SiHa and Caski cells were seeded into 6 cm plates. After being cultured overnight, 5 µg of the empty pENTER-vector (GenDiscovery Biotechnology, Taipei, Taiwan) or pENTER-PFKFB4 were transfected into the cells and left for 6 h before carefully removing the reagent and culturing the cells with a fresh medium overnight.




2.3. Establishment of a Stable SiHa Cell Line Overexpressing CAIX


The cDNA of CAIX was amplified using PCR and cloned into the pcDNA3.0 vector. SiHa cells were transfected with the pcDNA3.0 vector or pcDNA3.0-CAIX using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA). After G418 selection for 21 days, only the CAIX overexpression vector or the stable clones with CAIX overexpression were obtained.




2.4. CAIX siRNA Transfection


Caski cells were seeded onto 6 cm plates. After being cultured overnight, we transfected the CAIX siRNA (S2270, Thermo Fisher Scientific, Waltham, MA, USA) into cells and working for 48 h at 37 °C. The effects of siRNA were detected by Western blot assay.




2.5. Western Blot Assay


Total cell lysates were collected as preciously described [38]. The lysates were then incubated overnight at 4 °C with the primary antibodies and then with the secondary antibodies for 1 h at room temperature. Antibodies used were as follows: anti-CAIX (#5649, Cell Signaling), anti-p-ERK (#4370, Cell Signaling), anti-ERK (#9102, Cell Signaling), anti-E-cadherin (610182, BD), anti-vimentin (sc-6260, Santa Cruz), anti-PFKFB4 (GTX 107755, GeneTex), anti-p-MEK (#9121, Cell Signaling), anti-p-C-Raf (#9427, Cell Signaling), anti-C-Raf (#9422, Cell Signaling), and anti-actin (ab8226, Abcam).




2.6. Cell Migration Assay


We harvested the cells using trypsin–ethylenediaminetetraacetic acid (EDTA) (Gibco), and the in vitro tumor metastasis assay was performed using a Boyden chamber (Neuro Probe). The cells were resuspended in a 10% FBS medium and loaded into the well on the upper part of the chamber and incubated for 24 h (migration) or 48 h (invasion) at 37 °C as preciously described [39].




2.7. Cell Proliferation Assay


A MTT colorimetric assay was performed to determine cell proliferation. Cells were seeded into 24-well plates and incubated at 37 °C for 1–5 days. The cells were then treated with MTT (5 mg/mL; Sigma) for 4 h at 37 °C.




2.8. Immunofluorescence Staining


Cervical cancer cells were seeded in 24-well plates. After being incubated overnight, the cells were washed with 1× cold PBS (pH 7.4) twice. Samples were incubated with 4% paraformaldehyde as preciously described [38]. The samples were washed with 1× PBS for 3 min/per wash. The results were analyzed through immunofluorescence microscopy.




2.9. Statistical Analyses


Statistically significant differences were set at p < 0.05 via Student’s t-test (SigmaPlot 10.0, San Jose, CA, USA). The values provided are the means ± SD of at least three independent experiments.





3. Results


3.1. Neither CAIX Overexpression in the SiHa Cell Line nor Its Knockdown in the Caski Cell Line Affects Cell Proliferation or the Cell Cycle


The relative CAIX expression in five human cervical cancer cell lines was evaluated (Figure 1A). Lower CAIX protein expressions in HeLa, SiHa, C33A and CC7T cells and the highest expressions of CAIX in Caski cell lines were observed. Accordingly, we chose SiHa (lower CAIX expression) and Caski (higher CAIX expression) cells in all subsequent experiments to investigate the role of CAIX in cercial cancer. Stable CAIX transfection was established in the SiHa cell line resulting in CAIX overexpression, whereas the knockdown of CAIX expression in the Caski cell line resulted in the silencing of CAIX (Figure 1B). The growth curve and cell cycle showed that neither CAIX overexpression nor knockdown affected the cell proliferation rate when compared with vector control cells (Figure 1C,D, respectively).




3.2. CAIX Expression Influences Cell Migration via EMT in Cervical Cancer Cell Lines


The relationship between CAIX and the ability of SiHa and Caski cells to migrate and invade were investigated. We used a wound healing assay and the Boyden chamber assay to observe that CAIX overexpression significantly promoted migration in the SiHa cell line. Furthermore, the migratory ability decreased when CAIX expression was knocked down in the Caski cells (Figure 2A,B). Immunofluorescence staining showed that the morphological changes in CAIX-overexpressed SiHa cells were accompanied by reduced E-cadherin and increased vimentin levels. The Caski cells that had CAIX knockdown had increased E-cadherin expression (2.3-fold) and reduced vimentin expression (0.4-fold) (Figure 2C). In addition, the protein expression and RNA levels of E-cadherin and vimentin suggested that CAIX influenced EMT (Figure 2D,E). Therefore, reduced CAIX expression may inhibit the ability for cervical cancer cells to invade via EMT.




3.3. CAIX Mediates Cell Migration via Regulation of PFKFB4 Levels and EMT Protein in Cervical Cancer Cell Lines


To identify the target genes regulated by CAIX, we performed mRNA microarray analyses of the SiHa cell line with stable CAIX overexpression in the pcDNA 3.0 vector or an empty vector as a negative control, and of Caski cells with CAIX silencing normalized to scramble siRNA as the negative control. As shown in Figure 3A and Table S1, some genes were upregulated, and others were downregulated via CAIX expression, with PFKFB4 levels significantly changing. RNA and protein levels verified that PFKFB4 was upregulated with CAIX overexpression and downregulated with CAIX knockdown (Figure 3B,C). The relationship between PFKFB4 and the migration ability of SiHa and Caski cells was investigated. Thus, PFKFB4 was then overexpressed in the SiHa cells and knocked down in Caski cells (Figure 3D). The results indicate that PFKFB4 may regulate the migratory ability of cervical cancer cell lines (Figure 3E). The migratory ability of SiHa cells after CAIX overexpression and PFKFB4 knockdown was also analyzed, and the results showed that silencing PFKFB4 repressed CAIX-induced migration but did not affect CAIX protein expression (Figure 3F,G), indicating that PFKFB4 acts downstream of CAIX. These results suggest that CAIX-mediated PFKFB4 expression is involved in CAIX-mediated cell motility. Furthermore, we found that knocking down PFKFB4 in the Caski cell line may influence EMT protein expression, increasing E-cadherin and decreasing vimentin (Figure 3H). Moreover, analysis of The Cancer Genome Atlas (TCGA) database showed a correlation between CAIX and PFKFB4 (p < 0.001, R = 0.2259) in human cervical cancer (Figure 3I).




3.4. CAIX Overexpression Activates ERK Phosphorylation to Induce EMT and Promote Cell Migration


To determine the signaling pathways involved in the CAIX-regulated migratory ability of cervical cancer cells, we measured the expression of the MAPK signaling pathway in cells with CAIX overexpression and cells with CAIX knockdown. Figure 4A shows that MEK, c-Raf, and ERK1/2 phosphorylation was increased in SiHa cells with CAIX overexpression, whereas MEK, c-Raf, and ERK1/2 phosphorylation was decreased in Caski cells that had CAIX silencing. Furthermore, PFKFB4 knockdown decreased ERK1/2 phosphorylation in Caski cells (Figure 4B). In addition, SiHa cells that had stable CAIX expression were treated with the MAPK kinase inhibitor PD98059. ERK inhibition reversed the CAIX-induced EMT and cell migration in the SiHa cell line (Figure 4C,D). These data show that CAIX regulates cell migration and EMT expression via the MAPK-ERK pathway.




3.5. Human Clinical Late-Stage Cervical Cancer Patients with CAIXhigh/PFKFB4high Expression Have Lymph Node Metastasis and the Shortest Survival Time


To determine the association between CAIX and PFKFB4 expression in human cervical cancer, we analyzed the mRNA expression of CAIX and PFKFB4 in data sets from TCGA and the Gene Expression Omnibus database (GSE29570 and GSE52903). As shown in Figure 5A,B, the cervical cancer patients with a high CAIX level and high PFKFB4 level (CAIXhigh/PFKFB4high) were more predisposed to advanced clinical stage and lymph node metastasis than those expressing CAIXlow/PFKFB4low, CAIXhigh/PFKFB4low, and CAIXlow/PFKFB4high. Most importantly, the patients with CAIXhigh/PFKFB4high had the shortest survival time compared with patients who had CAIXlow/PFKFB4low, CAIXhigh/PFKFB4low, or CAIXlow/PFKFB4high (Figure 5C).





4. Discussion


Human cervical cancer is one of the most common gynecological malignancies. Lymph node metastasis is one of the leading factors of poor prognosis in cervical cancer [40]; however, the mechanisms involved in cervical cancer metastasis remain elusive. Numerous studies have provided evidence of a role for CAIX in cell migration, invasion, growth, and metastasis of tumors [41,42,43,44,45,46,47,48,49,50]. CAIX inhibition has been identified in preclinical studies that use various cancer models as being important in anticancer therapy, with some studies demonstrating that CAIX may affect the response of cancers to radiation [51,52]. The aims of our study were to figure out whether CAIX expression was a key factor in the motility of human cervical cancer cells, and which one downstream was regulated by CAIX. In human oral cancer cells, studies have determined that CAIX overexpression may induce cell motility by activating matrix metalloproteinase-9 [53]. In this study, we found that CAIX expression regulated epithelial–mesenchymal transition and cell migration in human cervical cancer cells (Figure 2). Fiaschi et al. proved that carbonic anhydrase IX drives epithelial-mesenchymal transition in prostate carcinoma cells [54]. The results can further corroborate our findings in this study. Although several studies have noted that many of the antitumor effects of CAIX inhibition might depend on pH regulation, some studies have determined that CAIX may interact with several signaling pathways involved in cellular responses to radiation. These findings indicate that pH-independent CAIX inhibition might also be important in tumor progression. In addition, we observed that CAIX increases cervical cell migration by upregulating PFKFB4 mRNA level and protein expression. This is the first finding that indicated a positive correlation between CAIX and PFKFB4 in human cervical cancer. PFKFB4 is a regulatory enzyme that synthesizes a stimulator of glycolysis, and it is highly expressed in several types of cancer and correlates with poor survival in breast cancer patients [55,56]. In past years, research on the metabolism of cancer cell had concentrated on investigating the single cell type. In recent studies, a more complicated situation in which metabolic heterogeneity in the tumor plays a key role in cancer progression has been demonstrated [57,58,59]. PFKFBs are encoded by four genes (PFKFB1–4). Among them, PFKFB3 and PFKFB4 protein expression is important in tumor cell proliferation and survival. Furthermore, in nasopharyngeal carcinoma and oral squamous cell carcinoma, PFKFB3 is crucial for metastasis [60,61]. Dasgupta et al. noted that PFKFB4 can phosphorylate the steroid receptor coactivator-3 (SRC-3) and lead to enhance ER co-activation and cell proliferation in human breast cancer [56]. In addition, one study indicated that PFKFB4 promotes breast cancer metastasis in a p38-dependent manner that initiates HAS2 transcription and expression [55]. In our study, we found that CAIX-PFKFB4 influenced cell migration by phosphorylating the MEK/Raf/ERK.



The upregulation of CAIX is probably an adaptation to aerobic glycolysis in tumor cells for the maintenance of intracellular pH in advanced carcinomas. The acidification of extracellular space by this mechanism may contribute to tumor cell invasion and the development of metastases [62,63]. We found that cervical cancer patients with CAIXhigh/PFKFB4high have the shortest survival time (Figure 5C). In a recently published study, the expression of CAIX did not demonstrate a correlation with serum CAIX concentrations in renal cell cancer. It had been demonstrated that serum CAIX was associated with tumor size but not with intratumoral CAIX expression. Hypoxia in the tumor might be increased with tumor size, which will cause a soluble form of CAIX release into the bloodstream [64]. This study could explain why the survival rate of the CAIXhigh/PFKFB4low & CAIXlow/PFKFB4high group was the highest in our study (Figure 5C). Moreover, we considered that, in terms of the survival rate of cervical cancer patients, some of the mechanisms and influences regulated by CAIX/PFKFB4 have not yet been discovered. Therefore, the impact of CAIX, PFKFB4, and clinicopathological characteristics of cervical cancer should be further investigated in the future. Nevertheless, the limitations of this study include the lack of an in vivo study and further studies are required to validate our findings.




5. Conclusions


In summary, our present study highlights the importance of a signaling pathway, in cervical cancer, with a significant association between CAIX, PFKFB4, and the EMT proteins E-cadherin and vimentin. Moreover, we found that CAIX promotes cell migration by regulating PFKFB4 expression and increasing EMT. These findings provide new insights into the role of CAIX/PFKFB4 and the molecular mechanism involved in the progression of cervical cancer, suggesting that CAIX/PFKFB4 could be a potential diagnostic and therapeutic target in cervical cancer.
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Figure 1. CAIX overexpression and knockdown in SiHa and Caski cell lines, respectively. (A) Endogenous CAIX protein levels were detected using Western blot analysis in human cervical cancer cell lines. (B) SiHa cells expressing low CAIX were transfected with a vector control (pcDNA 3.0) or CAIX-expressed vector (pcDNA-CAIX) for generating stably transfected clones (SiHa/pcDNA and SiHa/CAIX) after G418 selection. Caski cells expressing high CAIX were transiently transfected with scramble siRNA or CAIX siRNA. CAIX protein levels were detected through Western blot. (C) Growth curves of SiHa and Caski cells with or without CAIX expression was examined using the MTT assay. (D) Cell cycle profiles of transfected SiHa and Caski cells were determined using flow cytometry. 
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Figure 2. CAIX regulated cell migration and epithelial–mesenchymal transition in SiHa and Caski cells. (A) After CAIX overexpression or CAIX-silencing, cell motility was assessed by the wound healing assay and (B) Boyden chamber assay. Scale bar, 100 μm. (C) EMT proteins were detected using immunofluorescence staining. Scale bar, 50 μm. (D) The protein levels of E-cadherin and vimentin were detected by using Western blot assay. (E) The mRNA levels of E-cadherin and vimentin were detected by using real-time PCR. (*, p < 0.05). 
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Figure 3. PFKFB4 is involved in CAIX-regulated cervical cancer migration. (A) Summary of mRNA array for CAIX overexpression in the SiHa cell line or CAIX-silencing in the Caski cell line according to log2 fold change. (B,C) The protein level and RNA level were detected by real-time PCR and Western blot. (D,E) After PFKFB4 overexpression in the SiHa cells or silencing in the Caski cells, Western blot and Boyden chamber assay were used for analysis. Scale bar, 100 μm. (F,G) After PFKFB4 knockdown in SiHa with stable CAIX overexpression, Boyden chamber assay and Western blot were used for analysis. Scale bar, 100 μm. (H) PFKFB4 knockdown in Caski cells and analysis by Western blot. (I) An association between CAIX and PFKFB4 mRNA levels in the TCGA database. (*, p < 0.05, compared to pcDNA or Scramble siRNA; #, p < 0.05, compared to CAIX). 
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Figure 4. The MEK/Raf/ERK signaling pathways are crucial for CAIX-induced cell migration and EMT. (A) The levels of total and phosphorylated MEK, Raf, and ERK1/2 in SiHa and Caski cells with or without CAIX expression were determined using Western blot analyses. b-Actin was used as a loading control. (B) After knockdown PFKFB4 expression, total and phosphorylated ERK1/2 expression was determined using Western blot analyses. (C,D) Boyden chamber assay and Western blot was used to analyze the migration and protein level of PD98059 treating in SiHa cells with CAIX overexpression. Scale bar, 100 μm. (*, p < 0.05, compared to pcDNA or Scramble siRNA; #, p < 0.05, compared to CAIX). 






Figure 4. The MEK/Raf/ERK signaling pathways are crucial for CAIX-induced cell migration and EMT. (A) The levels of total and phosphorylated MEK, Raf, and ERK1/2 in SiHa and Caski cells with or without CAIX expression were determined using Western blot analyses. b-Actin was used as a loading control. (B) After knockdown PFKFB4 expression, total and phosphorylated ERK1/2 expression was determined using Western blot analyses. (C,D) Boyden chamber assay and Western blot was used to analyze the migration and protein level of PD98059 treating in SiHa cells with CAIX overexpression. Scale bar, 100 μm. (*, p < 0.05, compared to pcDNA or Scramble siRNA; #, p < 0.05, compared to CAIX).



[image: Cancers 13 01174 g004]







[image: Cancers 13 01174 g005 550] 





Figure 5. Clinical late-stage and lymph node metastasis are with CAIXhigh/PFKFB4high in cervical cancer patients. (A) The association of the combined expression of CAIX and PFKFB4 with the clinical stage (I–IV) or (B) lymph node metastasis (N0–N1) in patients with cervical cancer patients. Grouped by CAIXhigh/PFKFB4high, CAIXhigh/PFKFB4low or CAIXlow/PFKFB4high, and CAIXlow/PFKFB4low. (C) Kaplan–Meier curves for overall cervical cancer patient survival, grouped by CAIXhigh/PFKFB4high, CAIXhigh/PFKFB4low or CAIXlow/PFKFB4high, and CAIXlow/PFKFB4low. (D) Schematic summary of the CAIX-PFKFB4-EMT signaling pathway. 
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